
Contents lists available at ScienceDirect

International Immunopharmacology

journal homepage: www.elsevier.com/locate/intimp

miR-140-5p regulates T cell differentiation and attenuates experimental
autoimmune encephalomyelitis by affecting CD4+T cell metabolism and
DNA methylation

Shang Zhub,1, Xiaorong Zhanga,1, Hongbing Guana,⁎, Feng Huanga, Lihong Wua, Dan Houa,
Zhichao Zhenga, Miao Yua, Liwen Huanga, Linhu Gea

a Key Laboratory of Oral Medicine, Guangzhou Institute of Oral Disease, Stomatology Hospital of Guangzhou Medical University, Guangzhou, Guangdong 510140, China
bGuangzhou Medical University, Guangzhou, Guangdong 511436, China

A R T I C L E I N F O

Keywords:
miRNA
miR-140-5p
Th1
Multiple sclerosis
Experimental autoimmune encephalomyelitis
Methylation
Metabolism

A B S T R A C T

We previously demonstrated that decreased expression of miR-140-5p was associated with the progression of
multiple sclerosis (MS) and miR-140-5p targeted STAT1 and interfered with the expression of IFN-γ. However,
the underlying mechanisms how miR-140-5p regulated the differentiation of encephalomyelitic CD4+T cell
remained unclear. In this study, we analyzed the levels of miR-140-5p in a mouse model of experimental au-
toimmune encephalomyelitis (EAE). We also analyzed the outcomes in response to either over- or under-ex-
pression of miR-140-5p. We found that the expression of miR-140-5p was inversely related to the progression of
EAE. With the remission of the disease, the expression of miR-140-5p was restored to levels comparable to the
control. The expression of miR-140-5p was downregulated in the encephalomyelitic CD4+T cells whereas en-
hanced expression of miR-140-5p inhibited the development of T helper type 1 (Th1) cell and significantly
attenuated EAE. MiR-140-5p also caused hypermethylation of STAT1 and demethylation of GATA3.
Furthermore, we found that miR-140-5p enhanced mitochondrial glycolysis in CD4+T cells with simultaneous
activation of ATP activity. By blockage of the respiratory electron transport chain with the inhibitors of complex
I and III, the effect of miR-140-5p on Th1 differentiation was blocked, which suggested a role for mitochondrial
respiratory pathway in miR-140-5p-mediated inhibition of Th1 differentiation. In summary, our results de-
monstrated that the expression of miR-140-5p was negatively correlated with the progression of EAE and that
miR-140-5p regulated Th1 differentiation via DNA methylation and mitochondrial respiratory pathway.

1. Introduction

Multiple sclerosis is an autoimmune neurodegenerative disease of
the central nervous system and is characterized by demyelination of
nerves and movement of autoreactive lymphocytes [1,2]. Animal model
of Experimental Autoimmune Encephalomyelitis (EAE) is widely used
to study MS. In EAE, CD4+T cells mediate demyelination and pene-
tration of Th1 and Th17 cells [3,4]. Th1 cells play a crucial role in both
MS and EAE and are identified as the main target of both the diseases.
The acute phase and the recovery phase of EAE are identified by the
presence of cytokines such as IFN-γ which are delivered by Th1 and
other autoreactive T cells [3] and which are responsible for the pa-
thology the disease as the primary effectors of the chronic autoimmune

inflammation [5]. The development of EAE is dictated by the balance of
the effector T cells and the regulatory mechanisms involving different
signaling pathways. Expansion of Th1/Th17 cells or reduction of Th2
cells intensifies EAE disease and the presence of diverse cytokine milieu
control Th1- or Th2-polarization through signaling via JAK/STAT
pathway [6,7]. The Th1 signaling is facilitated by Tbx (T-bet). STAT1
participates in the production of IFN-γ which is regulated by Tbx. Thus,
exploring the role of transcription factors critical for Th1 may explain
the underlying mechanisms of pathophysiology of EAE. T cell pro-
liferation and differentiation is an energy consuming process and in-
volves biosynthetic pathways. It was found that fatty acid oxidation in
mitochondria is a key source of energy to promote the persistence of
CD8+T cells and it also promotes the differentiation of T cells directly.
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It was also shown that metabolism of CD4+T cells may regulate in-
flammation in EAE [8,9]. Although some regulators and biomarkers of
EAE have been identified, the specific mechanisms of how metabolism
influences the progression of EAE remain unclear.

MicroRNAs (miRNAs) are a novel class of short-chain non-coding
RNAs which play a vital role in regulating many physiological and
pathophysiological processes [10]. They degrade or cause translational
inhibition by binding to the 3′UTR (untranslated region) of the mRNAs
and are associated with numerous processes such as development,
homeostasis, pathophysiological changes and inflammation. MiRNAs
have been studied as the targets for diagnosis and as potential treatment
strategies for clinical problems [11,12]. Role of microRNAs (miRNAs)
has been demonstrated in the pathogenesis of autoimmune diseases,
such as miR-146 are dysregulated in human MS. It plays a negative
feedback role in TLR4 and cytokine signaling pathways related to
TRAF-6 and IRAK-1 [13,14]. On the other hand, higher levels of miR-
155 and miR-326 are found in active MS lesions and are associated with
the promotion of encephalitogenic Th1 and Th17 cells which are re-
sponsible for the development of MS. MiR-155 promotes immune re-
sponse associated with specific Toll-like receptors and enhances the
production of encephalitogenic T cells. MiR-326 targets Est-1 a negative
regulator of Th17 differentiation and downregulation of miR-126 alle-
viated EAE [15,16]. Thus, miRNAs play an important role in the pa-
thogenesis of MS and are emerging as potential biomarkers or targets in
the diagnosis and therapeutic strategy in MS, respectively.

MicroRNA miR-140-5p was first discovered in chondrocytes and
was linked to cartilage degeneration and ossification [17]. MiR-140-5p
has been found to target MMD, Dnmt1, and IFGBP5 and to restrain
tumor growth [18–20]. Recent studies have shown the therapeutic role
of miR-140-5p in cancer. miR-140-5p was found to target Wnt1 and
improved the function of doxorubicin which suppresses the growth of
tumor by regulating oncogene expression [21–23]. In a recent study,
Guan et al. reported that miR-140-5p expression was negatively cor-
related with the progression of MS [7]. It was found that the expression
of miR-140-5p gradually diminished in the inflammatory CD4+T cells
in MS patients but there was no significant change in the number of Th2
cells. Thus, miR-140-5p does not promote differentiation of Th2. Guan
et al. also found that miR-140-5p inhibited differentiation of CD4+T
cells into Th1 cells during the development of MS and that miR-140-5p
suppressed activation of STAT1. However, the precise mechanism how
miR-140-5p regulated CD4+T differentiation was not clarified.

In this study, we used mouse EAE model to further investigate the
effect of miR-140-5p on the development of Th1 cells. We also explored
the effect of miR-140-5p on the metabolic activity and the methylation
of STAT1 in CD4+T cells.

2. Materials and methods

2.1. Mice and reagents

C57BL/6 female mice were purchased from Guangdong Medical
Laboratory Animal Center. All experimental animals were housed in a
specific pathogen-free animal facility at Guangzhou Medical University
and used at the age of 6–8weeks under the protocols approved by the
Institute Animal Care and Use Committee of the university. MOG35–55

peptide was purchased from GL Biochem (Shanghai, China). Pertussis
Toxin was purchased from Tocris. Incomplete Freund's adjuvant was
purchased from Sigma. All antibodies and isotype were purchased from
ebioscience. Cell stimulation cocktail was purchased from ebioscience.

2.2. Cell isolation

CD4+T cells were purified from the spleen by magnetic separation
with EasySep FITC Selection Kit (Stemcell) or by cell sorting with BD
Aria III. For the isolation of CNS-infiltrating mononuclear cells (MNCs),
mice were perused through heart with 30ml heparin-PBS. Spinal cord

and brain were collected, minced, and centrifuged with 30% Percoll
(Sigma) for 15min and the monocellular layers were harvested.

2.3. EAE induction and adoptive transfer

EAE was induced as described previously [24]. Briefly, 5 mice per
group were immunized subcutaneously with 150 μg MOG35–55 in CFA
containing heat-killed Mycobacterium tuberculosis (H37Ra strain, 6 mg/
ml). On day 0 and 2 after the immunization, mice were given in-
traperitoneal injection of 200 ng and 400 ng of pertussis toxin respec-
tively. For adoptive transfer, splenocytes were prepared from virus-in-
fected or uninfected EAE mice on day 8 after the immunization and
were treated with MOG35–55 peptide (30 μg/ml) for 3 days. CD4+T cells
were then purified and 3.0× 106 cells were transferred to naive mice
intravenously. On day 0 and 2 after the transfer, mice were given
200 ng and 400 ng of pertussis toxin, respectively. Mice were examined
daily and symptoms of EAE were scored as described previously [24].

2.4. Intracellular staining and flow cytometry

For staining of intracellular IFN-γ, IL-4, and IL-17, splenocytes were
either obtained from in vitro culture, or isolated from spleen on day 15
after immunization. Splenocytes were further treated with MOG35–55

peptide (30 μg/ml) for 3 days. For intracellular staining, cells were
stimulated with Cell Stimulation Cocktail which is a cocktail of phorbol
12-myristate 13-acetate (PMA) and ionomycin for 5 h before staining
the surface marker with anti-CD4-PE-Cyanine7. Cells were then fixed,
permeabilized, and stained with IFN-γ-FITC, IL-4-PE, and IL-17-APC
antibodies as described previously [25]. Cells were analyzed by BD
FACS Canto II flow cytometry.

2.5. Lentivirus preparation

Lentiviruses were prepared to overexpress or under express miR-
140-5p. The sequences for control (5′-TTCTCCGAACGTGTCACGT-3′),
for overexpression of miR-140-5p (5′-CAGTGGTTTTACCCTATGG
TAG-3′) and for downregulation of miR-140-5p (5′-CTACCATAGGGTA
AAACCACTG-3′) were cloned into lentiviral vector pWPT-GFP or
pLVTHM (named as LV-NC, LV-mimic LV-inhibit, respectively). The
virus was produced in 293T cells as previously described [26]. 293T
cells were cultured in high-glucose DMEM (Gibco) supplemented with
10% FBS (Gibco). Splenocytes were infected with the virus at multi-
plicity of infection (MOI) of 10 by centrifugation for 60min at
2000 rpm at room temperature. Lentiviruses (3.0× 107) were injected
intravenously [27].

2.6. Quantitative PCR

Total RNA was isolated with QIAzol lysis reagent (QIAgen). MiRNA
was purified with miRNeasy Mini Kit (QIAgen). cDNA was synthesized
from 0.3 to 1 μg RNA using Mir-X™ miRNA First-Strand Synthesis kit
(Clontech) using manufacturer's protocol. Quantitative PCR (qPCR) was
carried out using SYBR® Premix Ex Taq™ II Perfect Real Time kit
(TaKaRa) in a 20 μl PCR mixture that included 12.5 μl SYBR® Premix Ex
Taq™ II, 2 μl of cDNA template and 0.4μΜ of each PCR primer (miR-
140-5p: 5′-AGTGGTTTTACCCTATGGTAG-3′ and presented in Table 1)
according to the manufacturer's protocol. Relative fold changes in
miRNA expression were calculated by 2−ΔΔct method using RNU1A as
an internal standard control.

2.7. Methylation-specific PCR (MSP)

To examine DNA methylation, methylation-specific PCR was per-
formed as described [28]. Briefly, genomic DNA from CD4+T cells was
prepared using TIANamp Genomic Kit (Tiangen, Beijing, China) and
further subjected to bisulfite conversion using a DNA Bisulfite
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Conversion Kit (Tiangen, Beijing, China). MSP was carried out using the
Methylation-specific PCR Kit (Tiangen, Beijing, China). All procedures
were carried out according to manufacturer's instructions. Methylated
and unmethylated DNA primer sequences are presented in Table 2.
Primers were generated by using Methyl Primer Express version 1.0
software. The products were analyzed by 1.5% agarose gel and bands
were quantified with ImageJ.

2.8. Histopathology

Removing the brain from mice after heparin-PBS perfusion and

fixed in 10% paraformaldehyde. The sections of the brain were stained
with H&E or Luxol Fast Blue [24] and examined under light micro-
scope.

2.9. Metabolic activity assays

Oxygen consumption rate (OCR; in picomoles per minute) and ex-
tracellular acidification rate (ECAR; in milli-pH units per minute) were
measured by a Seahorse XF-24 metabolic extracellular flux analyzer
(Seahorse Bioscience). CD4+T cells isolated from mice were re-
suspended in XF assay medium (XF base medium containing 2.5 mM
glucose, 2 mM L-glutamine, and 1mM sodium pyruvate) at pH 7.4 and
plated onto 24-well XF microplates (5.0× 105 cells per well) coated
with Corning Cell-Tak adhesive (Corning) following the Seahorse pro-
tocol. For XF cell mito- and glycolysis stress test, cells were treated with
oligomycin (1 μM), FCCP (1 μM), rotenone (1 μM), antimycin A (1 μM),
D-glucose (10mM), 2-Deoxy-D-glucose (2DG, 50mM; all from Seahorse
Bioscience) following the Seahorse protocol. The results were analyzed
with a Seahorse Wave software.

2.10. Statistical analysis

Statistical difference between different groups was analyzed by a
two-tailed Student t-test or ANOVA test. The nonparametric data (EAE
scoring) were analyzed using the Mann-Whitney U test. p value < 0.05
was considered statistically significant.

3. Results

3.1. miR-140-5p is downregulated in CD4+T cells in EAE mice

We performed qPCR to examine the levels of miR-140-5p in the
splenic CD4+T cells isolated from EAE mice. On the peak of EAE de-
velopment (day 15 of immunization), we found that the expression of
miR-140-5p was significantly decreased in CD4+T cells in comparison
to the splenic CD4+T cells isolated from control mice. Moreover,
CD8+T cells, CNS-MNCs, and non-T cells also showed a decreased ex-
pression of miR-140-5p in EAE mice when compared to the control
animals (Fig. 1A). Expression of miR-140-5p in CD4+T cells was found
to be inversely proportional to the progression of EAE where the levels
of miR-140-5p started to decrease at an early stage of EAE and con-
tinued to drop as the disease progressed to a peak stage. Conversely, the
levels of miR-140-5p gradually revert back to original levels upon re-
mission of EAE. Interestingly, miR-140-5p expression was higher in
CD4+T cells in EAE than the control CD4+T cells in the beginning of
remission (Fig. 1B). Taken together, these results suggested that a ne-
gative correlation existed between the levels of miR-140-5p and the
development of EAE.

Table 1
Primer sequences of the genes used for qPCR.

Gene Primer Primer sequence (5′-3′)

STAT1 STAT1 FP AACTGCCAACTCAACACC
STAT1 RP GTGACAGAGCCCAGGAAT

Tbx Tbx FP TGCTGCCTTCTGCCTTTC
Tbx RP TTCCCATTCCTGTCCTTCA

GATA3 GATA3 FP GGTGGGAAGAGTCCAGAGC
GATA3 RP GCCAGGCAAGATGAGAAAG

CXCL12 CXCL12 FP GAAGGGCACAGTTTGGAG
CXCL12 RP GTCAGCCTGAGCTACCGA

SMAD3 SMAD3 FP AAGGGTCCATTCAGGTGTA
SMAD3 RP GGGCTTTGAGGCTGTCTA

HDAC4 HDAC4 FP ACCACAGCAAAGCCATTC
HDAC4 RP ACACTCCTCTACGGCACAA

FP= forward primer, RP= reverse primer.

Table 2
Primer sequences of the genes used for MSP.

Gene Primer Primer sequence (5′-3′)

STAT1 STAT1MF TCGGTATTTTCGGTTTTTAGC
STAT1MR TCACTACACGCAAAAACTCG
STAT1UF TGTTTGGTATTTTTGGTTTTTAGT
STAT1UR ACTCACTACACACAAAAACTCAA

Tbx TbxMF AGAAACGATGTTGTTGGTTC
TbxMR GCCTCGAATAAACATCGTAA
TbxUF AGAAGAAATGATGTTGTTGGTTT
TbxUR CCCACCTCAAATAAACATCATAA

GATA3 GATA3MF TGGATTTAGGAAAATAAACGC
GATA3MR TACGAAAACTCCGTCAAAAC
GATA3UF GTGGATTTAGGAAAATAAATGT
GATA3UR CTACAAAAACTCCATCAAAAC

CXCL12 CXCL12MF GGAAAGGTTCGTAGTTTTGC
CXCL12MR GACCCGTAAAACACGAAAA
CXCL12UF GGGAAAGGTTTGTAGTTTTGT
CXCL12UR CAACCCATAAAACACAAAAA

MF=methylated forward, MR=methylated reverse, UF=unmethylated for-
ward, UR=unmethylated reverse.

Fig. 1. The expression of miR-140-5p in
animal model of EAE. EAE was induced by
immunization of MOG35–55 peptide in
C57BL/6 mice. CD4+T cells and other cell
subsets were purified from the spleen of
EAE mice following different days of im-
munization or from the spleen of naive mice
using magnetic beads or by sorting with
FACS. CNS-MNCs were prepared with
Percoll from EAE mice on day 15 of im-
munization. To analyze the expression of
miR-140-5p, qPCR was performed and
RNU1A was used to normalize the CT va-
lues. (A) Expression of miR-140-5p in
CD4+T cells, other cell subsets, and CNS-

MNCs on day 15 of immunization in EAE mice or naive mice. (B) Expression of miR-140-5p was compared in CD4+T cells on different days of EAE and CD4+T cells of
naive mice (marked as day 0). Data are shown as mean ± SEM (N=5) from three independent experiments. Values were compared to miR-140-5p expression
CD4+T cells of naïve mice ***p < 0.001 (one-way ANOVA test).
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Fig. 2. miR-140-5p suppresses the development of EAE. Naive mice were injected with either LV-mimic, LV-inhibit or LV-NC (3.0× 107 lentivirus particles per
group) intravenously 7 days before immunization. (A) CD4+T cells were isolated from spleens of infected mice after 3 days of injection, and miR-140-5p expression
among different groups was analyzed by qPCR. Values were compared to expression in CD4+T cells in naïve mice (one-way ANOVA test). ***p < 0.001, *p < 0.05,
ns: not significant. (B) Mean clinical scores of EAE in different lentivirus-infected mice. Values were compared to those in LV-NC mice (n=10, Mann-Whitney test to
two-way ANOVA in LV-NC and LV-mimic groups). ***p < 0.001, (C) H&E staining (a–d) or Luxol fast blue staining (e–h). Brain sections were prepared from naïve
mice (a and e) and from EAE mice 20-day post immunization; LV-NC EAE (b and f), LV-mimic EAE (c and g) and LV-inhibit EAE (d and h). (D) Flow cytometry
analysis of Th1 differentiation. Values were compared to those in CD4+T cells from LV-NC mice (one-way ANOVA test). **p < 0.01, Dot plots of IL-4 and IFN-γ
staining and histogram showing the percentage of Th1 population. The gate of dot plots was set on CD4+ population. (E) CD4+T cells from LV-infected mice were
transferred into naïve mice of EAE in different groups were analyzed. The mean clinical scores of LV-mimic mice are shown, versus LV-NC (Mann-Whitney test); Th1
cells from splenocytes of the recipient mice were examined by flow cytometry and the values were presented as dot plots and histogram. Values were compared to
CD4+T cells from LV-NC mice (one-way ANOVA test). *p < 0.05. Data represents mean ± SEM from three independent experiments.
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3.2. miR-140-5p inhibits Th1 differentiation in EAE mice

To investigate whether the miR-140-5p regulates CD4+T cells dif-
ferentiation, we constructed lentiviral vectors to either overexpress
miR-140-5p (labeled as LV-mimic) or suppress endogenous miR-140-5p
(labeled as LV-inhibit) in 293T cells. The negative control vector was
labeled as LV-NC (Fig. 2A). We then injected 3.0×107 recombinant
lentivirus into naive mice intravenously a week before the immuniza-
tion with MOG peptide 35–55. The data showed that infection of mice
with LV-mimic encephalitogenic T cells led to markedly milder signs of
EAE (Fig. 2B). Histopathology in EAE mice injected with LV-mimic also
showed a decreased inflammation and demyelination in brain when
compared to that in EAE LV-NC mice (Fig. 2C). On the day 15 of de-
velopment of EAE, splenic CD4+T cells continued to express miR-140-
5p following LV-mimic infection while the cells infected with LV-inhibit
showed a suppression of miR-140-5p. Intracellular cytokine staining
showed that the frequency and absolute number of Th1 cells in LV-
mimic mice were notably lower than that in CD4+T cell population in
control mice (Fig. 2D). To confirm whether miR-140-5p directly affects

the encephalitogenesis of effector CD4+T cells, CD4+T cells from the
virus-infected EAE mice transferred to the naive mice induced. The
mean clinical score showed that LV-mimic mice still developed milder
signs of EAE when compared to the LV-NC mice. The results of in-
tracellular cytokine staining also supported that miR-140-5p inhibited
Th1 differentiation (Fig. 2E). We further examined the CD4+T cells
from CNS-MNCs between the groups of LV-NC and LV-mimic mice and
also found that the percentage of Th1 cells in LV-mimic mice were
lower than that in LV-NC mice. Meanwhile, the number of Th2 and
Th17 cells of LV-mimic mice showed no differences which compared to
the population in control mice (Fig. 3).

3.3. miR-140-5p regulates methylation of STAT1 and Tbx in CD4+T cells
of EAE mice

We next examined whether miR-140-5p regulates CD4+T cells
through epigenetic mechanism. DNA was isolated from CD4+T cells
from LV-mimic mice and DNA methylation specific PCR was performed
The CpG island methylation of STAT1 and Tbx was analyzed. We found

Fig. 2. (continued)
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that for STAT1, the methylated bands were stronger than the un-
methylated band in the samples from EAE mice injected with LV-mimic.
Conversely, the intensity of methylated bands was weaker than un-
methylated bands in samples from naive, LV-NC, and LV-inhibit mice
(Fig. 4A). The results of the Tbx group were similar to those of STAT1

(Fig. 4B). Also, the other target genes of miR-140-5p, GATA3 and
CXCL12 showed a significant weaker intensity of methylated bands in
comparison to the unmethylated bands in samples from LV-mimic EAE
mice suggesting that, GATA3 and CXCL12 were demethylated by miR-
140-5p (Fig. 4C–D). These results suggested that miR-140-5p-mediated

Fig. 2. (continued)

Fig. 3. The differentiation of Th1 cells in CNS regulated by miR-140-5p. CNS-MNCs were isolated from infected EAE mice by Percoll. Th1 cells in CNS-MNCs were
detected with flow cytometry. The percentage of Th1 population was shown in dot plots and the gate of dot plots was set on CD4+ population. Values were compared
to those in CD4+T cells from the CNS of LV-NC mice (Student's t-test), ***p < 0.001. Data represents mean ± SEM from three independent experiments.
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suppression of Th1 cells was associated with the methylation of STAT1
and Tbx CpG islands.

3.4. miR-140-5p down-regulates the expression of STAT1 in CD4+T cells of
EAE mice

To investigate whether the methylation of the genes was related to
their expression, we further examined the expression of these genes
with the manipulation of miR-140-5p level using lentivirus vectors. The
results showed that the expression of STAT1 and Tbx were down-
regulated in LV-mimic mice, which were the two genes we found that
the methylation of their CpG islands was regulated by miR-140-5p.
Moreover, the results showed the downregulation of GATA3, CXCL12
and SMAD3 in LV-mimic mice (Fig. 5). Together, it indicated miR-140-
5p was involved in the pathway which decreased the expression of
STAT1, Tbx, GATA3, CXCL12 and SMAD3.

3.5. miR-140-5p promotes metabolic activity in CD4+T cells in EAE mice
and affects mitochondrial oxidative respiration

We measured the oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) to evaluate the effect of miR-140-5p on mi-
tochondrial oxidative respiration and glycolytic flux in CD4+T cells
isolated from different groups of mice. In mito-stress test, the OCR le-
vels in cells from LV-mimic group were upregulated and were higher
than other groups in the presence of oligomycin, FCCP, and rotenone
and antimycin A (Fig. 6A). We also found that LV-mimic group had the
highest level of the proton leak, ATP production, and respiratory ca-
pacity when compared to the other two groups, as indicated by the OCR
values (Fig. 6B and C). Rotenone and antimycin A inhibit complex I and
III of electron transport chains, respectively [29]. Following treatment
of cells with rotenone and antimycin A, we found that mito-stress ac-
tivity was completely blocked and OCR dropped to lowest level in the
LV-mimic group when compared to the other groups. These data de-
monstrated that infecting the mice with LV-mimic improved the mi-
tochondrial oxidative respiration in CD4+T cells.

In glycolysis stress test, the ECAR level was higher in in LV-mimic
group in comparison to the other groups following different treatments.

Oligomycin binds ATP synthase and inhibits mitochondrial ATP pro-
duction. Following the treatment with glucose and oligomycin, ECAR
was highest in LV-mimic group when compared to other groups. The
histogram depicting the ECAR value in all groups indicated an in-
creased metabolic profile of LV-mimic CD4+T cells. Next, we treated
the cells with 2-DG, a competitive compound which inhibits hex-
okinase. We found that, glycolysis was blocked and ECAR dropped to
lowest levels in LV-mimic group when compared to the other groups.
Meanwhile, CD4+T cells from LV-mimic group still showed a higher
ECAR value than the naive mice or EAE mice which were injected with
LV-NC and LV-inhibit virus after the treatment of 2-DG. These results
indicated that LV-mimic infection increased glycolysis in CD4+T cells
by improving the utilization of glucose (Fig. 6D, E).

To further confirm whether miR-140-5p regulated Th1 differentia-
tion by affecting the metabolic status of CD4+T cells, we used 2-DG or
rotenone and antimycin A to alter the metabolic status of the spleno-
cytes prepared from EAE mice infected with LV-NC and LV-mimic. Cells
were stimulated with MOG, 2-DG or rotenone and antimycin A for
3 days. Flow cytometry analysis showed a lower percentage of Th1 cells
in LV-mimic group in comparison to the LV-NC group. However, when
rotenone and antimycin A were added to the cells, the percentage of
Th1 cells in LV-mimic group increased and was found higher than the
other groups. The population of dot plots indicated that rotenone and
antimycin A enhanced Th1 differentiation and overcame the inhibitory
effect of miR-140-5p on Th1 differentiation. However, we did not see a
similar trend with 2-DG (Fig. 7). These results demonstrated that miR-
140-5p regulates Th1 differentiation by regulating mitochondrial oxi-
dative respiration and possibly shared common targets with rotenone
and antimycin A in the regulation of metabolism and inhibition of Th1
differentiation.

4. Discussion

In this study, we demonstrated that miR-140-5p was downregulated
in CD4+T cells in EAE mice which was correlated to the pathogenesis of
experimental autoimmune encephalomyelitis. In a recent study, it was
shown that miR-140-5p inhibits Th1 differentiation in MS. These
findings reveal microRNAs as novel targets for developing effective

Fig. 4. The CpG island methylation of target genes. Genomic DNA was isolated from CD4+T cells from different groups of mice and was converted by bisulfite-
conversion. (A–D) Methylation status in EAE mice infected with LV-NC, LV-mimic, or LV-inhibit group on day 15 post immunization. Universally methylated mouse
genomic DNA was used as control. The bands of methylated PCR product (STAT1, Tbx, CXCL12 and GATA3) and methylation index for STAT1 and Tbx are presented.
Data (mean ± SEM) from three replicate experiments are shown; **p < 0.05, ***p < 0.001, one-way ANOVA test.
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strategies for treating MS [7]. It has been demonstrated that many
miRNAs such as miR-155, miR-326, miR-20b and let-7e affect the pa-
thogenesis of EAE by regulating Th1, Th2 or Th17 cells. In this study,
we show that miR-140-5p inhibits differentiation of CD4+T cells by
causing methylation of Tbx and Stat1 CpG islands. Also, miR-140-5p
improved the energy costs of CD4+T cells and regulate the oxidative
respiration.

MiR-140 was first demonstrated to be expressed in tissue-specific
manner in zebrafish embryos and in a cartilage-specific manner in
mouse embryos [30,31]. Interestingly, miR-140-5p is reported as a
putative suppressor in many diseases. Recent studies showed that miR-
140-5p plays an important role in regulating the development of certain
kinds of cancer by targeting ADAMTS5, IGFBP5, Notch1, IGF2BP1,
YES1 [32–35]. MiR-140-5p suppressed the development of T-cell acute
lymphoblastic leukemia by regulating TAL1 expression [36]. In the
cardiovascular system, the myocardial oxidative stress mediated by
miR-140-5p plays an important role in the regulation of dioscin and
doxorubicin-mediate cardiotoxicity [37,38]. In the skeletal system,
miR-140-5p participates in the development of osteoblasts through
MAPK pathway [39]. It was also shown that miR-140 was expressed in
differentiated chondrocytes and that overexpression of miR-140-5p
regulated the function of articular chondrocytes [40]. Likewise, our
results confirmed that miR-140-5p inhibited generation of Th1 and
ameliorated the pathogenesis of EAE. We found that miR-140-5p ex-
pression was dramatically decreased in encephalitogenic cells and a
negative correlation was found between miR-140-5p expression and the
development of EAE. Moreover, overexpression of miR-140-5p atte-
nuated the disease by inhibiting differentiation of encephalitogenic
CD4+T cells to Th1 cell type.

Signal transducer and activator of transcription 1 (STAT1), a
member of the STAT protein family, plays a critical role in Th1 cell
differentiation. Tbx regulates STAT1 signaling processes and also plays
an important role in Th1 development. It has been demonstrated that
overexpression of miR-140-5p inhibits Tbx expression, a downstream
target of STAT1, which results in suppression of Th1 differentiation of
[41]. DNA methylation is an epigenetic modification which occurs
mostly in CpG islands and involves genes silencing. CpG islands are
short DNA sequences with an elevated CpG density and GC content.

They are typically nonmethylated but become methylated upon silen-
cing of the associated promoters. The mechanisms of DNA methylation-
mediated gene silencing is associated with methyl-CpG-binding pro-
teins or DNA binding protein, however, the mechanisms of DNA me-
thylation directing specific sequences of genome remain unclear
[42,43]. Recently, it was reported that under the conditions of in-
flammation, a locus-specific reversible DNA methylation of Il-10 gene
locus mediated its expression in Th1 cells [44].

In the present study, we investigated whether the miR-140-5p was
downregulated in EAE. Importantly, we found that overexpression of
miR-140-5p inhibited encephalitogenic Th1 cells. Furthermore, we
showed that overexpression of miR-140-5p caused methylation of
STAT1 and Tbx and demethylation of GATA3 and CXCL12 suggesting
that it may act as an epigenetic regulator of these genes. Our results
were consistent with previous work which demonstrated that miR-140-
5p inhibited STAT1 activation and promoted the increase in the number
of GATA3+ CD4+T cells [7]. Another study has demonstrated that has
CXCL12 is a direct target of miR-140-5p [45].CXCL12 (CXC chemokine
ligand 12, also known as stromal cell-derived factor-1) is important for
the development and pathophysiology of diseases of circulatory, im-
mune, and nervous systems.

In our study, we found that miR-140-5p down-regulated STAT1,
CXCL12 and SMAD3 directly. It indicated that miR-140-5p suppressed
the expression STAT1 and its downstream target, Tbx. The methylation
of STAT1 and Tbx CpG islands must played an important role in the
regulation of miR-140-5p. Thus, miR-140-5p may play a regulatory role
in Th1 differentiation by an epigenetic mechanism. However, over-
expression of miR-140-5p caused CXCL12, HDAC4 and its downstream
target, GATA3 downregulated which showed no methylation in our
study. Together, we indicated that regulating the methylation of DNA
CpG islands was one of the pathways induced by miR-140-5p inhibiting
the expression of STAT1 and Tbx. In previous study, it is demonstrated
that IFN-γ, STAT1 and Tbx signaling pathways played an important role
in Th1 cell differentiation, and found the correlation of expression of
miR-140-5p with GATA3+ Tbet+ CD4+T cells [7]. Thus, based on these
studies, we hypothesize that miR-140-5p regulated the methylation or
demethylation of Tbx or GATA3 by regulating the production of IFN-γ
and decreasing the expression of STAT1 or SMAD3.

Fig. 5. The expression of target genes. The gene expression in CD4+T cells from the different groups of mice was detected by qPCR. Values were compared to
expression in CD4+T cells in naïve mice, ***p < 0.001, *p < 0.05, ns: not significant (one-way ANOVA test).
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Fig. 6. Correlation between miR-140-5p expression and metabolic activity in CD4+T cells in EAE mice. (A–E) CD4+T cells were isolated from naive mice and from 3
groups of EAE mice on day 15 post-immunization. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were measured by an extracellular flux
analyzer. The data in (A) was used to calculate: Basal OCR and spare respiratory capacity (B); Proton leak and ATP production (C). The data in (D) was used to
calculate glycolysis ECAR (E). Values were compared to CD4+T cells in EAE mice Data represents mean ± SEM from three independent experiments, *p < 0.05,
**p < 0.01, and ***p < 0.001 (one-way ANOVA test).

Fig. 7. Rotenone and antimycin A inhibit the function of miR-140-5p during the Th1 differentiation. Splenocytes were prepared on day 15 post-immunization,
infected with either LV-NC or LV-mimic and stimulated with MOG35–55, 2DG, rotenone and antimycin A. After 3 days of stimulation, Th1 cells were detected by flow
cytometry. The dot plots and percentage of Th1 cells are shown. Data represents mean ± SEM from three independent experiments. *p < 0.05; ns: not significant,
one-way ANOVA test.
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Further, the metabolic activity assays showed that miR-140-5p may
induce mitochondrial biogenesis in CD4+T cells. We found that miR-
140-5p improved the rate of glycolysis and mitochondrial respiratory
capacity. Comparing CD4+T cell differentiation in response to LV-
mimic in the presence of various drugs, we found that 2-DG did not
show a significant effect. However, rotenone and antimycin A sup-
pressed the function of miR-140-5p and the number of Th1 cells in this
group was similar to that in EAE mice infected with LV-NC. These
findings suggest that miR-140-5p regulates Th1 differentiation possibly
by targeting complex I and III of the electron transport chain. A study
showed that miR-140-5p was located in the mitochondria [46]. Gen-
erally, miRNAs are synthesized in the nucleus, however, the mature
miRNAs can be transported to various compartments including the
mitochondria [47]. Glutamine and α-ketoglutarate (αKG) play a crucial
role in the differentiation of naïve CD4+T cells by generating Tbx.
Decreasing the intracellular concentration of glutamine and its meta-
boliteαKG was found to inhibit the differentiation of naïve CD4+T cells
into Th1 cells [9]. Moreover, TET2, which belongs to the family of ten-
eleven-translocation (TET) proteins and which is a αKG-dependent
enzyme, increased the number of Th1 cells by mediating DNA methy-
lation and IL-10 production [48]. Our findings suggested that miR-140-
5p was involved in the tricarboxylic acid (TCA) cycle which in turn
regulated the methylation of transcription factors that mediated CD4+T
cell differentiation. These findings may explain regulatory effects of
miR-140-5p on Th1 cells but not Th2 cells.

As the conditions in our experimental settings were not hypoxic, we
could not determine whether improvement in glycolysis in CD4+T cells
regulated their differentiation. Further studies are needed to address
this possibility. It has been reported that miR-140-5p and let-7e reg-
ulate differentiation of encephalitis T cells. Thus, future studies should
focus on the combined function of miR-140-5p and let-7e in regulating
the transcription factors and cytokines that participate in the patho-
genesis of MS and EAE. Also, the correlation between miRNAs and DNA
methylation involving metabolic regulation in T cell differentiation
needs further investigation and may provide a potential avenue for
immunotherapies.
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