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Abstract

Aim: We recently proposed miR-142-3p as a molecular player in inflammatory syn-

aptopathy, a new pathogenic hallmark of multiple sclerosis (MS) and of its mouse model
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experimental autoimmune encephalomyelitis (EAE), that leads to neuronal loss indepen-

dently of demyelination. MiR-142-3p seems to be unique among potential biomarker

candidates in MS, since it is an inflammatory miRNA playing a dual role in the immune

and central nervous systems. Here, we aimed to verify the impact of miR-142-3p circu-

lating in the cerebrospinal fluid (CSF) of MS patients on clinical parameters, neuronal

excitability and its potential interaction with disease modifying therapies (DMTs).

Methods and Results: In a cohort of 151 MS patients, we found positive correlations

between CSF miR-142-3p levels and clinical progression, IL-1β signalling as well as syn-

aptic excitability measured by transcranial magnetic stimulation. Furthermore, therapy

response of patients with ‘low miR-142-3p’ to dimethyl fumarate (DMF), an established

disease-modifying treatment (DMT), was superior to that of patients with ‘high miR-

142-3p’ levels. Accordingly, the EAE clinical course of heterozygous miR-142 mice was

ameliorated by peripheral DMF treatment with a greater impact relative to their wild

type littermates. In addition, a central protective effect of this drug was observed follow-

ing intracerebroventricular and ex vivo acute treatments of EAE wild type mice, showing

a rescue of miR-142-3p-dependent glutamatergic alterations. By means of electrophysi-

ology, molecular and biochemical analysis, we suggest miR-142-3p as a molecular target

of DMF.

Conclusion: MiR-142-3p is a novel and potential negative prognostic CSF marker of MS

and a promising tool for identifying personalised therapies.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic immune-mediated demyelinating

and neurodegenerative disease, characterised by the infiltration of

activated T and B cells into the CNS and by compartmentalised CNS

inflammation.1,2 In most patients, the disease begins with a relapsing–

remitting course (RRMS), which may subsequently convert into a sec-

ondarily progressive one (SPMS). However, a minority of patients

show a continuous progressive deterioration of neurological function

from the beginning, without distinct relapses (attacks or exacerba-

tions) or remission (primary progressive course, PPMS). Clinical classi-

fication also provides clinically isolated syndrome (CIS), a single

clinical event resembling MS that could evolve in a relapsing–

remitting disease course or remain isolated, and radiologically isolated

syndrome (RIS), an incidental finding of radiological signs of disease in

the absence of clear clinical activity.3 Disease progression is a feature

of MS from the very beginning of the condition. This is supported by

the evidence that cognitive changes appear very early,4 brain volume

loss starts from the stage of CIS5 and progression independent of

relapses (PIRA) seems to be a dominant disability accrual factor even

in early and RRMS patients.6 The clinical presentation and the disease

course of MS are highly variable, reflecting the heterogeneity of path-

ophysiology. Accordingly, demyelination, axonal damage, inflamma-

tory synaptopathy and neurodegeneration may contribute in different

proportions and coexist with reparative processes.1,2,7 Therefore,

understanding the roles of different pathogenic mechanisms, and the

identification of pivotal molecular players involved in the disease

pathogenesis and progression, is crucial to design effective therapeu-

tic interventions in MS.

Small noncoding microRNAs (miRNAs or miR) are an important

class of molecules critically involved in modulating gene expression

and are considered sensitive biomarkers and potential therapeutic tar-

gets for many diseases.8,9 Notably, altered expression of various

miRNAs (including, miR-155 and miR-21) have been detected in the

peripheral blood, CSF and brain tissue of MS patients and in one of

Key points

• miR-142-3p is a potential negative prognostic CSF

marker of MS disease and may influence the efficacy of

dimethyl fumarate therapy

• CSF MiR-142-3p levels of MS patients positively

correlate with IL-1β signalling and neuronal excitability in

MS patients

• IL-1beta/miR-142-3p/GLAST regulatory axis drives

synaptopathy in the EAE mouse model and is dampened

by fumarate treatments targeting miR-142-3p
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the most widely used animal model of MS, experimental autoimmune

encephalomyelitis (EAE).10,11 It has been shown that different thera-

peutic approaches may modulate the expression and activity of spe-

cific miRNA and particularly of miR-142-3p.12–14 MiR-142-3p and its

isoform miR-142-5p have been reported in the list of those miRNAs

of the immune system15–21 potentially involved in MS and EAE patho-

genesis and that may be useful as diagnostic markers for MS.10,17,22,23

Accordingly, increased miR-142-3p has been found in MS white

matter lesions and in lesioned area of EAE brain.14,17,23–27 We have

previously demonstrated that miR-142-3p is overexpressed in the

CSF of RRMS patients and in the cerebellum of EAE mice. In particu-

lar, we proposed miR-142-3p as a potential molecular player in MS

disease progression promoting inflammatory synaptopathy,28 a dis-

tinctive hallmark of MS recently identified in the context of grey mat-

ter pathology.7,29,30

Synaptopathy consists of a diffuse synaptic dysfunction and

synaptic loss in the CNS that later on can cause excitotoxic damage

and neuronal death. It has been demonstrated that synaptopathy is

crucially mediated by several inflammatory molecules released by

infiltrating lymphocytes and resident immune cells and may represent,

at least in the initial stages, a reversible process.7,28,31,32 In EAE cere-

bellum, miR-142-3p is highly expressed and acts downstream of the

proinflammatory cytokine IL-1β to repress posttranscriptionally the

glial glutamate–aspartate transporter (GLAST). In this way,

miR-142-3p impairs the reuptake of glutamate from the synaptic cleft,

leading to an increase in the duration of excitatory postsynaptic

currents and later on to excitotoxicity. Furthermore, we showed that

CSF of MS patients carrying high miR-142-3p levels is able to induce

synaptopathy when incubated with murine brain slices (CSF chimeric

ex vivo MS model), mimicking the synaptic dysfunction seen in EAE.

Consistently, coincubation with a miR-142-3p inhibitor normalised

the synaptic alterations evidenced in the chimeric model,

confirming the potential role of this molecule in promoting disease

progression.28

Here, we explored the clinical impact of CSF miR-142-3p levels in

a large cohort of MS patients. In particular, we investigated the poten-

tial role of miR-142-3p as a negative prognostic marker, its association

with IL-1β signalling, its potential impact on synaptic excitability and

its interaction with therapeutic treatment through both clinical and

preclinical studies.

MATERIALS AND METHODS

Clinical study design

This observational prospective study was carried out in compliance

with the Declaration of Helsinki principles and was approved by the

Institutional Review Board (NCT03217396 recorded in https://

clinicaltrials.gov/) of the IRCCS Istituto Neurologico Mediterraneo

(INM) Neuromed in Pozzilli (Isernia, Italy). All subjects provided their

written informed consent. All details are provided in the Supporting

Information.

RNA extraction from CSF and miR-142-3p detection

Briefly, after the collection of CSF samples (0.5–2 ml), cellular elements

were removed immediately by centrifugation (1300 rpm: 189 G-force,

10 min) and supernatants were stored at �80�C. RNA extraction and

qPCR experiments were performed as described in Mandolesi et al.,

2021.33 As endogenous reference for the ΔCt calculation

(Ct miR-142-3p–Ct miR-204-5p), we used miR-204-5p. Low

ΔCt-values indicate high miR levels and data are presented as

2^(�ΔCt).28,33 All details are provided in the Supporting Information.

Biochemical parameter detection in human CSF

Custom multiplex kits, designed to simultaneously measure multiple

protein targets in a single sample, were used (R&D systems) to screen

IL-1β and interleukin-1β receptor antagonist (IL-1ra) levels in the CSFs

withdrawn from recruited subjects. Proteins below the detection sensi-

tivity of the standard curve (< 0.01 pg/ml) were considered as 0 pg/ml.

Transcranial magnetic stimulation (TMS)

TMS was performed in a subgroup of 20 patients with MS, asymp-

tomatic in the right upper limb. Paired pulse TMS was performed to

assess synaptic excitability. A detailed protocol is provided in the

Supporting Information. All patients gave written informed consent to

the procedure. No patients were treated with corticosteroids or other

disease-modifying treatments (DMTs) before TMS.

Mice, EAE induction and treatment protocols

Both female heterozygous (HE +/�) and homozygous knock-out

(KO �/�) miR-142-deficient C57BL/6 LacZ gene knock-in mice20 with

related wild-type (WT +/+) littermates were used for all the experi-

ments. Animal experiments described in this study were conducted

according to the guidelines set by the Internal Institutional Review

Committee, the European Directive 2010/63/EU and the European

Recommendations 526/2007 and the Italian D. Lgs 26/2014.

EAE was induced in 8- to 10-week-old mice by active

immunisation with an emulsion of myelin oligodendrocyte glycopro-

tein peptide 35-55 (MOG35-55) in Complete Freund’s Adjuvant

(CFA), followed by intravenous administration of pertussis toxin

(500 ng) twice (at days 0 and 2) as previously described.28,34 As con-

trols animals received the same treatment as EAE mice without the

immunogen, MOG peptide, including complete CFA and Pertussis

toxin (referred to as ‘CFA’).
Animals were scored daily for clinical symptoms of EAE according

to a 0–5 scale.28,34 All efforts were made to minimise the number of

animals used and their suffering.

The following treatments were performed: preventive peripheral

treatment (0-day postimmunisation, dpi) with dimethyl fumarate
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(DMF) (60 mg/kg/day; Sigma-Aldrich); therapeutic peripheral treat-

ment (at onset, 10–14 dpi) with DMF; central therapeutic treatment

(21–25 dpi, twice 24 hours apart) with monomethyl fumarate (MMF,

0.325 mg/kg/day).

Details of animal housing, EAE symptoms evaluation and treat-

ments are provided in the Supporting Information.

Electrophysiology

Mice were sacrificed by cervical dislocation and cerebellum slices

(210 μm) were prepared from fresh tissue blocks of the brain with the

use of a vibratome. Briefly, after 1 h of recovery time in a chamber

containing oxygenated artificial cerebrospinal fluid (ACSF), spontane-

ous excitatory post synaptic currents (sEPSCs) were recorded from

Purkinje cells (PCs) by means of whole cell patch-clamp technique in

the presence of bicuculline. Spontaneous synaptic event recording,

data storing, and analysis were performed as previously described.28

One to six cells per animal were recorded.

For ex vivo experiments, brain slices from EAE mice in the acute

phase of the disease (20–25 dpi) were incubated for one or 2 h in

ACSF with MMF (100 μM, Sigma-Aldrich) or vehicle (PBS-DMSO

0.001% final concentration).

Flow cytometry

Spleen cells were recovered from all the different groups of mice.

Fluorescence-activated cell sorting (FACS) staining and analysis

(FACSCanto II; BD Biosciences) of splenocytes were performed

by FACSDiva (BD) and FlowJo (Tree Star) software was used for the

analyses. Antibody list is in the Supporting Information.

Cerebellar slice preparation, real time PCR (qPCR) and
Western blot (WB) analysis

Cerebellar slices (210 μm) from EAE mice in the acute phase of the dis-

ease (20–25 dpi) were incubated for 2 h with MMF (100 μM, Sigma-

Aldrich) or vehicle (PBS-DMSO 0.001% final concentration). Incubations

with the following compounds were also performed: TAT-14 Peptide,

(75 μM, Calbiochem in PBS), actinomycin D (25 μM; Sigma-Aldrich in

DMSO 2.5% final concentration) or respective vehicle (VEH).

For qPCR experiments, total RNA was extracted as previously

described28 and the expression of miR-142-3p, Tnf, Ho-1, Cd3 and Aif1

mRNA coding for IBA-1 was evaluated by using TaqMan technology

according to Applied Biosystems’ instructions. SensiMix SYBR Hi-Rox Kit

(Bioline; Meridian Life Science) was used for the detection of Slc1a3

mRNA coding for GLAST, IL-1β mRNA and glial fibrillary acidic protein

(GFAP) mRNA. Both miRNA and mRNA relative quantifications were per-

formed using the comparative cycle threshold (2 � ΔΔCt) method. U6B

β-actin was used, respectively as endogenous control. qPCR details are in

the Supporting Information and primers used are listed in Table S1.

For WB analysis, slices were homogenised in RIPA buffer plus

protease inhibitor mixture (Sigma-Aldrich) and sonicated. WB experi-

ments were performed as previously described28 and results were

presented as data normalised to control values.

Statistics

Statistical analysis was performed with Prism GraphPad 6.0 and IBM

SPSS Statistics 17.0. Data distribution was tested for normality by

using Kolmogorov–Smirnov test and Shapiro–Wilk test. Correlation

between miR-142-3p CSF levels and, demographic and clinical param-

eters were made by nonparametric Spearman correlation analysis. Dif-

ferences between two groups were analysed using two-tailed

Student’s t test, Mann–Whitney U test and Fisher’s exact test, as

appropriate. Multiple comparisons were performed by ANOVA

followed by Tukey HSD. Data were presented as the mean � S.E.M,

unless otherwise specified. The significance level was established at

p < 0.05.

RESULTS

MiR-142-3p levels in the CSF of MS patients associate
with disease progression, IL-1β signalling and
excitability in patients with MS

We evaluated by qPCR analysis the levels of miR-142-3p in the CSF

of a cohort of 151 patients with MS (clinically or radiological isolated

syndrome, CIS/RIS, n = 18; RRMS, n = 108; PMS, n = 25) and control

subjects (CTRL, n = 20) to perform correlation analysis with clinical

and demographic parameters recorded at the time of CSF withdrawal

(T0) (Figure 1A, Table 1). We observed a positive correlation between

CSF miR-142-3p levels and the Progression Index (PI(T0)) of patients

with MS (n = 151, p < 0.01; Figure 1B), while no significant associa-

tions were observed for the other clinical or demographic parameters

examined (disease duration, Expanded Disability Status Scale [EDSS],

sex, age; Table 1). We also evaluated the PI(T0) in two subgroups of

MS patients—the ‘Low miR-142-3p’ group (Low, n = 75) and the

‘High miR-142-3p’ group (High, n = 76)—identified using the median

value of the CSF miR-142-3p levels as cut-off (0.010; Table 1). In

accordance with the correlation analysis, we observed a significant

difference of PI(T0) between the two subgroups (p < 0.01; Figure 1C

and Table S2).

In the same group of patients, we investigated a potential associa-

tion between CSF miR-142-3p levels and IL-1β signalling, to support

the relevance of the IL-1β-miR-142-3p axis in EAE/MS syn-

aptopathy.28 Although most subjects carried undetectable level of

IL-1β in the CSF (Table 1), we observed a positive correlation between

CSF miR-142-3p and IL-1β at T(0) in MS patients (Figure 2A; n = 151,

p < 0.01) and no association in the control group (p > 0.05, Table 1).

Accordingly, the amount of miR-142-3p was significantly different

between patients with ‘no-detectable’ and ‘detectable’ levels of IL-1β
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(p < 0.01 Figure 2B), in line with the miR-142-3p cut-off value previ-

ously identified (Table 1).

We looked also at the ratio between the CSF levels of IL-1β and

its endogenous inhibitor IL-1 receptor antagonist (IL-1β/IL-1ra, the

actual functional activity of IL-1β), previously associated with

neurotoxic hyperexcitability in MS.35 We found that CSF miR-142-3p

directly correlated with the CSF levels of IL-1β/IL-1ra (n = 151,

p < 0.01; Figure 2C) and MS patients carrying high levels of both

members of this regulatory axis showed a worse PI in comparison to

subgroups with low levels of miR-142-3p and/or IL-1β/IL-1ra ratio

(p < 0.05 L/(-) –L/(+) –H/(-) n = 107 vs. H/(+) n = 44; Figure 2D).

Finally, to explore the impact of miR-142-3p CSF levels on

synaptic excitability in MS patients, we assessed glutamatergic

synaptic transmission by intermittent theta burst stimulation (iTBS)

in a subgroup of 20 MS patients (Table S3). The TMS protocol was

well tolerated in all patients and no adverse effects were reported.

In line with the electrophysiological experiments in EAE model, a

direct correlation emerged between miR-142-3p CSF levels at

(T0) and the increase of corticospinal excitability induced by iTBS

after 15 minutes and 30 minutes (p < 0.05; Figure 2E),

independently of clinical and demographic parameters (EDSS, age).

No significant associations were observed between the TMS

parameters analysed and IL-1β or IL-1β/IL-1ra ratio. These results

suggest that miR-142-3p might interfere with synaptic excitability in

patients with MS.

Altogether, these results highlight the relevance of the IL-1β-miR-

142-3p axis, in particular of miR-142-3p in MS synaptopathy and its

impact on disease progression.

Implications of CSF miR-142-3p levels on the efficacy
of disease-modifying treatments (DMTs) for MS: the
possible impact on therapeutic response to dimethyl
fumarate

Considering the influence of CSF miR-142-3p levels on MS disease pro-

gression, we explored a possible interaction between miR-142-3p and

DMTs currently used to treat MS. We first identified a subcohort of

patients that received platform drugs (I-line DMTs, n = 105) and con-

firmed a positive correlation between CSF miR-142-3p levels and

PI(T0) (p < 0.01; Figure 3A). We stratified these patients in ‘High’ and
‘Low miR-142-3p’ subgroups as previously described and, coherently

with the results obtained on the whole cohort, we observed that

patients with ‘High levels of miR-142-3p’ showed a more severe

PI(T0) (n = 47) in comparison to subjects with ‘Low levels’ (n = 58,

p < 0.01; Figure 3B and Table S2). In order to explore a potential

T AB L E 1 Demographic and clinical characteristics of control subjects and all MS patients at CSF withdrawal (T0)

Variable Control subjects

Patients’ groups

All patients CIS/RIS RRMS PMS

N 20 151 18 108 25

Gender (F/M) 13/7 97/54 15/3 71/37 11/14

Age (yr) 42.574 � 15.434 39.51 � 12.27 36.330 � 13.96 39.34 � 12.13 42.55 � 11.38

Disease activity (y/n/NA) -- 61/75/15 9/9/0 40/63/5 12/3/10

CSF oligoclonal banding (y/n/NA) -- 117/26/8 4/13/1 18/84/6 4/20/1

Disease duration
(mos)

-- 12.430

(2.400–39.270)
2.765

(1.000–6.928)
12.920

(1.705–46.420)
24.700

(12.000–61.650)

EDSS (score 0–10) -- 2.000

(1.000–3.000)
1.500

(1.000–2.125)
1.750

(1.000–3.000)
3.500

(2.250–5.500)

CSF miR-142-3p

(2^(� ΔCt) rel. to miR-204-5p)

0.006

(0.004–0.010)
0.010

(0.004–0.020)
0.009

(0.001–0.014)
0.010

(0.004–0.023)
0.009

(0.005–0.015)

IL-1β
(all values; pg/ml)

0.000

(0.030–0.070)
0.000

(0.000–0.060)
0.000

(0.000–0.015)
0.000

(0.000–0.060)
0.000

(0.000–0.060)

IL-1β
(detected values; pg/ml)

0.050 (N = 13)

(0.030–0.075)
0.060 (N = 70)

(0.030–0.100)
0.070 (N = 5)

(0.020–0.070)
0.060 (N = 52)

(0.032–0.110)
0.060 (N = 13)

(0.025–0.09)

IL-1β/IL-1ra ratio
(all values)

0.001

(0.000–0.003)
0.000

(0.000–0.004)
0.000

(0.000–0.000)
0.000

(0.000–0.004)
0.000

(0.000–0.004)

IL-1β/IL-1ra ratio
(detected values)

0.002 (N = 13)

(0.001–0.003)
0.004 (N = 70)

(0.002–0.012)
0.003 (N = 5)

(0.002–0.021)
0.004 (N = 52)

(0.002–0.013)
0.003 (N = 13)

(0.001–0.011)

PI(T0)
(EDSS score/mos)

-- 0.162

(0.028–0.682)
0.524

(0.073–1.287)
0.137

(0.021–0.700)
0.160

(0.043–0.300)

Note: Age is mean � standard deviation. Other data are median and 25th–75th percentiles. All patients have been considered and divided in relapsing–
remitting MS (RRMS), progressive MS (PMS) and clinically isolated syndrome-radiological isolated syndrome (CIS/RIS).

Abbreviations: CSF, cerebrospinal fluid; EDSS, Expanded Disability Status Scale; F, female; M, male; mos, months; y/n/NA, yes/no/not available; yr, year;

IL-1β/IL-1ra ratio, ratio between interleukin-1β and interleukin-1β receptor antagonist; PI(T0), Progression Index at T0.
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interaction between miR-142-3p and a specific DMT, we explored in

both ’Low’ and ’High’ subgroups the proportion of patients that

switched to II-line treatments because of disease reactivation. We iden-

tified subjects treated with the moderate efficacy I-line drug DMF36,37

as the more appropriate group for this type of analysis in terms of num-

ber of patients (Low: n = 24; High: n = 24) and PI associated with miR-

142-3p subgroups (p < 0.05; Figure 3C, Table S2). We observed that

following 2.5 years of DMF treatment, 100% of the ‘Low miR-142-3p’
patients remained stable, while 25% of the High subjects switched to a

second therapy (p < 0.05; Figure 3D), indicating a potential interaction

between the amount of miR-142-3p and DMF treatment.

Altogether, these results highlight the efficacy of a stratification

of MS patient in ‘Low’ and ‘High’ miR-142-3p subgroups as potential

indicator of disease severity and response to therapy.

EAE miR-142 HE mice are more sensitive to DMF
preventive peripheral treatment

The results obtained from the analysis of the CSF patients support a

role for miR-142-3p in contributing to MS pathological processes,

likely contributing to neuronal dysfunction, and suggest that miR-

142-3p is a possible target of DMF, a I-line therapy with both immu-

nomodulatory and neuroprotective effects. To investigate further the

interaction between miR-142-3p and DMF, we performed additional

experiments in the EAE model. Notably, miR-142 knockout mice

(miR-142 KO mice) are resistant to EAE induction,28 therefore, we

characterised miR-142 heterozygous mice (miR-142 HE) at both cen-

tral and peripheral levels, and induced MOG(35–55) EAE in these mice

(Figure S1). We observed that naïve miR-142 HE mice, despite having

at basal level a reduced relative proportion of CD3+ and CD4+ cells

within the circulating CD45+ population in the spleen (Figure S1C–E)

and no differences in regulatory T cell (Treg) compartment, were as

fully responsive to EAE induction as their WT littermates (Figure S1A,

B). Furthermore, EAE miR-142-HE mice were protected at the synap-

tic level, in terms of glutamatergic synaptic alteration in the EAE cere-

bellum (Figure S1F,G), in accordance with our previous

observations.28

To verify then the effect of DMF on EAE mice carrying different

amount of miR-142-3p, miR-142-HE mice as well as WT mice were

intraperitoneally (ip) injected with DMF or vehicle, starting from the

day of immunisation (0 dpi) until the acute phase of the disease (21–

F I GU R E 1 MiR-142-3p levels in the CSF associate with MS severity. (A) Box-and-whisker plots of miR-142-3p levels in the CSF isolated
from control subjects (Ctr) compared to all patients (Ctr, n = 20; all patients, n = 151; Mann–Whitney test, p > 0.05) or to patients separated in
clinically/radiological isolated syndrome (CIS/RIS), relapsing–remitting MS (RRMS) and progressive MS (PMS) (Ctr, n = 20; CIS/RIS, n = 18; RRMS,
n = 108; PMS, n = 25; one-way ANOVA, p > 0.05). Data were normalised to miR-204-5p using the ΔCt calculation (‘CtmiR-142-3p’–‘CtmiR-204-5p’).
Values are median (�) of 2^(� ΔCt) with 10–90% percentiles (error bars) and 25–75% percentiles (open boxes). (B) Correlation plot between CSF
miR-142-3p levels (2^(�ΔCt) relative to miR-204-5p) and the progression index at the withdrawal (PI(T0)). A positive correlation was observed
(n = 151, Spearman correlation, Spearman’s r = 0.216, p < 0.01). (C) Box-and-whisker plots of the progression index (PI) of the disease in patients
with low (n = 75) and high (n = 76) levels of miR-142-3p (2^(�ΔCt) relative to miR-204-5p) at the withdrawal (PI(T0); the high miR-142-3p group
presented at T0 a worse PI relative to the low group (Mann Whitney test, p < 0.01)
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28 dpi). DMF was more effective in improving motor disability in EAE-

HE mice than in EAE-WT mice (Figure 4A), unveiling a synergistic

effect of fumarate and miR-142 heterozygosis condition. To explore a

potential DMF-miR-142 interaction at the peripheral level, we per-

formed a profiling of the T cells in the four experimental groups

(Figure 4B–D). We found that DMF treatment did not alter the fre-

quency of CD3+ T cells in both WT and HE mice, whereas it reduced

to similar extent the relative proportion of CD8+ T cells (within CD3+

cells DMF vs. VEH; WT: p < 0.05; HE: p < 0.01), paralleled by a com-

pensatory increase of CD4+ percentage in the spleens (within CD3+

cells DMF vs. VEH; WT: p > 0.5; HE: p > 0.5). Interestingly, DMF dis-

played an inhibitory effect on the B cell compartment (B220+ cells),

selectively in HE mice, with no effects on WT mice (DMF vs. VEH;

WT: p > 0.5; HE: p < 0.01). Regarding the regulatory T (Treg) cell

F I GU R E 2 MiR-142-3p levels in the CSF associate with central inflammation and neuronal hyperexcitability. (A) Correlation plot between
miR-142-3p and interleukin-1β (IL-1β) levels circulating in the CSF of all patients with MS at the withdrawal. A positive correlation is observed

(T0; n = 151, Spearman’s: r = 0.226, **p < 0.01). (B) Box-and-whisker plots of CSF miR-142-3p at the withdrawal (PI(T0)) in patients with
undetectable (�) and detectable (+) levels of IL-1β (white box: -; grey box: +); Mann Whitney test, p < 0.01). (C) Correlation plot between miR-
142-3p and interleukin-1β/IL-1 receptor antagonist ratio (IL-1β/IL-1ra ratio) quantified in the CSF isolated from all MS patients at the withdrawal.
A positive correlation is observed (T0; n = 151, Spearman’s: r = 0.236, **p < 0.01). (D) Box-and-whisker plots of the progression index at the
withdrawal (PI(T0)) in patients with high (H, miR-142-3p ≥ 0.01) or low (L, miR-142-3p < 0.01) levels of miR-142-3p and detectable (+) or
undetectable (�) IL-1β/IL-1ra ratio (white box: L/+, L/�, H/�; grey box: H/+; Mann Whitney test, *p < 0.05). Median values of miR-142-3p, IL-1
β and IL-1β/IL-1ra ratio were used as respective thresholds. (E) MiR142–3p levels directly correlate with neuronal excitability; correlation plot
between CSF miR-142-3p levels and the mean amplitudes of motor-evoked potentials (MEP post, normalised to the mean baseline MEP, MEP
pre) evaluated at T0 in a subgroup of patients (n = 20) after 15 min (left, Spearman’s: r = 0.476, *p < 0.05) and 30 min (right, Spearman’s
r = 0.529, *p < 0.05) from an intermittent theta burst stimulation (iTBS). MiR-142-3p levels in CSF are calculated as 2^(�ΔCt) relative to
miR-204-5p
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compartment involved in the maintenance of immunological tolerance,

we found an increased frequency of Treg cells (evaluated as

CD4+Foxp3+ cells) in spleens of DMF-treated mice, regardless of the

genotype (DMF vs. VEH; WT: p < 0.01; HE: p < 0.01, Figure 4C). How-

ever, DMF was able to increase the expression of a series of markers

associated with Treg cell suppressive function/proliferation (such as

PD-1, GITR, CTLA-4, CD69, Helios or Ki67), selectively in HE mice

(Figure 4C,D), thus suggesting that Treg cells from these mice were

more sensitive than WT Treg cells to the immune modulation induced

by DMF and were possibly more capable to control autoreactivity.

EAE synaptopathy is improved by DMF peripheral and
MMF central treatment

To explore the therapeutic efficacy of a potential DMF-miR-142 inter-

action at the central level, we investigated the effect of DMF on the

miR-142-3p–mediated glutamatergic alterations observed in EAE

cerebellum.28 To this end, we treated EAE WT mice during the symp-

tomatic phase of the disease, with DMF or its active metabolite,

MMF, by following a peripheral or a central approach, respectively.

First, we observed that daily peripheral treatment with DMF starting

from the day of onset (10–14 dpi), was able to mitigate the enhance-

ment of the duration of the sEPSCs recorded from PCs in EAE cere-

bellum (decay time EAE-VEH vs. EAE-DMF p < 0.05; Figure 5A). As

expected, such DMF treatment also significantly ameliorated the clini-

cal score in EAE mice during the acute phase of the disease (Two-way

ANOVA: EAE-VEH: n = 10; EAE-DMF: n = 18; F = 46.90, df = 15,

p < 0.01 at 19–20 dpi; data not shown). Then, to verify a direct neuro-

protective effect of the drug, MMF or vehicle were delivered, by

means of an acute intracerebroventricular administration, in symp-

tomatic EAE mice (21–25 dpi) for two consecutive days, 24 h apart

(Figure 5B). After 1 h from the infusion, electrophysiological experi-

ments showed that the sEPSC decay time recorded from PCs was sig-

nificantly reduced in MMF-EAE mice, compared with EAE vehicle

mice (p < 0.05), with values similar to those of control mice

F I GU R E 3 MiR-142-3p levels in the CSF might influence the therapeutic response to DMF. (A) Correlation plot between CSF miR-142-3p
levels and the Progression Index at the withdrawal (PI(T0)). A positive correlation was observed (n = 105, Spearman correlation, Spearman’s
r = 0.270, p < 0.01). (B) Box-and-whisker plots of the PI of patients treated with I-line therapy. The PI(T0) was more severe in the High miR-
142-3p group compared to the Low group (Low: n = 58, High: n = 47; Mann Whitney test, p < 0.01). (C) Box-and-whisker plots of the
progression index (PI) of patients treated with DMF. The PI(T0) was more severe in the High miR-142-3p group compared to the Low group
(Low: n = 24, High: n = 24; Mann Whitney test, p < 0.05). (D) The histograms show the percentage of DMF treated patients of the two miR-
142-3p subgroups that switched to a second therapy. The patients of the Low miR-142-3p group were better responders to DMF in comparison
to patients of the High group (Low: n = 24, n = 24 No Switch, n = 0 Switch; High: n = 24, n = 18 No Switch, n = 6 Switch; Fisher’s exact test,
p < 0.05). MiR-142-3p levels in CSF are calculated as 2^(�ΔCt) relative to miR-204-5p. Statistical values, *p < 0.05, **p < 0.01
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(Figure 5B). The effect of MMF on the half-width was less remarkable

(Figure 5B). Finally, to further validate a direct action of the drug on

the CNS, MMF or vehicle were ex vivo applied on cerebellar EAE

slices (20–25 dpi). Notably, 2 h of MMF bath application completely

prevented the alteration of the sEPSC decay time and half width,

recorded from EAE PCs in comparison to vehicle treated ones (both

decay time and half width p < 0.001; Figure 5C).

These results clearly indicate that prolonged therapeutic treat-

ment with DMF as well as acute central administration or ex vivo

incubation of MMF were sufficient to ameliorate cerebellar gluta-

matergic alterations in EAE mice, revealing a novel antisynaptotoxic

action of fumarates.

Fumarates ameliorate glutamatergic transmission in
EAE cerebellum by interfering with miR-142-3p-
GLAST/EAAT1 regulatory axis

To provide a mechanistic explanation of the beneficial effect provided

by MMF treatment on EAE cerebellar synaptopathy, we considered

the involvement of IL1-β-miR-142-3p-GLAST/EAAT1 axis.28 As

shown in Figure 6, 2-h incubation of MMF on EAE cerebellar slices

was able to increase the expression of Slc1a3, the mRNA coding for

the glial transporter GLAST/EAAT1 (EAE-VEH vs. EAE-MMF:

p < 0.01; Figure 6A), as well as to restore the protein level (EAE-VEH

vs. EAE-MMF: p < 0.05; Figure 6A), supporting the functional

improvement of the glutamatergic transmission. Interestingly, MMF

incubation was able to reduce miR-142-3p expression (EAE-VEH

vs. EAE-MMF: p < 0.05; Figure 6B), without changing IL1-β mRNA

levels (Figure 6C), suggesting that MMF increased the GLAST/EAAT1

translation by directly acting on miR-142-3p, downstream IL-1β, in

the IL-1β-miR-142-3p-GLAST/EAAT1 pathway. Neither other pro-

inflammatory cytokines, like TNF (Figure 6C) nor other markers of

neuroinflammation, including GFAP for astrogliosis, IBA1 for micro-

gliosis and Cd3 for lymphocyte infiltrates were affected by acute incu-

bation with MMF (Figure S2A–C).

We then assessed whether MMF could downregulate miR-

142-3p expression through activation of the transcription factor

Nuclear factor (erythroid-derived 2)-like (Nrf2), a well-known media-

tor of the drug signalling.38,39 To address this question, we evaluated

the mRNA levels of Heme oxygenase (Ho-1), which is one of the

principal target gene of Nrf2,40 in EAE cerebellar slices following 2-h

incubation with MMF. qPCR results showed that Ho-1 expression

was not enhanced by MMF in our experimental condition (EAE-VEH

vs. EAE-MMF: p > 0.05; Figure 6D). In accordance with this result,

neither the miR-142-3p level nor the Ho-1 mRNA levels (Figure S3A,

B) were modulated by acute incubation with the Nrf2 activator TAT-

14.40

To understand whether MMF interferes with miR-142-3p expres-

sion at the transcriptional level, we performed 2-h incubation of MMF

combined with the transcriptional inhibitor actinomycin D on EAE cer-

ebellar slices and quantified miR-142-3p by qPCR in four experimen-

tal conditions. Specifically, EAE slices were ex vivo incubated with

vehicle (CTR-EAE-VEH) or MMF alone (CTR-EAE-MMF) and together

with actinomycin D (ACT-EAE-VEH and ACT-EAE-MMF). One-way

analysis of variance confirmed miR-142-3p down-regulation mediated

by MMF in control conditions and showed a similar inhibition of miR-

142-3p transcription in the presence of actinomycin D in control con-

ditions (one-way ANOVA p < 0.05; Figure 6E). This observation sug-

gests that miR-142-3p levels are maintained by a continuous

transcription in EAE conditions. MMF likely regulates miR-142-3p at

transcriptional level since it was not able to further reduce miR-

142-3p in the presence of actinomycin D (Figure 6E). These findings

suggest that fumarates have a newly identified direct neuroprotective

action on glutamatergic transmission in EAE cerebellum by restoring

GLAST/EAAT1 level as a consequence of the reduction of miR-

142-3p, with possible effects on miRNA transcription (Figure 7).

DISCUSSION

Previous studies have shown an upregulation of miR-142-3p in MS

peripheral blood leukocytes, as well as in autopsy brain tissue,

suggesting a role of this molecule in the disease pathogenesis,41 likely

linked to its influence on the immune system.15–21 Notably, our previ-

ous identification in the EAE model and in the CSF of MS patients hel-

ped to define miR-142-3p mechanisms of action in the CNS.28 Here,

we consolidated the notion that high levels of miR-142-3p in MS and

EAE play an important role in the disease progression. We first

observed that the CSF levels of miR-142-3p positively correlated with

the PI in a large proportion of MS patients. Accordingly, patients with

‘high CSF miR-142-3p’ levels consistently showed a worse disease

F I GU R E 4 Synergistic effect between DMF preventive treatment and miR-142 in heterozygous miR-142 mice. (A) Dot plots showing the
time course of clinical score in EAE-WT-VEH (white circles), EAE-WT-DMF (black circles), EAE-HE-VEH (white triangles) and EAE-HE-DMF (black
triangles) mice. A preventive (0 dpi) and peripheral DMF treatment (i.p., 60 mg/kg/day) was more effective in improving motor disability in EAE-
HE mice than in EAE-WT mice (EAE-WT VEH n = 28; EAE-HE VEH: n = 12; EAE-WT DMF: n = 11; EAE-HE DMF: n = 13; two-way ANOVA
followed by Tukey HSD: DMF vs. VEH in EAE WT mice, p < 0.05 #; DMF vs. VEH in EAE-HE mice, p < 0.001***; HE vs. WT in DMF, p < 0.05§).
Data are from one representative immunisation (n immunisation = 2). (B) Flow cytometry analysis of spleen cells from EAE-WT and EAE-HE mice
treated or not with DMF, showing the percentages (%) of CD3+, CD4+, CD8+, B220+ cells. Data are expressed as mean � SEM and each symbol
represents a single mouse. (C,D) Flow cytometry analysis of Treg cells (evaluated as CD4+Foxp3+ cells) in spleens of the different groups of mice.
Histograms indicate the percentages (%) of (C) Foxp3+ cells and the percentages (%) of (D) PD1+, CTLA-4+, GITR+, Helios+, CD69+ and Ki67+

cells gated on CD4+Foxp3+ cells. Data are expressed as mean � SEM and each symbol represents a single mouse (n = 5 mice/group); statistical
analysis are performed by using Mann–Whitney U test (two tails); *p < 0.05; **p < 0.01; ns, not significant
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progression. Furthermore, correlation analysis between miR-142-3p

levels and the IL-1 signalling (both Il-1β and IL-1β/IL1-ra) highlighted

our previous data on the involvement of the IL-1β-miR-142-3p-

GLAST axis in EAE and MS synaptopathy. Of note, previous studies in

a CSF-chimeric ex vivo model showed that high levels either of IL-1β/

IL-1ra or miR-142-3p were able to induce synaptopathy and/or neu-

rotoxicity in healthy brain slices.7,35 Accordingly, here we observed

that elevated CSF miR-142-3p levels were associated with enhanced

response to the iTBS protocol, suggesting increased tendency toward

synaptic hyperexcitability in these patients. Although a similar correla-

tion was not observed for IL-1β signalling in this experimental condi-

tion, the present results indicate that concomitant high levels of miR-

142-3p and IL-1β/IL-1ra circulating in the CSF may promote a

worse PI.

Altogether clinical and neurophysiological data suggest that ele-

vated CSF levels of miR-142-3p promote synaptic dysfunction, nega-

tively influencing the disease course of MS. Therefore, selectively

targeting miR-142-3p expression may represent an effective

F I GU R E 5 Glutamatergic synaptic
alterations of EAE cerebellum are
mitigated by both DMF (peripheral) and
MMF (central and ex-vivo) treatments.
(A) Histograms represent the
glutamatergic sEPSC kinetic properties
(decay time and half-width) recorded
from PCs of EAE mice therapeutically
treated with DMF (black) or vehicle
(white) at peripheral level (daily i.p.,
60 mg/kg/day of DMF in 1% DMSO
starting on the day of disease onset). The
cerebellar sEPSC kinetic properties were
in part ameliorated by the DMF
treatment (21–28 dpi; EAE-DMF: n = 15;
EAE-VEH: n = 10; unpaired two-tailed t
test, decay time p < 0.05 and half-width
p > 0.05). The electrophysiological traces
on the right are examples of sEPSC peaks
in the different experimental conditions.
(B) Histograms represent the
glutamatergic sEPSC kinetic properties
(decay time and half-width) recorded

from PCs of EAE mice treated with
monomethyl fumarate (MMF, black) or
vehicle (white) delivered at central level
(single icv for 2 consecutive days,
0.325 mg/kg/day in PBS-DMSO 0.25%)
during the pick of the disease. A central
and therapeutic delivery of DMF was
sufficient to mitigate cerebellar sEPSC
alterations (EAE-VEH: n = 11; EAE-
MMF: n = 6; unpaired two-tailed t test;
decay time p < 0.05 for and half-width
p > 0.05). (C) Histograms represent the
glutamatergic sEPSC kinetic properties
recorded from PCs of EAE cerebellar
slices incubated with MMF (2 h, 100 μM
in PBS-DMSO 0.001%) or vehicle. MMF
was able to completely recover half width
and decay time of sEPSC (EAE-VEH:
n = 11, EAE-MMF: n = 15; unpaired
two-tailed t test, p < 0.001). The
electrophysiological traces on the right
are examples of sEPSC mean peak in EAE
mice. (A–C) Dotted lines represent the
mean values obtained in control CFA-
untreated mice. Data are presented as
mean � SEM; *p < 0.05; ***p < 0.001
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therapeutic strategy to prevent disease progression. We provided an

indirect but promising evidence of this latter aspect, by studying the

interaction between miR-142-3p and I-line DMT treatments. Accord-

ingly, we found that among patients treated with DMF, lower CSF

levels of miR-142-3p at the time of diagnosis were associated with

better response to therapy. A similar interaction might occur also for

other I-line therapies that have been shown to modulate miR-142-3p

at peripheral level, such as glatiramer acetate and INF.13,14 In the pre-

sent study, we could not perform this type of evaluation since the

number of treated patients for stratification in the two miR-142-3p

subgroups, in accordance with their different PI, was not appropriate.

In this regard, the present results deserve further attention and inves-

tigations since they pave the way for a potential personalised thera-

peutic approach. Regarding the effect of DMF on miR-142-3p levels,

unfortunately the invasiveness of the CSF collecting method impaired

a miR-142-3p quantification during the treatment. It could be argued

that its detection in serum or plasma could be the most appropriate

for monitoring disease progression and response to therapy. How-

ever, other studies reported a poor correlation between CSF and

plasma findings, suggesting that CSF miRNA profile could provide dif-

ferent information not available in plasma.42–44

The anti-inflammatory effects of DMF/MMF have been exten-

sively investigated in clinical and preclinical studies and include a shift

toward an anti-inflammatory and more tolerogenic immune profile

and a neuroprotective effect against oxidative stress.45,46 However,

its beneficial effects are dependent on multifactorial mechanisms not

yet fully known. Here, we observed that EAE miR-142-HE mice were

more sensitive to a peripheral and preventive DMF treatment relative

to their EAE-WT littermates, showing an improved disease course.

This specific effect was associated at peripheral level with a

F I GU R E 6 MMF disrupts the detrimental regulatory axis IL-1β-miR-142-3p-GLAST to rescue cerebellar glutamatergic transmission.
(A) Histograms of Slc1a3 mRNA levels (coding for the glial glutamate transporter GLAST/EAAT1) in EAE cerebellar slices incubated for 2 h with
MMF or vehicle (Left, EAE VEH: n = 9, EAE MMF: n = 8; unpaired two-tailed t test, p < 0.001). On the right, representative WB images and
quantification of GLAST protein levels (normalised to β-actin) in the same experimental conditions. MMF incubation induces a rescue of GLAST
protein in EAE cerebellar slices relatively to EAE untreated slices (Right, EAE-VEH: n = 12, EAE-MMF n = 13; unpaired two-tailed t test,
p < 0.05). (B) Histograms showing miR-142-3p levels in EAE cerebellar slices after bath application of MMF (2 h) and vehicle. MMF significantly

inhibits miR-142-3p expression (EAE VEH: n = 9, EAE MMF: n = 8; unpaired two-tailed t test, p < 0.05). (C,D) Histograms show no changes of
mRNA expression of the proinflammatory cytokines IL-1 β (interleukin-1β; C left) and TNF (tumour necrosis factor; C right), as well as Ho-1
(Heme oxygenase 1; D), a target gene of Nrf2 (nuclear factor (erythroid-derived 2-like) pathway, after 2 h of incubation of EAE cerebellar slices
with vehicle or MMF (unpaired two-tailed t test, p > 0.05). (E) Histograms shows miR-142-3p levels in EAE cerebellar slices incubated with MMF
or vehicle in the presence or not of the transcriptional inhibitor actinomycin D (25 μM; one-way ANOVA Tukey’s HSD, p < 0.05 EAE-veh vs. EAE
MMF and p > 0.05 EAE-veh vs. EAE MMF in act condition). (A–E) Data obtained by qPCR were normalised by ΔΔCt calculation to endogenous
genes (U6B for miR-142-3p and β-actin for mRNAs). All values are means � SEM versus EAE-VEH; *p < 0.05; **p < 0.01
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modulation of B-cell population and to an increased Treg responsive-

ness. EAE miR-142 HE mice presented indeed an increase in B cell rel-

ative percentage that was suppressed by DMF while Treg cells were

more sensitive, relative to Treg cells of EAE-WT mice, to the immune

modulation induced by DMF, suggesting an enhanced capability to

control autoreactivity. We propose miR-142-HE EAE mice as a good

tool to investigate miR-142-depedent EAE pathogenesis and DMF

response, likely involving a delicate unbalance of miR-142 expression

in several immune cell subtypes, such as B cells18 and Treg/Teff,47 as

occurs in other inflammatory disease.48–51 In conclusion, the reduction

of miR-142 levels (as in the case of HE mice) may in part be responsi-

ble for a more efficient response to DMF, through a modulation of the

immune system, in line with evidence showing that elevated levels of

miR-142-3p can be detrimental for the pathology itself.

Regarding the interaction between DMF and miR-142-3p at the

central level, we explored the impact of DMF therapeutic treatments

in WT mice and suggested a mechanistic explanation of its beneficial

effect in the CNS pointing to miR-142-3p as a potential new target of

this drug. Interestingly, during the characterisation of EAE-miR-

142-HE mice, we observed that these mice were protected from EAE

synaptopathy, showing a normal glutamatergic transmission even in

the presence of an active disease. The same functional recovery was

observed in EAE mice treated either at peripheral/therapeutic- or at

central/preventive-level with an inhibitor of miR-142-3p,28 corroborat-

ing the notion that treatments that can modulate miR-142-3p might

improve at least locally synaptopathic processes. Here, we observed

that both therapeutic and central in vivo and ex vivo treatments with

fumarates (DMF/MMF) were able to ameliorate the increase in cere-

bellar glutamatergic transmission in EAE-WT mice. We previously

found that a therapeutic and peripheral DMF treatment in EAE mice

normalised presynaptic abnormalities of glutamatergic transmission in

EAE striatum and that ex vivo MMF modulation of microglial function

likely exerted an indirect neuroprotection on striatal synaptic transmis-

sion at post-synaptic level.31,52 It was proposed that MMF had an anti-

inflammatory effect of on resident and infiltrating cells in the CNS

mediated by the G protein-coupled receptor HCAR2.52,53 Besides this

F I GU R E 7 Scheme of MMF mechanism of action in counteracting cerebellar synaptopathy. In healthy condition (left), at the level of Purkinje
cells in the cerebellum, the clearance of the majority of glutamate released in the synaptic cleft is mainly performed by the glial glutamate
transporter GLAST. In EAE condition (bottom), the proinflammatory cytokine IL-1β is responsible of an enhancement of the spontaneous
glutamate transmission (sEPSC) by increasing the expression of miR-142-3 which in turn blocks the expression of GLAST (IL-1β-miR-142-3p-
GLAST regulatory axis). A long-lasting impairment of glutamate reuptake from the synaptic cleft leads to a persistent cerebellar synaptopathy
which causes excitotoxicity. The acute incubation (2 hours) of MMF (right) on EAE cerebellar slices is able to correct the kinetic abnormalities of
glutamatergic currents by perturbing the detrimental regulatory axis IL-1β-miR-142-3p-GLAST. Specifically, MMF reduces miR-142-3p expression
thus restoring GLAST levels in an IL-1β-independent manner. EAE, experimental autoimmune encephalomyelitis; GLAST, glial glutamate aspartate
transporter; Glu, glutamate; IL-1β, interleukin 1 beta; miR-142-3p, microRNA miR-142-3p; MMF, monomethyl fumarate; sEPSCs, spontaneous
excitatory post-synaptic currents
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pathway, fumarates exert a potent antioxidant effect mainly mediated

by activation of the nuclear factor Nrf2, that upregulates several

antioxidative pathways (such as the transcription factor Ho-1), and

increases glutathione levels.54 DMF induces Nrf2 in glial cells and neu-

rons in vitro, and in an EAE model. The therapeutic effect of DMF in

EAE mice is abolished in Nrf2-knockout mice,55 even if alternative

pathways, independent of Nrf2, have been proposed.56 Here, we

showed that an acute MMF administration was able to ameliorate the

excitotoxic damage in EAE cerebellum, proving for the first time the

effect of a therapeutic central delivery of MMF on EAE synaptopathy.

Mechanistically, we provide evidence that ex vivo acute incubation of

MMF on EAE cerebellar slices can reestablish glutamate transmission

by restoring the level of GLAST protein, through the reduction of miR-

142-3p expression (Figure 7).

The recovery of the miR-142-3p axis mediated by MMF in our

experimental condition seems independent of its anti-inflammatory

action since the IL-1β mRNA level was not affected as well the inflam-

matory status of the cerebellum. The unchanged levels of the Ho-

1mRNA also indicate that Nrf2 pathway was likely not involved, at

least after 2 h of MMF incubation. Accordingly, miR-142 3p was not

induced by ex vivo incubation of the Nrf2 activator TAT-14.40 Alto-

gether these experiments suggest that the classic anti-inflammatory

and anti-oxidant pathways are likely not responsible for the acute pro-

tective effect of MMF on cerebellar transmission. Here, we point to

miR-142-3p as a possible target of MMF through its regulation at the

transcriptional level, as suggested by the Actinomycin DMF/MMF

experiments. We indeed observed that in the presence of an active

transcriptional regulation of miR-142-3p in the EAE cerebellum, MMF

was not able to further downregulate miR-142-3p when co-incubated

with the transcriptional inhibitor Actinomycin D. Of note, DMF has

been shown to inhibit the p90 Ribosomal S6 Kinase 2 (RSK2) and the

Mitogen and Stress-activated Kinase (MSK) with implications for

transcription.57

In conclusion, the huge difficulty of identifying potential bio-

markers for MS is due to the multifactorial nature of this complex dis-

ease. A scarce knowledge of the several pathophysiological processes

and of their interactions as well as the heterogeneity of clinical mani-

festations have slowed down tailored treatment strategies. Therefore,

the research and standardisation of biomarkers linked to specific path-

ogenic mechanisms is increasingly challenging and special attention

should be paid not novel biomarkers in the miRNA family. In the pre-

sent study, by combining clinical and preclinical studies, we propose

miR-142-3p as a potential synaptotoxic and negative prognostic

marker of MS disease, and a potential valuable indicator for

personalised therapies.
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