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Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating
and neurodegenerative disease of the central nervous sys-
tem. In MS, the autoreactive lymphocytes cross the
blood-brain barrier, prompting an inflammatory response
that leads to demyelination and plaque formation, result-
ing in neurological dysfunction.'” Many studies have
studied the role of CD4 T cells in the pathogenesis of
MS. The accumulated results show that T helper type 1
(Thl) and Th17 cells are involved in the disease course of
MS.*7 The more complex studies used experimental
autoimmune encephalomyelitis (EAE) animal models. In
the EAE model, regulatory T cells and the cytokine inter-
leukin-10 (IL-10), are two important negative regulators
of disease development.®*'* Expansion of Th2 cells or

488

Summary

The role of microRNA in the regulation of encephalitogenic T-cell devel-
opment is of interest in understanding the pathogenesis of multiple scle-
rosis (MS). Direct binding of microRNAs to their target mRNAs usually
suppresses gene expression and facilitates mRNA degradation. In this
study, we observed that the expression of several microRNAs was signifi-
cantly altered in patients with MS. Interestingly, the expression of miR-
140-5p, among other microRNAs, was significantly decreased in the
peripheral blood mononuclear cells of patients with MS, and this micro-
RNA may regulate encephalitogenic T helper type 1 (Thl) cell differentia-
tion. The expression level of miR-140-5p was inversely correlated with
disease severity with greater reduction in relapsing disease compared with
remitting disease. Transfection of synthetic miR-140-5p in peripheral
blood mononuclear cells suppressed encephalitogenic Thl differentiation.
Signal transducer and activator of transcription 1 (STAT1) was the func-
tional target of miR-140-5p — transfection of the synthetic miR-140-5p
suppressed activation of STAT1 and the expression of its downstream tar-
get, T-bet. Our results suggested that miR-140-5p is probably involved in
the regulation of encephalitogenic T cells in the pathogenesis of MS.

Keywords: cell differentiation; microRNA; miR-140-5p; multiple sclerosis;
Th1/Th2 cells.

inhibition of Th1/Th17 cells ameliorates EAE disease.'” '
The clinical forms of MS are highly diverse and can range
from relatively mild to severely debilitating disease due to
loss of communication between the brain and other parts
of the body. The majority of patients with MS go through
relapsing and remitting flare-ups, the precise mechanisms
of which remain unclear. Whether distinct subsets of
CD4 T cells play a role in the different forms of MS is
currently unclear.® Multiple sclerosis is difficult to diag-
nose and to treat, and the clinical progression and prog-
nosis are challenging to predict. Hence, identification of
biomarkers for early detection and pathogenesis is critical
to improve the management of the disease."

Recently, microRNAs have emerged as promising
targets for diagnosis and treatment of various clinical
disorders, including MS. MicroRNAs are a class of
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~22-nucleotide non-coding RNAs that regulate gene
expression at the post-transcriptional level. They bind to
the 3’ untranslated region (UTR) of target mRNAs and
cause degradation or translational inhibition of the target
mRNAs.'”” Many biological processes, such as develop-
ment, homeostasis and pathophysiological changes, are
regulated by microRNAs. Importantly, microRNAs are
emerging as biomarkers with potential applications in the
diagnosis and therapy of several human diseases.'® '
Specifically, certain disease-associated microRNAs isolated
from plasma, peripheral blood mononuclear cells
(PBMCs) and brain tissue of patients with MS were found
to be dysregulated.'”**** For example, the microRNAs
miR-155 and miR-326 were up-regulated in encephalito-
genic CD4" T cells and can affect the development of MS
by promoting encephalitogenic Thl and Th17 cells.””*
However, microRNAs that exclusively regulate the patho-
genesis of MS still need further elucidation.”®°

In this report, we demonstrate that the microRNA hsa-
miR-140-5p (miR-140-5p) is markedly down-regulated in
patients with MS. We further found that miR-140-5p
regulates the differentiation of Thl cells. We therefore
propose that miR-140-5p is a new member of the family
of microRNAs involved in MS pathogenesis.

Materials and methods

Human participants

Patients with MS from Palmetto Health Medical Center
in Columbia, SC gave written consent to provide blood
samples. Sample collection and further processing were
undertaken according to a Human Subjects Protocol
approved by the Institutional Review Board of the
University of South Carolina. The disease was categorized
as relapsing-remitting MS (Table 1). Peripheral blood
was collected before giving medicinal treatment.

Antibodies and reagents

Human MOGs;s 55 (hMOG;s s5) peptide was purchased
from Anaspec (Fremont, CA). Ionomycin and PMA were
purchased from Sigma-Aldrich (St Louis, MO). Anti-
GATA3 antibody was purchased from Affymetrix (eBio-
science, San Diego, CA) and anti-signal transducer and
activator of transcription 1 (anti-STATI) antibody was
purchased from Abcam (Cambridge, UK). The rest of the
antibodies and isotype controls were purchased from
Biolegend (San Diego, CA).

T-cell subset isolation, intracellular staining, oligonucleotide
transfection and plasma cytokine measurement

The PBMCs were prepared by density gradient centrifu-
gation using Nycoprep 1.077 medium (Accurate Chemi-
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Table 1. Characteristics of patients with multiple sclerosis and

controls’
RRMS Control

Sample size 22 22

Relapsing 4

Remitting 18
Age (years) 42 +9 44 + 11
Female 20 20
Male 2 2
Drug treatment None None

'Relevant information about human participants recruited for this
study. RRMS, relapsing—remitting multiple sclerosis. The sample size
includes the total number of participants in the relapsing-remitting
multiple sclerosis or control group. The age is expressed as the
mean + SEM.

RRMS, relapsing-remitting multiple sclerosis.

cal & Scientific Corp, Westbury, NY). CD4" T cells and
CD8" T cells were then purified with magnetic beads
(Stemcell Technologies, Vancouver, BC, Canada) and the
remaining cells were referred to as non-T cells. Plasma
was stored at —20° until cytokine measurement. Cytokine
production in the plasma was measured by multiplexed
microsphere cytokine immunoassay (Bio-Plex Cytokine
Assay kit; Bio-Rad, Hercules, CA) as described previ-
ously.3 ! PBMCs were cultured with hMOG;s_ 55 peptide
(30 pg/ml) for 16 hr, followed by stimulation with
50 ng/ml PMA and 1 pg/ml ionomycin in the presence
of 2 um monensin for 4 hr. Some cells were transfected
with miR-140-5p mimic or negative control of the mimic
by Lipofectamine RNAIMAX (Invitrogen, Waltham, MA)
as per the manufacturer’s protocol. Production of IL-4,
IL-17 and interferon-y (IFN-7) in the CD4" T cells was
detected by flow cytometry after intracellular staining
(CXP FC500; Beckman Coulter, Brea, CA); the cytokines
in the culture supernatants were detected using a sand-
wich ELISA or a multiplexed microsphere cytokine
immunoassay (Bio-Plex Cytokine Assay kit; Bio-Rad).

MicroRNA array and quantitative real-time PCR

Total RNA including microRNAs was extracted using an
miRNeasy mini kit (Qiagen, Germantown, MD) and sub-
jected to microRNA high-throughput array with Affyme-
trix platform (eBioscience). MicroRNA array in
Affymetrix platform was performed with probe set v4.01.
Quantitative real-time PCR was applied for the validation
and amplification of the test samples. Relative fold
expression values were calculated based on the expression
of Snord96A gene as an endogenous control. Microarray
data are available in the ArrayExpress database (www.
ebi.ac.uk/arrayexpress) under accession number E-MTAB-
3437.
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Cell transfection and luciferase reporter assay

To develop the Dual-Luciferase reporter vectors, wild-
type or mutated 3'-UTR sequences of human STAT1
mRNA that overlaps the binding site for miR-140-5p
were cloned into pmirGLO Dual-Luciferase miRNA Tar-
get Expression vector (Promega, Madison, WI). HEK293
cells (ATCC, Manassas, VA) were transfected with the
constructed vectors, miR-140-5p mimic or negative con-
trol of the mimic using Lipofectamine RNAIMAX (Invit-
rogen) as per the manufacturer’s protocol. Cell extracts
were prepared 24 hr later and luciferase activity was mea-
sured with the Dual-Glo Luciferase Assay system per the
manufacturer’s protocol.

Western blot

Cells were lysed in RIPA buffer (Santa Cruz, Dallas, TX).
The protein concentration was determined using the BCA
Protein Assay Kit (Pierce, Waltham, MA). The samples
were subjected to electrophoresis on 4-20% Mini-Protean
TGX Gels (Bio-Rad) and transferred to nitrocellulose
membrane (Bio-Rad). The membranes were incubated
with primary antibodies at 4° overnight and with sec-
ondary antibodies at room temperature for 1 hr. The
staining was developed using the chemoluminescent
reagents (LI-COR, Lincoln, NE), and scanned with a
Western blot scanner (LI-COR).

(a) (b)

140-5p - _

l

let-7e--- l

Ctrl Remit MS Ctrl

Remit MS

Statistical analysis

Data were presented as the mean + SEM and analysed
for significance using the two-tailed Student’s t-test
(unequal variance type) or the Mann—Whitney U-test. In
the case of multiple testing, one-way analysis of variance
followed by Newman—Keuls multiple comparison tests
was applied. The correlation between miR-140-5p, STAT1
and IFN-y was evaluated using Pearson’s correlation coef-
ficient. Comparisons were considered significant at
P < 0-05.

Results

miR-140-5p is down-regulated and let-7e is
up-regulated in the CD4" T cells of patients with MS

In order to assess potential alterations in microRNA
expression in patients with MS, we first applied micro-
RNA array to screen the microRNA expression profile in
the PBMCs and compared with age- and sex-matched
controls (Table 1). We found 469 meaningful target
microRNAs using the array. There were 42 microRNAs
with greater than twofold difference in expression and
P-value < 0-05, including 33 mature microRNAs and nine
pre-mature microRNAs. Among them, miR-140-5p had
the most down-regulated expression level (Fig. 1la,
Table 2). By using Ingenuity Pathway Analysis (ipa;

(c)
Slindex (Fisher's exact test)
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Figure 1. MicroRNAs and functional annotation categories in patients with multiple sclerosis (MS). MicroRNAs from the peripheral blood
mononuclear cells (PBMCs) of patients with MS in the remitting stage and controls (ctrl) were subjected to microRNA array. (a) The heatmap of

the microRNA array showed average values of 42 microRNAs that were significantly changed, with more than twofold differences between the
groups. (b) The heatmap of microRNA array showed the same 42 dysregulated microRNAs as a cluster in four patients with MS and controls. (c)

Predicted and experimentally supported targets were analysed using the Ingenuity Pathway Analysis (1pa) program for enrichment of genes into

functional annotation categories. Significantly enriched categories are shown according to the significance index (SI) using the Fisher’s exact test.

490

© 2016 John Wiley & Sons Ltd, Immunology, 147, 488-498



Inverse correlation of miR-140-5p with multiple sclerosis

Qiagen, Redwood City, CA), we found that these micro-
RNAs were involved in many diseases and pathophysio-
logical events such as development, cell survival,
inflammation and cancer (Fig. 1c).

Because miR-140-5p was the most significantly down-
regulated microRNA in patients with MS, we next studied
whether it was associated with the disease development.
To that end, we examined the expression of miR-140-5p
during relapsing and remitting stages of the clinical dis-
ease in patients with MS. The results showed that the
expression level of miR-140-5p was significantly down-
regulated in both relapsing and remitting stages compared
with that of the control. However, in the relapsing stage,
the expression level was down-regulated significantly
more than in the remitting stage (Fig. 2a).

To validate these data, we performed quantitative PCR,
to examine the expression of miR-140-5p in CD4" T
cells, CD8" T cells and non-T cells of PBMCs. The results
showed that miR-140-5p was expressed in all three sub-
sets in the controls of which CD4" T cells had the highest
expression level of miR-140-5p. In patients with MS in
the remitting stage, the expression level of miR-140-5p
was significantly down-regulated in CD4" T cells and
non-T cells, but levels remained the same in CD8" T cells
when compared with the controls (Fig. 2b). Together,
our results indicated a negative correlation between the
expression of miR-140-5p and the development of the
disease and suggested a possible role of miR-140-5p in
the differentiation of encephalitogenic CD4" T cells.

Table 2. Representative microRNA expression in patients with mul-
tiple sclerosis'

MicroRNA Relative level Log fold change
miR-140-5p —27-008 £ 2-98 —2-99 £ 0-44
miR-30a-3p —24-533 + 2-88 —3-106 £ 0-49
miR-660-5p —21-140 + 2-83 —2:394 £ 0-38
miR-30c-5p —21-013 £ 2-82 —2-077 £ 0-33
miR-223-3p —13-153 £ 2-41 —4-983 £ 0-51
miR-92a-3p —12-491 + 2-38 —1-650 £ 0-18
miR-26a-5p —11-673 £ 2-35 —2-558 £ 0-35
miR-181a-5p 18773 & 2-62 2-048 £ 0-32
let-7e 17-587 + 2-58 2-13 £ 0-17
miR-455-3p 14-457 £ 2-48 2-819 £ 0-41
miR-423-5p 4536 £ 0-52 1-531 & 0-18
mir-15 4-485 £+ 0-51 1-547 £+ 0-22
miR-140-3p 3-078 £ 0-48 1-462 £+ 0-19

"The relative expression level and fold change for the part of the sig-
nificantly changed microRNAs in peripheral blood mononuclear cells
of patients with remitting multiple sclerosis compared with the con-
trols. The full list of microRNAs and the detailed information of the
microRNA array can be found in the ArrayExpress database under
accession number E-MTAB-3437. The data were expressed as
mean = SEM from four patients with multiple sclerosis and four
controls.
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On the other hand, using the microRNA array, we also
found that some microRNAs were significantly up-regu-
lated in PBMCs of patients with MS when compared with
the controls. For example, we found that microRNA let-7e
and miR-181la-5p were significantly up-regulated in
patients with MS (Fig. 1a, Table 2). Our laboratory previ-
ously reported that let-7e was up-regulated in an EAE mur-
ine model of MS, and was associated with the development
of EAE,*? so we further examined the expression of let-7e
in CD4" T cells, CD8" T cells and non-T cells. Interestingly,
the expression pattern of let-7e in the three subsets was
similar but opposite to that of miR-140-5p, in that let-7e
was expressed in all three subsets but significantly up-regu-
lated in CD4" T cells and non-T cells in patients with MS
when compared with the controls, whereas it remained
unchanged in CD8" T cells. The CD4" T cells had the
greatest up-regulation in let-7e expression when compared
with CD8" T cells and non-T cells in patients in the remit-
ting stage (Fig. 2c). Importantly, we found that let-7e
expression was positively correlated with disease progres-
sion, which was corroborated by the fact that patients with
MS who were in the relapsing stage had significantly
increased levels of let-7e compared with that in the remit-
ting stage (Fig. 2d). These results were consistent with our
previous findings in EAE, in which let-7e was the most up-
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Figure 2. Down-regulation of miR-140-5p and up-regulation of let-
7e in patients with multiple sclerosis (MS). (a) Quantitative PCR
analysis of miR-140-5p in peripheral blood mononuclear cells
(PBMCs) of patients with remitting MS (remit), patients with relaps-
ing MS (relapse) and controls (ctrl). (b) Quantitative PCR analysis
of miR-140-5p in CD4" T cells, CD8" T cells and non-T cells from
PBMCs of patients with remitting MS and controls. (c) Quantitative
PCR analysis of let-7e in CD4" T cells, CD8" T cells and non-T cells
from PBMCs of patients with remitting MS and controls. (d) Quan-
titative PCR analysis of let-7e in PBMCs of patients with remitting
MS, patients with relapsing MS and controls. Data are shown as
mean + SEM of seven patients in the remitting stage, seven controls,
and four patients in the relapsing stage of MS.
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regulated microRNA in encephalitogenic CD4" T cells and
most increased in the relapsing stage.” Together, our
results indicated that let-7e was positively associated with
the development of MS and suggest a regulation that is
inversely correlated with miR-140-5p expression in the
development of encepholitogenic CD4" T cells in MS.

miR-140-5p regulates differentiation of
encephalitogenic CD4" T cells to Th1 cells

Using 1pA, we could see a predictive interaction network of
the most changed microRNAs in patients with MS. The
dysregulated microRNAs were predicted by 1pa to directly
target numerous mRNAs involved in T-cell differentiation,
particularly the Thl subset, including the targeting of
STAT1, IFN-y, and TBX21 (T-bet) (Fig. 3). For example,
miR-140-5p targeted STAT]1; let-7e targeted IL-10 and IL-
13 (Fig. 3). These results suggested a possible regulatory
role of miR-140-5p on Th1-Th2 differentiation.

We then studied the effect of miR-140-5p on the differ-
entiation of encephalitogenic CD4" T cells by examining
the Th1-Th2-Th17 polarization ex vivo. PBMCs from
patients with MS were prepared and transfected with
mimic mature miR-140-5p (labelled as mimic) to restore
the expression of miR-140-5p or scrambled microRNA
oligonucleotides as the negative control (labelled as
mock). The cells were cultured with human MOG;5 55
peptide for 20 hr, and then the production of IFN-y, IL-4
and IL-17A in the CD4" T cells was detected using flow
cytometry. The results showed that the CD4" T cells
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transfected with the mock, showed strong polarization
towards Thl cells (~35%) whereas polarization towards
Th2 and Th17 was modest (~2-3%), as shown in Fig. 4.
In cultures transfected with the mimic, the Thl polariza-
tion dropped by ~50-15%; the percentage of Th17 cells
also decreased significantly (from ~2% to 1%), whereas
the Th2 cells were not significantly altered. We also found
that the restoration of miR-140-5p simultaneously
decreased the expression level of let-7e (Fig. 4c). These
results suggested that miR-140-5p could play a role in
regulation of Thl differentiation of encephalitogenic
CD4" T cells.

miR-140-5p targets STAT1 and affects subsequent
activation of T-bet

We found that STATI, a transcription factor involved in
Thl differentiation, is a putative target of miR-140-5p
predicted by numerous microRNA prediction programs
(DIANAMT, MIRANDA, MIRWALK, PICTAR5 and TARGETSCAN).
To verify the binding between STAT1 and miR-140-5p,
we performed a luciferase assay. HEK293 cells were trans-
fected with the mimic oligonucleotide of miR-140-5p and
the dual luciferase vector was conjugated with the STAT1
binding sequence at the 3'-UTR (Fig. 5a). The subsequent
luciferase assay showed that the miR-140-5p mimic sig-
nificantly suppressed the luciferase activity in the STAT1-
transfected cells whereas the negative mock control or
scrambled-STAT1 transfection did not. These results
demonstrated that miR-140-5p could specifically bind to

1PR4 52‘3 -561 3.5p
=—"CCR i
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Figure 3. Predictive T helper type 1 (Thl) —
Th2 regulation by miR-140-5p using the Inge-
nuity Pathway Analysis (1pA) program. Predic-
tive analysis of microRNA—target interaction
using the pa program for the microRNAs with
significantly changed expression levels in the
peripheral blood mononuclear cells (PBMCs)
(MS).
Arrows indicate interaction between micro-

of patients with multiple sclerosis
RNAs and their targets. The up-regulated
microRNAs are highlighted in red; the down-
regulated microRNAs are highlighted in green.
miR-140-5p directly targeted signal transducer
and activator of transcription 1 (STAT1; bold
arrow) and CXCLI12. miR-140-5p indirectly
targeted GATA3 through SMAD3 or HDAC4.
Let-7e directly targeted interleukin-10 (IL-10)
and IL-13. STATI directly targeted Tbx21
(T-bet) (bolded arrow).
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STAT1 (Fig. 5b). To further confirm whether the miR-
140-5p targeting on STAT1 could result in the transla-
tional and functional suppression of STAT1 in patients
with MS, we examined the expression level of STATI in
the PBMCs of patients with MS. We found that with
restoration of miR-140-5p, the expression level of total
STAT1 and phosphorylated STAT1 was indeed suppressed
(Fig. 5¢). Together, our results demonstrated that STAT1
was a functional target of miR-140-5p.
Interferon-y-induced STAT1 activates T-bet expression;
this signalling pathway controls the differentiation of naive
CD4" T cells to Thl effectors.”® Inasmuch as the above
results confirmed that miR-140-5p functionally targeted
STAT1, we further examined T-bet expression in CD4" T
cells from patients with MS. To do this, PBMCs of patients
with MS were transfected with the mimic oligonucleotide
of miR-140-5p and re-stimulated with human MOG3;5_ss
peptide for 20 hr, then expression of T-bet and GATA3
was examined by flow cytometry. We found that a signifi-

cant portion of mock-transfected CD4" T cells expressed
T-bet (~65%) of which ~12% co-expressed GATA3
(Tbet” GATA3" CD4" T cells) (Fig. 6). Of these cells, only
a few CD4" T cells (up to 2%) expressed GATA3 alone
(Tbet™ GATA3" CD4" T cells). However, up to 52% of
CD4" T cells expressed T-bet only (Tbet” GATA3™ CD4"
T cells) (Fig. 6). These results indicated that Thl cells were
the main effector cells in these patients; meanwhile, a por-
tion of the effector CD4" T cells were maintained between
Thl and Th2 differentiation. After the restoration of miR-
140-5p with the mimic, Tbet” GATA3™ CD4" T cells were
significantly suppressed; meanwhile, Tbet" GATA3" CD4"
T cells and Tbet™ GATA3" CD4" T cells were significantly
increased (Fig. 6). These results suggested a possible role of
miR-140-5p in the Th1-Th2 plasticity of encephalitogenic
CD4" T cells.

To rule out the possibility of direct binding between
miR-140-5p and T-bet, we explored three programs,
including TARGETSCAN, MIRANDA and MIRWALK, to predict
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Figure 5. Signal transducer and activator of transcription 1 (STATI)
is the functional target of miR-140-5p. (a) The predicted binding site
of miR-140-5p and STAT1. (b) HEK293 cells were transfected with
mimic or mock oligonucleotide of miR-140-5p and subjected to the
dual luciferase assay. The histogram shows the relative luciferase
activity. The black bar represents the cells transfected with the vec-
tors containing the STAT1 binding sequence; the white bar repre-
sents the cells transfected with the vectors containing the scrambled
sequence as a negative control to the STATI. Data are shown as
mean + SEM of three independent experiments. (c) Peripheral
blood mononuclear cells (PBMCs) from patients with remitting mul-
tiple sclerosis (MS) were transfected with mimic oligonucleotide of
miR-140-5p (mimic) or negative control peptide (mock), and then
cultured with supplement of hMOGs;s5 55 peptide (30 pg/ml) for
20 hr. Cells were collected and subject to Western blot to measure
total STAT1 (STAT1) and phosphorylated STAT1 (p-STAT1). -
Actin was used as an endogenous control. Data are representative of
three independent experiments.

the binding sites between them. The results showed that
T-bet was not a predictive target of miR-140-5p (data not
shown), which further implied a role of miR-140-5p—
STAT]1 signalling in Th1 differentiation.

miR-140-5p expression negatively correlates with the
expression of IFN-y and STAT1

Because IFN-y is the key cytokine in activation of STATI,
we examined IFN-y production in the peripheral blood of
patients with MS. We used a Bio-plex cytokine assay to
detect IFN-y and 26 other cytokines in 10 patients with
MS of remitting stage and controls. We successfully
detected IFN-y and found that patients with MS had sig-
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Figure 6. miR-140-5p regulates expression of T-bet in CD4" T cells
upon human MOG;s 55 peptide stimulation. Peripheral blood
mononuclear cells (PBMCs) from patients with remitting multiple
sclerosis (MS) were transfected with mimic oligonucleotide of miR-
140-5p (mimic) or negative control oligonucleotide (mock), and
then cultured with hMOGs;s 55 peptide (30 pg/ml) for 20 hr. Intra-
cellular production of T-bet and GATA3 in CD4" T cells was mea-
sured using flow cytometry. The dot plots are representative of three
independent experiments. The histogram showed mean + SEM from
the three experiments. The gate was set on CD4" T cells.

nificantly higher concentrations of IFN-y than the con-
trols (Fig. 7a). We further analysed the correlation
between the expression of miR-140-5p, STAT1 and IFN-y.
The results showed a negative correlation between the
expression of miR-140-5p and STAT1, a negative correla-
tion between miR-140-5p and IFN-y, and a positive
correlation between STAT1 and IFN-y (Fig. 7b). These
results provided further evidence that miR-140-5p can
regulate the IFN-y-STAT1 signalling pathway, and regu-
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Figure 7. Expression of miR-140-5p is negatively correlated with
production of interferon-y (IFN-y) and expression of signal trans-
ducer and activator of transcription 1 (STATL). (a) Production of
IFN-y in the plasma of patients with remitting MS and controls
(n =10) was detected using the Bio-Plex assay. The scatter plots
represent the concentration of each sample and the chart shows the
mean, standard deviation and standard error of the mean. (b) Corre-
lation between miR-140-5p, STAT1 and IFN-y. The transcript level
of miR-140-5p, the density of STATI, and the concentration of IFN-
y from patients with MS were normalized to the controls (MS/ctrl)
(n =10 for each). Pearson correlation analysis was performed
between miR-140-5p and STATI, miR-140-5p and IFN-y, STAT1
and IFN-y. The results showed a reverse correlation between miR-
140-5p and STAT1 (R* = 0-936), a reverse correlation between miR-
140-5p and IFN-y (R? = 0-969), a positive correlation between
STAT1 and IFN-y (R? = 0-983).

late T-bet expression and Thl differentiation in patients
with MS.

Meanwhile, we were able to detect some other cytoki-
nes using a Bio-plex assay (Fig. 8). We found that the
production of IL-10 and IL-13 in the plasma was signifi-
cantly lower in these patients than in the controls; the
production of tumour necrosis factor-a, IL-6, IL-1p,
IL-12p70, IL-8 and granulocyte-macrophage colony-sti-
mulating factor was significantly higher in patients with
MS than in the controls; the production of IL-4 and IL-5
was similar in both patients with MS and the controls
(Fig. 8); however, IL-17 was not detectable in almost
every participant including patients with MS and controls
(data not shown). IL-10 and IL-13 are the functional tar-
gets of let-7e in EAE.*® The increased expression of let-7e

© 2016 John Wiley & Sons Ltd, Immunology, 147, 488-498

and decreased production of IL-10 and IL-13 in patients
with MS suggested an active role for let-7e in the patho-
genesis of MS.

Discussion

Diagnosing and treating MS poses a significant challenge.
In the early stages of MS, the symptoms can be non-specific
and suggestive of many other disorders of the central ner-
vous system. Currently, there is no single specific laboratory
test that can identify or rule out MS. Hence, new biomark-
ers of the disease are highly sought after. Moreover,
clinically, there are many forms of MS. Of these, the relaps-
ing-remitting MS is the most common, affecting ~85% of
people with MS. As indicated by the name, people with
relapsing—remitting MS have temporary periods of relapses,
flare-ups or exacerbations. Most of these people transit into
secondary-progressive MS with symptoms worsening stea-
dily over time with or without the occurrence of relapsing
and remitting disease. In contrast, people can have another
form called primary-progressive MS, affecting about 10%
of people with MS, which is characterized by gradual wors-
ening symptoms from onset, with no relapse or remission.
Lastly, a small proportion (~5%) of patients develop pro-
gressive-relapsing MS, in which there is steady worsening
of disease from onset, with acute relapses but no remission,
with or without recovery. Again, it is not clear why this
autoimmune disease shows such variations in pathogenesis.
Clearly, additional studies are necessary to understand the
mechanisms of pathogenesis and potential biomarkers that
can predict the course of the disease.

Research on microRNAs has opened up new avenues
to understand the MS disease process. The identification
of new members of the microRNA family associated with
the pathogenesis of MS could facilitate early diagnosis
and treatment. Thl cells are critically associated with the
pathogenesis of MS."* In the current study, we noted that
the microRNA miR-140-5p can regulate Thl differentia-
tion. The expression of miR-140-5p was predominant in
CD4" T cells compared with CD8" T cells and non-T
cells, and correlated with remitting and relapsing disease.
The down-regulation of miR-140-5p led to enhanced
development of Thl cells and disease severity. By replen-
ishing miR-140-5p, differentiation of Thl cells could be
significantly suppressed. Based on these findings, we pro-
pose that miR-140-5p is associated with the pathogenesis
of MS.

There is growing interest in the contribution of
microRNAs in the gene regulation of MS. New medici-
nes could be developed that modulate expression of
specific microRNAs and subsequent gene activity
involved in proliferation and activation of the effector
cells. For example, treatment with natalizumab resulted
in differential expression of two clusters, miR-17-92 and
miR-106b-25, in patients with MS, and affected CD4"
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Figure 8. Production of cytokines in plasma of patients with remitting multiple sclerosis (MS). Cytokine production in the plasma of patients
with remitting MS and controls was detected using a Bio-Plex assay and expressed as the mean + SEM from 10 patients with MS or controls
(ctrl). *P < 0-05 between patients with MS and controls (ctrl); **P < 0-01 between patients with MS and controls (ctrl); ns: no significance

between patients with MS and controls (ctrl).

T-cell activation and proliferation.** *® Several micro-
RNAs (such as miR-326 and miR-26a) have been
reported to be associated with the pathogenesis of MS
as a regulator of B-cell, T-cell and monocyte develop-
ment.”>” The precise role of microRNAs in the regula-
tion of the pathogenesis of MS is not completely clear.
miR-326 and miR-26a were reported to regulate Thl7
cell differentiation in MS. miR-155 and let-7e were
reported to regulate Thl cell differentiation in a mouse
model of MS.***>?? The miR-132-Surtuin-1 axis was
reported to regulate B-cell cytokine production in MS.*®
Our study demonstrates for the first time that miR-140-
5p could be a Thl regulator, and therefore is associated
with the pathogenesis of MS.

miR-140-5p was originally found in cartilage.’® It has
been linked more specifically to osteoarthritis;***' miR-
140-5p inhibits expression of genes known to play
detrimental roles in osteoarthritis. Expression of miR-
140-5p is significantly decreased in human osteoarthritis
chondrocytes, so favouring an increased expression of its
targeted genes and consequently a role in cartilage degra-
dation.*®*" The role of miR-140-5p has recently been
revealed in other clinical disorders. For example,
miR-140-5p can functionally inhibit osteogenic lineage
commitment in undifferentiated human mesenchymal
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stem cells,*> and participate in human palatogenesis, inas-
much as loss of miR-140-5p leads to palatal clefting in
embryonic development.*’ In accordance with the nega-
tive regulatory role of this microRNA in osteoarthritis
and organ development, miR-140-5p is also considered a
tumour-suppressing microRNA, which suppresses tumour
growth and metastasis.***

The STAT1 and T-bet signalling pathways have been
well characterized in Thl cell differentiation. STAT1 neg-
atively regulates IL-4 production,”*® whereas T-bet
regulates the fate of Thl and Thl17 lymphocytes in
autoimmunity.”” In the present study, we demon-
strated that STATI is a functional downstream target of
miR-140-5p, as evidenced by the following findings: (i)
miR-140-5p directly binds to the 3’-UTR of STAT1; over-
expression of miR-140-5p reduced the activity of a luci-
ferase reporter containing the wild-type 3’-UTR of STAT1
mRNA, but had no effect on the luciferase reporter con-
taining the scrambled STAT1 3'-UTR; (ii) over-expression
of miR-140-5p significantly reduced STAT1 protein levels
in PBMCs of patients with MS; (iii) over-expression of
miR-140-5p significantly reduced the expression of down-
stream target of STATI, T-bet. Together, these data
strongly suggested that miR-140-5p inhibits Th1 differen-
tiation through down-regulation of STAT1.

© 2016 John Wiley & Sons Ltd, Immunology, 147, 488-498
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It has been reported that miR-155 and miR-326
affected the development of encephalitogenic Thl, Th2
and Th17 cells.”*>*®* We previously reported that
microRNA let-7e was associated with the development of
murine EAE, as the up-regulated let-7e could enhance
Thi cell development and exacerbate the disease.’® In the
present study, we also confirmed an up-regulated let-7e
expression in peripheral CD4" T cells of patients with MS
compared with the controls. We found that let-7e was
predominantly expressed in CD4" T cells and its expres-
sion positively correlated with disease severity. Both IL-10
and IL-13 are functional targets of let-7e.”> We found
that the increased let-7e correlated with significantly sup-
pressed production of IL-10 and IL-13 in the plasma of
patients with MS. These results suggested that miR-140-
5p and let-7e are both associated with the development
of MS. Indeed, several reports have found that multiple
microRNAs are significantly changed in MS.*»*”** There-
fore, the pathogenesis of MS may not be regulated by a
single microRNA, but rather by an array of microRNAs.

In this study, we found very few Th2 cells but large
numbers of Thl cells in patients with MS. Accordingly,
we found very few GATA3" CD4" T cells but a larger
proportion of Tbet" CD4" T cells. However, there was
also a large proportion of GATA3" Tbet" CD4" T cells.
With the restoration of miR-140-5p, both GATA3" CD4*
T cells and GATA3" Tbet” CD4" T cells were signifi-
cantly increased but Th2 cells remained unchanged. These
results indicated that miR-140-5p could not drive the
plasticity of CD4" T cells towards a Th2 lineage even
though it regulated Thl differentiation. This suggested
that other mechanisms were needed to synchronize the
effect of miR-140-5p in order to switch a Thl-biased
immune response to a Th2-biased immune response;
multiple microRNAs might be involved in the regulation
of the differentiation of encephalitogenic T cells and the
pathogenesis of MS. It has been reported that miR-140-5p
and let-7e may together regulate skeletal development.”'
Based on our current results, we hypothesize that miR-
140-5p and let-7e simultaneously regulate the differentia-
tion of encephalitogenic T cells and the pathogenesis of
MS. It was interesting to find out that restoration of
miR-140-5p in PBMCs of patients with remitting MS
could decrease expression of let-7e simultaneously
(Fig. 4c). Hence, regulating the expression of both micro-
RNAs might be a more effective way to trigger immuno-
suppression in the treatment of MS than interfering with
the expression of miR-140-5p or let-7e, alone.
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