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Neurobiology of Disease

Disulfiram and Diphenhydramine Hydrochloride Upregulate
miR-30a to Suppress IL-17-Associated Autoimmune
Inflammation
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T-helper 17 (Th17) cells play an important role in the pathogenesis of multiple sclerosis (MS), an autoimmune demyelinating disease that
affects the CNS. In the present study, MicroRNA sequencing (miRNA-seq) was performed in mouse Th0 and Th17 cells to determine the
critical miRNAs that are related to Th17 differentiation. We found that miR-30a was significantly downregulated during mouse Th17
differentiation. In addition, the level of miR-30a in CD4 ™ T cells from peripheral blood of MS patients and experimental autoimmune
encephalomyelitis (EAE) animal models was also decreased and inversely correlated with the expression of interleukin 17a, the canonical
cytokine of Th17 cells. Moreover, overexpression of miR-30a inhibited Th17 differentiation and prevented the full development of EAE,
whereas interference of miR-30a promoted Th17 differentiation. Mechanism studies showed that miR-30a reduced IRF4 expression by
specifically binding with the 3’-untranslated region. Through screening of 640 different Food and Drug Administration (FDA)-approved
drugs, we found that disulfiram and diphenhydramine hydrochloride were effective candidates for inhibiting Th17 differentiation and
ameliorating EAE development through upregulating miR-30a. To our knowledge, the present work is not only the first miRNA-seq study
focusing on Th17 differentiation, but also the first chemical screening for FDA-approved drugs that inhibit Th17 differentiation through
regulating miRNA expression.
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The present work is the first miRNA sequencing (miRNA-seq) study focusing on T-helper 17 (Th17) differentiation. By miRNA
deep sequencing, we found that miR-30a was downregulated during Th17 differentiation. miR-30a was also decreased in CD4 " T
cells from multiple sclerosis patients and experimental autoimmune encephalomyelitis (EAE) mice. miR-30a reduced IRF4 ex-
pression by specific binding with the 3’-untranslated region and thus suppressed Th17 differentiation and prevented the full
development of EAE. Interestingly, by performing a chemical screen with Food and Drug Administration-approved small-
molecule drugs, we found that disulfiram and diphenhydramine upregulated miR-30a and suppressed Th17-associated autoim-
mune demyelination. j

ignificance Statement

Introduction
Multiple sclerosis (MS) is an autoimmune demyelinating disease
that affects the CNS. Most patients with MS have an initial relaps-
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ing-remitting neurological course (relapsing-remitting MS,
RRMS) that later develops into a secondary progressive course
(secondary progressive MS, SPMS) characterized by gradual neu-
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rological deterioration (Rudick et al., 1997). Neuron injury and
the failure of the maturation of oligodendrocyte progenitor cells
(OPCs) in MS lesions are believed to be the critical drivers for the
progression from RRMS to SPMS (Zamvil and Steinman, 2003;
Franklin and Ffrench-Constant, 2008). However, current thera-
pies for MS are largely ineffective in halting disease progression or
are accompanied by severe side effects (Degenhardt et al., 2009;
Methner and Zipp, 2013).

T-helper 17 (Th17) cells that produce interleukin-17 (IL-17)
are important mediators of MS and experimental autoimmune
encephalomyelitis (EAE), an animal model of MS (Bettelli et al.,
2006).1L-17-,1L-17 receptor-, or IL-23 (the key cytokine enhanc-
ing Th17 differentiation)-deficient mice are resistant to EAE
(Chen et al., 2006; Komiyama et al., 2006). The detection of high
levels of IL-17 in both plaques and CSF of patients with MS also
implicated a role for Th17 cells in the pathogenesis of MS
(Matusevicius et al., 1999; Yang et al., 2014). In general, IL-17 is a
potent proinflammatory mediator that facilitates proinflamma-
tory cytokine production (Matusevicius et al., 1999). In addition
to these functions, the present studies also suggested that IL-17
exerted cytotoxic effects on OPCs (Paintlia et al., 2011). More-
over, an in vivo imaging study revealed that Th17 cells contacted
neurons in EAE directly and induced neuronal dysfunction (Sif-
frin et al., 2010). These direct effects on neurons and OPCs indi-
cate that Th17 cells may also contribute to the disease progression
from RRMS to SPMS. Understanding the mechanisms in the
differentiation of Th17 cells will be helpful in identifying new and
promising targets for MS therapy that not only decrease inflam-
matory responses but also slow disease progression to the irre-
versible neurological disability.

Although the list of genes that regulate the differentiation of naive
T cells toward the Th17 phenotype is ever growing, the knowledge of
noncoding RNAs in Th17 polarization is still very limited and needs
to be clarified. MicroRNAs (miRNAs), a class of noncoding RNAs
(~22 nt in length), modulate gene expression by base pairing with
specific sequences in the 3’-untranslated region (UTR) of target
mRNAs, causing degradation of mRNA or inhibition of translation
(Ambros, 2004). Previous reports suggested the presence of some
deregulated miRNAs in Th17 cells, but most of these reports were
based on PCR analysis (Du et al., 2009; Escobar et al., 2014; Wang et
al., 2014; Brusselle and Bracke, 2015; Murugaiyan et al., 2015). High-
throughput screening with an miRNA array or the newly developed
next-generation sequencing (Mardis, 2008) would be beneficial to-
ward achieving a comprehensive transcriptional view of deregulated
miRNAs during Th17 differentiation and may reveal novel deregu-
lated miRNAs that are important for Th17 polarization.

Here, using miRNA deep sequencing, we found that miR-30a
was downregulated during Th17 differentiation. miR-30a was
also decreased in CD4 * T cells from MS patients and EAE mice.
miR-30 reduced IRF4 expression by specific binding with the 3’-
UTR region, thus suppressing Th17 differentiation and preventing
the full development of EAE. By performing a chemical screen with
Food and Drug Administration (FDA)-approved small-molecule
drugs, we found that disulfiram and diphenhydramine upregu-
lated miR-30a and suppressed IL-17-associated autoimmune
demyelination.

Materials and Methods

Cell cultures. Peripheral blood mononuclear cells (PBMCs) were isolated
from human peripheral blood using lymphocyte separation medium
(GE Healthcare). After labeling with APC-labeled anti-human CD4 an-
tibody (Sungene Biotech), CD4 ™ T cells were sorted by FACS from
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PBMC:s. The sorted T cells were cultured in RPMI 1640 containing 10%
fetal bovine serum (Invitrogen).

Mouse CD4 ™ T cells were isolated by magnetic cell sorting from the
spleens of female C57BL/6 mice at 6—8 weeks of age using the Mice
CD4™" T cell Isolation Kit (Miltenyi Biotec). Naive CD4 *CD62L ™"
helper T cells were isolated using the Mice CD4 "CD62L* T Isolation
KitII(Miltenyi Biotec). Sorted mouse T cells were also cultured in RPMI
1640 containing 10% fetal bovine serum (Invitrogen).

In the drug screening, CD4 ™ T cells were sorted from mouse spleen
and cultured in RPMI 1640. Cells were harvested after adding the drug
for 24 h.

T-cell differentiation. Cell culture plates were coated with anti-CD3
antibody (5-10 pg/ml; BD Biosciences) overnight at 4°C before T-cell
planting. Sorted naive CD4 *CD62L ™ helper T cells were seeded in 24-
well plates at a quantity of 10°/well. Anti-CD28 (1 pug/ml; BD Biosci-
ences), anti-IL-4 (5 ug/ml; BD Biosciences), and anti-IFN-vy (5 pg/ml;
BD Biosciences) were added to the control group, which was defined as
the Tho cells. For Th17 induction, anti-CD28 (1 ug/ml; BD Biosciences),
anti-IL-4 (5 ug/ml; BD Biosciences), anti-IFN-v (5 ug/ml; BD Biosci-
ences), anti-IL-2 (5 ug/ml; BD Biosciences), anti-IL-12 (5 ug/ml; BD
Biosciences), TGF-B (2 ng/ml; R&D Systems), IL-6 (40 ng/ml; R&D
Systems), IL-18 (10 ng/ml; R&D Systems), and IL-23 (40 ng/ml; R&D
Systems) were added. We also conducted Th17 differentiation in tradi-
tional Th17, skewing conditions by adding IL-6 (20 ng/ml; R&D Sys-
tems), TGF-B (3 ng/ml; R&D Systems), anti-CD28 (1 ug/ml; BD
Biosciences), anti-IL-4 (5 pg/ml; BD Biosciences), and anti-IFN-y (5
pg/ml; BD Biosciences). For regulatory T-cell (Treg) induction, anti-
CD28 (1 pg/ml; BD Biosciences), anti-IL-4 (5 ug/ml; BD Biosciences),
anti-IFN-vy (5 pg/ml; BD Biosciences), anti-IL-2 (5 ug/ml; BD Biosci-
ences), and TGF-B (2 ng/ml; R&D Systems) were added. For Th1 induc-
tion, anti-CD28 (1 mg/ml; BD Biosciences), anti-IL-4 (5 ug/ml; BD
Biosciences), and IL-12 (2 ng/ml; Peprotech) were added. For Th2 in-
duction, anti-CD28 (1 ug/ml; BD Biosciences), anti-IEN-vy (5 ug/ml; BD
Biosciences), and IL-4 (40 ng/ml; R&D Systems) were added. All of the
cells were cultured for 67 d before further analysis.

miRNA-seq. Total RNA was extracted from ThO or Th17 cells using a
mirVana miRNA Isolation Kit (Ambion). RNA quality was evaluated
with a BioAnalyzer 2100 system (Agilent Technologies). Small RNAs had
linkers ligated to them and bar-coded cDNAs were prepared using a
TruSeq Small RNA Sample Prep Kit (Illumina) following the manufac-
turer’s instructions. Individual libraries were analyzed for the presence of
linked cDNA at the appropriate size (140—150 bp) as determined by the
BioAnalyzer. Subsequently, the amplified cDNA constructs were puri-
fied from agarose gel in preparation for sequencing analysis using the
Ilumina HiSeq 2500 platform according to the manufacturer’s instruc-
tions at the Shanghai Biotechnology.

The small RNA sequence reads were preprocessed using the FASTX-
Toolkit to exclude low-quality reads (ambiguous N, quality <10 nt, and
length <18 nt) and 3" adapter, 5’ adapter and poly(A) sequences. Further
annotation analyses were performed using the commercial software CLC
Genomic Workbench version 5.5. After all annotation steps, the se-
quencing libraries were used for size distribution and saturation analysis.

RNA isolation and quantitative PCR. Total RNA was extracted with
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
First-strand cDNA was synthesized using a RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific). Quantitative PCR (qPCR) was performed
ona LightCycler 96 apparatus (Roche) using the SYBR Green Real-time PCR
Master Mix (Toyobo) or the TagMan Gene Expression Assay (sno202 and
miR-30a; Life Technologies). Gene expression was normalized to a standard
housekeeping gene using the AACT method. Primer pairs are listed below as
follows: IL-17a 5'-TTTAACTCCCTTGGCGCAAAA-3' (sense); 5 -CT
TTCCCTCCGCATTGACAC-3' (antisense); IFN-y 5'-ATGAACGCTA
CACACTGCATC-3’ (sense); 5'-CCATCCTTTTGCCAGTTCCTC-3' (an-
tisense); IL-4 5'-CCCCAGCTAGTTGTCATCC-3" (sense); 5-CCT
CGTTCAAAATGCCGAT-3" (antisense); TGF-B 5'-CACTGATACG
CCTGAGTG-3' (sense); 5'-GTGAGCGCTGAATCGAAA-3’ (antisense);
IRF4 5'-ATTGTTTAAAGGCAAGTTCCGAGA-3' (sense); 5'-CTCGAC
CAATTCCTCAAAGTCA-3' (antisense); RORyt 5'-TCATCAATGC
CAACCGTCCT-3’ (sense); 5'-AGCCAGTTCCAAATTGTATTGC-3' (an-
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tisense); GAPDH 5'-AAATGGTGAAGGTCGGTGTG-3’ (sense); and 5'-
AGGTCAATGAAGGGGTCGTT-3’ (antisense).

Animal experiments. The animal experiments in this study were per-
formed in adherence with the National Institutes of Health’s Guidelines
on the Care and Use of Laboratory Animals and were approved by the
Animal Experimentation Ethics Committee of the Second Military
Medical University. For disease induction of myelin oligodendrocyte
glycoprotein (MOG)-EAE, female C57BL/6 mice (at 6 weeks) were pur-
chased from Slac and further fed for 2—4 weeks before the induction.
MOG,; 55 (M-E-V-G-W-Y-R-S-P-F-S-R-V-V-H-L-Y-R-N-G-K, 150 ng
per mouse; GL Biochem) in incomplete Freund’s adjuvant (Sigma-
Aldrich) containing heat-killed Mycobacterium tuberculosis (5 mg/ml,
H37Ra strain; Difco) was subcutaneously injected at 3 points in the back
of mice to be immunized and that day was defined as day 0. On days 0 and
2, pertussis toxin (250 ng in 200 ul of PBS per mouse; Calbiochem) in
PBS was administered intraperitoneally.

For disease induction of PLP-EAE, female SJL/] mice (at 4 weeks) were
obtained from Vitalriver and were further fed for 4 weeks before the
induction. PLP,;,_;5,(H-S-L-G-K-W-L-G-H-P-D-K-F; GL Biochem)
were used instead of MOG;5_55 and the other procedures were as de-
scribed above.

Clinical manifestations generally occurred at days 10—13 and were
blindly examined daily from then onwards. The clinical score was deter-
mined on a scale of 05 as follows: 0, no clinical signs; 1, paralyzed tail; 2,
ataxia and/or paresis of hind limbs; 3, paraplegia; 4, paraplegia with
forelimb weakness or paralysis; and 5, moribund state or death.

In the study of the effects of miR-30a in MOG-EAE, 1 X 107 viral
particles overexpressing miR-30a were injected via the tail vein on day 2
after the immunization. In the study of the effects of disulfiram and
diphenhydramine hydrochloride in MOG-EAE, an intraperitoneal injec-
tion of 10 mg/kg disulfiram or diphenhydramine was administered daily
after immunization.

Patients. After written informed consent was obtained, we collected
the peripheral blood of 30 relapsing (10 males and 20 females) patients
and 30 remitting patients (10 males and 20 females) suffering from
RRMS and 28 sex- and age-matched healthy controls. The blood samples
were obtained in Shanghai Changhai Hospital and Affiliated Hospital of
the Bengbu Medical College. The diagnosis of MS matched published
criteria (McDonald et al., 2001). Patients were hospitalized due to relapse
and did not receive hormone or immunosuppressive treatment for at
least 1 month before hospitalization. The EDSS (expanded disability
status scale) score was set by a well trained neurologist with extensive
clinical experience. Healthy controls were individuals participating in a
physical examination.

FISH. The LNA microRNA probe that was used for FISH was pur-
chased from EXIQON. The TSA-Plus Fluorescein System was purchased
from PerkinElmer. For detailed procedures, please refer to a previous
report (de Planell-Saguer et al., 2010).

Western blot and ELISA. Primary cell cultures were homogenized in
NP40 buffer (Beyotime) that was supplemented with protease cocktail
inhibitors (Roche). Cell lysates were subjected to Western blotting using
anti-IRF4 (1:500; Santa Cruz Biotechnology) antibody and HRP-
conjugated anti-GAPDH (Kangcheng). The protein bands were analyzed
using Image Lab analysis (Bio-Rad).

The level of IL-17a in culture supernatant was quantified using an
ELISA kit (Shanghai Jiayuan Biotech) according to the manufacturer’s
instructions. The sample concentrations were calculated using an equa-
tion generated from a standard curve.

Methyl tetrazolium (MTT) assay. Mouse naive CD4 “CD62L ™ helper
T cells were isolated by magnetic cell sorting from the spleens of female
C57BL/6 mice at 6—8 weeks of age as described above and cultured in
96-well plate for 67 d after adding drugs of different concentrations as
well as anti-CD3 (0.5 pg/ml; BD Biosciences) and anti-CD28 (1 pg/ml;
BD Biosciences) antibodies. At the end of the incubation period, 20 ul of
MTT solution (stock concentration, 5.0 mg/ml in PBS) was added to
each well and incubated for 5 h. Thereafter, T cells were collected by
centrifugation, resuspended in 200 ul of DMSO to dissolve formazan
crystals, and the absorbance values were read at 550 nm. Cell viability was
compared with the control adding drug solvent.
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Luciferase. HEK293T cells were maintained in DMEM containing 10%
fetal bovine serum (Invitrogen) and cells of 30—40% confluence in 12-
well plates were transfected with Lipofectamine 2000 (Invitrogen). A
dual luciferase reporter system was used in this work and the binding
between miR-30a and the 3'-UTR of IRF4 was shown by a decrease in the
fluorescence intensity. The 3'-UTR of IRF4 was cloned after luciferase in
pGL3-basic vector and the binding between miR-30a and the 3'-UTR of
IRF4 linked to the mRNA of luciferase impeded the translation of lu-
ciferase. The luciferase reporter gene construct (500 ng per well), the
pRL-SV40 Renilla luciferase construct (1 ng per well; for normalization),
and AgomiR-30a (500 ng per well; GenePharma) were all cotransfected.
Cell extracts were prepared 24 h after transfection and the luciferase
activity was measured with the Dual-Luciferase Reporter Assay system
(Promega).

Lentivirus transduction and electroporation. The sequence of primary
miR-30a was synthesized and ligated into the GV271 plasmid (GeneChem).
The cloned sequence starts from GTTTACAGAATGTTGCCTGT and ends
at TTTCTCTTTGATTTATTTTT. The titer of concentrated viral particles
was 1 X 10 transducing units/ml.

GenePharma synthesized AgomiR-30a and AntagomiR-30a. Primary
mouse CD4 ™ T cells were transfected using electroporation (program
X-01; Amaxa) with AgomiR-30a, or AntagomiR-30a, or the “scrambled”
control at 72 h after activation by adding anti-CD3 (0.5 ug/ml; BD Bio-
sciences) and anti-CD28 (1 pg/ml; BD Biosciences) antibodies.

Flow cytometry analysis. For the isolation of CD4 ™ T cells in the CNS
from EAE and control, mice were killed and the cerebra and spinal cords
were collected for homogenization and digestion. Then cells were sus-
pended in 37% Percoll (GE Healthcare) and underlaid with 70% Percoll
while overlaid with 30% Percoll for gradient centrifugation. The majority
of the mononuclear cells were collected and stained with FITC-CD4 (BD
Biosciences) antibody. CD4 ™ T cells were sorted on a Moflo XDP (Beck-
man Coulter) and assessed by qPCR.

For cell-type analysis, cells were collected and centrifuged. Surface
staining was performed after resuspending the cells in FACS buffer with
the corresponding antibodies. After surface staining, the cells were resus-
pended in fixation buffer (eBioscience) then permeabilization buffer
(eBioscience) and intracellular cytokine staining was performed accord-
ing to the manufacturer’s protocol. APC-labeled anti-human CD4 anti-
body (Sungene) and FITC-labeled anti-mouse CD4 antibody (BD
Biosciences) was used for surface staining. PE-labeled anti-mouse IL-17a
antibody (Sungene) and APC-labeled anti-mouse IFN-vy antibody (Sun-
gene) were used for intracellular staining. Cells were assessed or sorted on
a Moflo XDP (Beckman Coulter).

H&E staining and Luxol fast blue (LFB) staining. Lumbar spinal cords
of mice were isolated and cut into cryosections (14 wm) or paraffin
sections (5 wm). One of every 5 (cryosection) or 10 (paraffin section)
successive sections was collected from each animal. The sections were
stained with H&E solution or LFB and periodic acid Schiff. For H&E
staining, the infiltrating inflammatory cells in one whole spinal cord slide
were counted and all of the successive sections were calculated (total cell
number — mean cell number in normal control) for one EAE mice. For
LFB staining, both the area of the demyelinated white matter and the
total white matter in one whole spinal cord slide were measured and all of
the successive sections were calculated for one EAE mice, then the ratio of
the demyelinated WM/ total WM was calculated. Independent readers
blindly scored H&E or LFB sections and at least three animals in different
treatment groups were included.

Statistical analysis. A two-tailed Student’s t test was applied for statis-
tical comparison of two groups and a one-way ANOVA with a Tukey’s or
Dunnett’s post hoc test was used for multiple groups. The EAE model was
analyzed using the nonparametric Mann—Whitney U test. The data are
presented as the mean = SEM unless otherwise indicated and mean *+
SEM generally represents biological replicates. p < 0.05 was considered
statistically significant.

Results

miR-30a is downregulated in Th17 cells

We applied massively parallel signature sequencing to carry out
an in-depth analysis of the miRNomes in activated, but undiffer-
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Figure1.  Downregulation of miR-30ain Th17 cells and (D4 * T cells from EAE mice and MS patients. A, Screening of miRNAs that are differentially expressed in Th0 and Th17 cells. The volcano
plots showing genes that are upregulated (red points) or downregulated (green points) for >1.5-fold (p << 0.05) after Th17 differentiation. B, qPCR analysis of miR-30a level in ThO, pathogenic,
and traditional Th17 and Treg cells differentiated in vitro (n = 4 independent experiments; **p << 0.01, ***p < 0.005 vs ThO cells). €, miR-30a level in mice (D4 ™ T cells stimulated with Th17
regulators IL-6 (40 ng/ml), TGF-3 (20 ng/ml), or IL-23 (40 ng/ml) for 24 h (n = 4 independent experiments). D, PCR analysis of miR-30a in (D4 * T cells during EAE development. Control: CFA
without MOG, preclinic: day 10 and peak: day 16 after EAE induction (n = 5 mice per group). E, qPCR analysis of miR-30ain (D4 ™ T cells sorted from the CNS of PLP-EAE SJS/J mice at remitting phase
by FACS (n = 3 mice per group). F, Linear regression analysis of miR-30a with IL-17a mRNA level in (D4 ™ T cells isolated from EAE mice. Each point represents one mouse (n = 9 mice). G, Linear
regression analysis of miR-30a with TGF- 3 mRNA levelin (D4 * T cellsisolated from EAE mice (n = 9 mice). H, qPCR analysis of miR-30ain (D4 * T cells from relapsing or remitting MS patients (n =
30 per group) and their controls (n = 28).1, Linear regression analysis of miR-30a with IL-17amRNA level in (D4 * T cells isolated from relapsing MS patients. Each point represents one patient (n =
30).J, FISH analysis of miR-30a (green) costained with anti-IL-17a antibody (red) in (D4 ™ T cells from patients with relapsing MS. White arrow indicates (D4 T cell containing high miR-30a with
low IL-17a; yellow arrows indicate the opposite. Scale bar, 10 um. K, Fluorescence intensity of miR-30ain IL-17a * and IL-17a ~ cells. L, Linear regression analysis of the fluorescence intensity of
IL-17a with miR-30a (n = 15 representative cells; *p << 0.05, **p << 0.01, **p << 0.01 vs control). B-D, Spleen; H, one-way ANOVA with Dunnett’s post hoc test; D, E, CNS; K, Student’s t test. Data
are shown as mean = SEM.

entiated CD4™ T cells (Th0) and Th17 cells. The abundance = miRNAs in the entire miRNome of specific cell may be an impor-
value of each known miRNA was normalized using ‘transcripts ~ tant indicator for their functions (Hou et al., 2011), we only
per million (TPM). Because minimum threshold amounts must  considered miRNAs with TPM >500 in Th17 or ThO (accounting
be reached for miRNAs to repress their target mRNAs (Brown et for 98% of the miRNome) and >1.5-fold alteration for further
al., 2007; Sarasin-Filipowicz et al., 2009) and the abundance of  analysis. Using this strategy, 25 downregulated and 16 upregu-
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lated miRNAs were screened out (Fig. 1A). Furthermore, we se-
lected 15 miRNAs (12 downregulated, three upregulated) that
were highly conserved in both human and mouse (conservation
value >0.99) (Kiezun et al., 2012) to retrieve their possible targets
in the miRBASE database and five miRNAs possessed targets
concerning Th17 differentiation. After excluding the miRNAs
that have been reported previously to play a role in T-cell differ-
entiation, miR-30a-5p was chosen for further study.

We then induced naive CD4™ T cells to differentiate into
Th17 and Treg cells in vitro and evaluated miR-30a levels using
gPCR. The miR-30a level was found significantly downregulated
in Th17 cells but upregulated in Treg cells compared with ThO
cells (Th17/Th0: 0.08 = 0.01, p < 0.001; Treg/ThO0: 1.44 = 0.16,
p = 0.015; one-way ANOVA with Dunnett’s post hoc test; n = 4
independent experiments; Fig. 1B). To determine which cytokine
is responsible for the regulation of miR-30a, we added IL-6,
TGEF-3, or IL-23, which are required in Th17 or Treg differenti-
ation, to mice CD4 * T cells. The qPCR showed that the miR-30a
level was significantly reduced after IL-6 treatment for 24 h, sug-
gesting that the downregulation of miR-30a in Th17 cells may be
caused by IL-6 (IL-6/control: 0.49 = 0.10, p = 0.007; TGF-B/
control: 1.43 = 0.04, p = 0.02; IL-23/control: 0.73 = 0.16, p =
0.154; one-way ANOVA with Dunnett’s post hoc test; n = 4 inde-
pendent experiments; Fig. 1C). Interestingly, we also found that
the miR-30a level was increased after treatment with TGF-p,
which can induce Treg differentiation (Fig. 1C).

miR-30a is downregulated in CD4* T cells and Th17 cells
from EAE mice and MS patients
Because the Th17 and Treg cells are critical subtypes of CD4 " T
cells in the pathogenesis of EAE, we next explored the correlation
between miR-30a level and EAE. We examined the miR-30a level
in the spleen CD4 ™ T cells sorted using magnetic beads at the
onset and acute phases of EAE. The results showed that miR-30a
was downregulated at the onset phase and an even lower level was
observed at acute phase (Pre/control: 0.44 = 0.02, p < 0.001;
Peak/control: 0.33 = 0.02, p < 0.001; one-way ANOVA with
Dunnett’s post hoc test; n = 5 mice; Fig. 1D). In addition, we also
sorted CD4 ™" T cells in the CNS by FACS at peak phase in EAE
mice (day 16) and miR-30a was also found downregulated
(0.39 = 0.05, p < 0.001, unpaired ¢ test, n = 5 mice; Fig. 1D).
PLP-EAE induced in SJL/J] mice showed a remitting—relapsing
pattern of disease and was considered similar to RRMS in hu-
mans. We conducted the PLP-EAE induction and sorted CD4 * T
cells in the CNS by FACS at remitting phase (day 19). miR-30a
was also found to be downregulated (0.17 = 0.01, p < 0.001,
unpaired ¢ test, n = 3 mice; Fig. 1E). These results indicated
miR-30a might be involved in the pathogenesis of EAE. More-
over, because the in vitro experiments showed that the miR-30a
level was changed during Th17 and Treg development, we also
analyzed the in vivo relationship between miR-30a and Th17 or
Treg cells, which specifically produce IL-17a and TGF-f3, respec-
tively. We isolated spleen CD4 * T cells from EAE mice (n = 9
mice) and analyzed the relationship between the levels of
miR-30a and the mRNA of IL-17a or TGF-B using a linear regres-
sion analysis. The results showed a significant negative correla-
tion of the miR-30a level with IL-17a (R? = 0.7255, linear
regression; n = 9 mice; Fig. 1F), but no significant correlation
with TGF-B (R?* = 0.0014, linear regression; n = 9 mice; Fig. 1G).
These results indicated that the miR-30a level was correlated with
Th17, but not with Treg cells, in vivo.

Furthermore, we explored the miR-30a level in CD4* T
cells from MS patients (Table 1). We isolated PBMCs from 30
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Table 1. Characteristics of patients and controls

Control Relapsing RRMS Remitting RRMS
Sample size 28 30 30
Age 4482 = 7.43 4410 £11.79 43.00 = 1138
Sex
Female 16 (57.14%) 20 (66.67%) 20 (66.67%)
Male 12 (42.86%) 10(33.33%) 10(33.33%)
EDSS NA 432 £1.72 1.05 %+ 0.53

Shownis relevantinformation about human subjects recruited for this study. Sample size is total number of subjects;
age and EDSS are presented as mean == SD; sex is total number (with percent of group in parentheses). Subjects
were patients from the outpatient clinic of Changhai Hospital (Shanghai, China) or Affiliated Hospital of Bengbu
Medical College (Anhui, China) with clinically defined RRMS or age- and sex-matched healthy volunteers from
personnel of the institute. NA, Not applicable.

relapsing and 30 remitting patients with RRMS and 28 healthy
donors using lymphocyte separation medium. Then, CD4 " T
cells were sorted using FACS and the miR-30a level was eval-
uated using qPCR. The results showed that the miR-30a level
in patients was significantly decreased (relapsing: 0.28 = 0.02,
p < 0.001; remitting: 0.72 = 0.05, p = 0.012; control = 28,
relapsing patients = 30, remitting patient = 30, one-way
ANOVA with Dunnett’s post hoc test; Fig. 1H ). Moreover, the
mRNA level of IL-17a showed a significant negative correla-
tion with the miR-30a level at the relapsing phase of MS pa-
tients, which is consistent with the negative correlation
between miR-30a level and IL-17a in EAE mice (R* = 0.5933,
linear regression; n = 30 relapsing patients; Fig. 1I). Further-
more, our FISH experiments using the CD4 * T cells from MS
patients showed low expression of IL-17a in cells with a high
expression of miR-30a (Fig. 1J), whereas the signal inten-
sity of miR-30a was significantly lower in IL-17a™ cells
(0.45 = 0.03, p < 0.001, unpaired t test, n = 15 representative
cells; Fig. 1K). The fluorescence intensity of miR-30a and IL-
17a showed a negative correlation (R> = 0.6316, linear regres-
sion; n = 15 representative cells; Fig. 1L). These results
indicate that the decreased miR-30a level in MS patients and
during the acute phase of EAE may be associated with in-
creased Th17 cells.

miR-30a inhibits Th17 differentiation in vitro

To investigate whether miR-30a can regulate the differentia-
tion of Th17 cells directly, we transfected miR-30a mimics
(AgomiR-30a) using electroporation into mouse spleen
CD47CD62 " T cells that were sorted using magnetic beads.
Next, the cells were cultured for 6 d under Th17 differentiation
conditions before testing. The results showed that the
miR-30a level was significantly increased after AgomiR-30a
transfection (327.39 = 39.01, p = 0.004, unpaired t test, n = 4
independent experiments; Fig. 2A), whereas the mRNA levels
of IL-17a and RORvt (key transcription factor in Th17 differ-
entiation) were significantly reduced (IL-17a: 0.01 = 0.01, p <
0.001; RORC: 0.08 = 0.01, p < 0.001; IL-4: 1.15 = 0.08, p =
0.107; unpaired ¢ test, n = 5 independent experiments; Fig.
2B). Flow cytometry showed that IL-17a™ cells were signifi-
cantly reduced after AgomiR-30a transfection [negative con-
trol (NC): 21 * 1.20, 30a: 10.34 = 0.59, p < 0.001, unpaired ¢
test, n = 4 independent experiments; Fig. 2C,D]. ELISA also
revealed lower IL-17a levels in the supernatant after the trans-
fection with AgomiR-30a (NC: 4.11 * 0.15, 30a: 2.79 * 0.29,
p = 0.007, unpaired ¢ test, n = 4 independent experiments;
Fig. 2E). In contrast, after transfection of the miR-30a inhib-
itors (AntagomiR-30a) by electroporation, the expression lev-
els of IL-17a and RORyt were significantly increased (IL-17a:
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Figure2. Inhibition of Th17 differentiation by miR-30a in vitro. A, qPCR analysis of miR-30ain (D4 *(D62L ™ T cells nucleotransfected with AgomiR-30a or its negative control (Agomir-NC) for
3dinvitro (n = 4independent experiments). B, qPCR analysis of IL-17a and ROR~ytin (D4 *(D62L * T cells nucleotransfected with AgomiR-30a/Agomir-NCand cultured for 6 d in Th17-polarizing
conditions in vitro (n = 5 independent experiments). €, Intracellular staining of IL-17a of cells in B by FACS. Numbers in quadrant C indicate the percentage of IL-17a *IFN-y ~ cells (top left) or
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supernatant of cells in F (*p << 0.05, **p << 0.01, ***p < 0.001 vs control, Student’s ¢ test). Data are shown as mean == SEM.

4.32 * 0.46, p = 0.002; RORC: 2.67 * 0.30, p = 0.005; IL-4: and ELISA showed elevated IL-17a levels in the supernatant
0.9 £ 0.13, p = 0.489; unpaired ¢ test, n = 5 independent  (NC:4.11 = 0.15, 30a: 5.79 = 0.35, p = 0.005, unpaired ¢ test,
experiments; Fig. 2F). Flow cytometry showed increased IL-  #n = 4 independent experiments; Fig. 2I'). These results suggest
17a™ cells (NC: 20.32 = 1.97, 30a: 35.59 = 0.80, p = 0.002,  that miR-30a can negatively regulate the differentiation of
unpaired ¢t test, n = 4 independent experiments; Fig. 2G,H),  Th17 cells.
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miR-30a prevents disease from developing fully and
suppresses Th17 differentiation during EAE

Because Th17 cells are one of the most important participants in
the pathogenesis of EAE and miR-30a can regulate Th17 differ-
entiation negatively, to investigate whether miR-30a affects the
progression of EAE, we intravenously injected lentivirus encod-
ing a pre-miR-30a sequence (LV-miR-30a) into EAE mice at day
2 after immunization and evaluated the expression of miR-30a in
vivo. The miR-30a level was significantly increased in the liver,
spleen, lymph nodes, and brain after the injection of LV-miR-30a
(liver: 6.36 = 0.49, p < 0.001; spleen: 18.12 = 1.25, p < 0.001;
lymph nodes: 5.20 = 0.65, p < 0.001; brain: 1.58 £ 0.20, p =
0.026; unpaired t test, n = 4 mice; Fig. 3A). We found that the
mice injected with LV-miR-30a showed decreased EAE scores
(p = 0.002, Mann—Whitney U test, n = 10 mice; Fig. 3B). More-
over, the spinal cords of EAE mice were taken for histological
analysis. H&E staining showed decreased infiltration of inflam-
matory cells (NC: 823.33 * 44.49, 30a: 373.33 £ 29.08, p < 0.001,
unpaired ¢ test, # = 4 mice; Fig. 3C,E) and LFB staining showed
attenuated white matter demyelination after LV-miR-30a injec-
tion (NC: 23.33 * 1.92, 30a: 4.53 * 0.96, p < 0.001, unpaired ¢
test, n = 4 mice; Fig. 3D, F).

We then sought to determine whether miR-30a can influence
Th17 differentiation in vivo. Therefore, we examined draining
lymph nodes (DLNs, pooled peripheral lymph nodes from sub-
iliac, proper axillary, and accessory axillary lymph nodes) from
LV-miR-30a injected mice for the presence of IL-17a (Th17)- or
IFN-vy (Th1)-producing CD4 " T cells during EAE. On day 14
after immunization with MOGs;5_s5, LV-miR-30a-injected mice
had significantly diminished amounts of Th17 cells in their DLNs
compared with control mice. The amount of IFN-y-producing
Th1 CD4 ™ cells in the DLNSs of LV-miR-30a injected mice were
not significantly changed (NC: 4.41 * 0.65, 30a: 0.99 = 0.24,p =
0.006, unpaired ¢ test, n = 3 mice; Fig. 3G,H; NC: 4.50 * 0.47,
30a:3.94 = 0.42, p = 0.39, unpaired t test, n = 3 mice; Fig. 3G,I).
These results demonstrated that miR-30a decreased Th17 dif-
ferentiation and prevented the full development of patholog-
ical injuries during EAE, which indicates that increasing the
miR-30a level in Th17 cells may have effects on the prevention
of EAE and MS.

IRF4 is a functional target of miR-30a

To elucidate how miR-30a inhibits the differentiation of Th17 cells,
we used Targetscan and miRBase to search for potential target genes;
the 3'-UTR region of IRF4 was predicted to contain a complemen-
tary binding sequence for miR-30a (Fig. 4A). We then verified the
binding using a luciferase reporter system. Cotransfecting 293T cells
with miR-30a/IRF4 3’-UTR inhibited luciferase activity, whe-
reas cotransfection of mutant miR-30a/IRF4 3'-UTR or
miR-30a/mutant IRF4 3’-UTR failed to affect luciferase activity
(WT 3’'UTR + WT 30a: 0.43 = 0.06, mutant 3'UTR + WT 30a:
0.95 = 0.13, WT 3'UTR + mutant 30a: 0.98 = 0.13; (WT + WT)/
(mutant/mutant): p = 0.004, one-way ANOVA with Dunnett’s post
hoc test, n = 3 independent experiments; Fig. 4B). These results
validated the specific binding between miR-30a and the 3'-UTR re-
gion of IRF4.

Furthermore, we transfected mouse spleen CD4 * T cells with
AgomiR-30a or AntagomiR-30a and detected the IRF4 expres-
sion level 4 d later. Western blots showed downregulated expres-
sion of IRF4 in CD4 ™" T cells overexpressing miR-30a (0.66 =
0.08, p = 0.011, unpaired t test, n = 3 independent experiments;
Fig. 4C,D), whereas interfering miR-30a had the opposite effect
(1.68 = 0.11, p = 0.027, unpaired ¢ test, n = 3 independent
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experiments; Fig. 4FE,F). These results demonstrated that
miR-30a regulated the protein expression level of IRF4. In addi-
tion, we examined the expression level of IRF4 in CD4 ™ T cells in
different phases of EAE. The results showed that IRF4 expression
increased in the acute phase but decreased back to normal level in
the chronic phase (acute: 2.44 = 0.43, p = 0.008; chronic: 0.46 =
0.67, p = 0.245; one-way ANOVA with Dunnett’s post hoc test,
n = 3 independent experiments; Fig. 4G,H ), which was consis-
tent with the expression pattern of miR-30a in CD4 * T cells from
EAE mice. Because IRF4 is essential in Th17 differentiation and
EAE development (Huber et al., 2008; Huber et al., 2013), our
results indicated that the effect of miR-30a on Th17 differentia-
tion and EAE development might occur through the regulation of
IRF4 expression.

disulfiram and diphenhydramine hydrochloride upregulate
miR-30a and suppress Th17 differentiation

As anegative regulator of Th17 differentiation, the miR-30a level
should be negatively associated with the differentiation of Th17
cells. Therefore, we sought drugs that can inhibit Th17 differen-
tiation by increasing the miR-30a level. We screened 640
FDA-approved small-molecule drug compounds based on this
strategy and found 72 drugs that could increase the miR-30a level
in CD4 ™ T cells significantly. We then excluded the compounds
that may cause severe side effects, such as antineoplastic agents,
anesthetic drugs, drugs resulting in significant mental changes,
and drugs that significantly change blood pressure and the respi-
ratory system. We also excluded compounds that already have
been reported to reduce Th17 differentiation or promote EAE
repair, including steroid hormones (Tischner and Reichardt,
2007; Gold and Voskuhl, 2009), artemisinin (Zhao et al., 2012)
and sildenafil (Pifarré et al., 2014). We took the remaining 11
compounds for further use in a Th17 differentiation assay and
found that diphenhydramine hydrochloride and disulfiram
could inhibit Th17 differentiation significantly (Fig. 5A,B). We
then investigated the concentration-dependent effects of the two
drugs on Thl7 differentiation and miR-30a level. The two
drugs were added independently during Th17 differentiation at
different concentrations and qPCR was performed 6 d later. The
results showed that both drugs could decrease the IL-17a mRNA
level significantly while increasing the miR-30a level in a
concentration-dependent manner (IL-17a, diphenhydramine:
0.01, 98.38 £ 7.02, p = 0.965; 0.1, 61.53 = 7.17, p = 0.001; 1,
24.37 = 5.44, p < 0.001; 10, 10.44 = 2.38, p < 0.001; 100, 6.3 =
2.35, p < 0.001; 1000, 5.06 * 1.82, p < 0.001; disulfiram: 0.01,
105.66 * 6.89,p = 0.677;0.1,88.51 = 3.98,p = 0.183;1,47.54 =
3.37, p < 0.001; 10, 18.27 * 3.97, p < 0.001; 100, 10.41 %= 0.79,
p < 0.001; 1000, 8.15 % 0.01, p < 0.001; one-way ANOVA with
Dunnett’s post hoc test, n = 3; Fig. 5C; miR-30a, diphenhyd-
ramine: 0.01, 1.78 = 0.09, p = 0.028; 0.1, 1.67 = 0.02, p = 0.006;
1,2.69 = 0.08 p = 0.012; 10, 10.80 = 0.79, p = 0.008; 100, 3.12 =
0.23, p = 0.020; 1000, 1.87 * 0.01, p < 0.001; disulfiram: 0.01,
2.50 =£0.09,p = 0.022;0.1, 2.48 = 0.07,p = 0.003; 1, 3.95 = 0.41,
p = 0.050; 10, 4.31 %= 0.05, p = 0.001; 100, 10.72 * 0.64, p =
0.007; 1000, 6.66 * 0.20, p = 0.008; one-way ANOVA with Dun-
nett’s post hoc test, n = 3 independent experiments; Fig. 5D). The
toxicity of the two drugs to T cells were evaluated by MTT and
both were proven nontoxic, whereas diphenhydramine even
slightly promoted cell viability (diphenhydramine: 0.01,
1.32 * 0.40, p = 0.990; 0.1, 1.25 = 0.18, p = 0.844; 1, 1.30 =
0.10, p = 0.338; 10, 1.42 = 0.17, p = 0.480; 100, 1.38 = 0.19,
p = 0.632; 1000, 1.27 = 0.17, p = 0.770; disulfiram: 0.01, 0,
97 = 0.20, p = 1.000; 0.1, 0.88 * 0.05, p = 0.540; 1, 0.86 =
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Figure3. Preventing the full development of EAE by miR-30a. A, qPCR analysis of miR-30a in the liver, spleen, PLNs, and brain of mice injected with lentivirus encoding miR-30a (LV-miR-30a)
orits control (LV-ctrl) at day 7 after lentivirus administration (n = 4 mice per group). B, Clinical scores of EAE in mice infected with lentivirusin A (n = 10 mice per group). EAE scores were analyzed
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Quantification of spinal cord infiltration in white matter (WM) (E) and the percentage of demyelinated WM in total WM (F) in Cand D (n = 3 mice per group). G, Intracellular staining of IL-17a and
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IRF4 s the functional target of miR-30a. A4, Putative miR-30a-binding sites in IRF4 mRNA 3’-UTR and mutations in the IRF4 mRNA 3’-UTR (top) and miR-30a (bottom). B, Luciferase

activity of reporter carrying the mutated (Mut3’-UTR) or wild-type (WT3'-UTR) IRF4 mRNA 3'-UTR cotransfected into HEK293T cells with wild-type miR-30a (WT 30a) or its mutant (mutant 30a)
(n = 3 independent experiments). C, Western blot analysis of IRF4 in (D4 ™ T cells after transduction with AgomiR-30a or its control (Agomir-NC) for 6 d. D, Quantification of IRF4 densitometry
normalized to GAPDH in € (n = 3 independent experiments). E, Western blot analysis of IRF4 in (D4 * T cells after transduction with AntagomiR-30a or its control (Antagomir-NC) for 6 d. F,
Quantification of IRF4 densitometry normalized to GAPDH in E (n = 3 independent experiments). G, Western blot analysis of IRF4in (D4 * T cells from EAE mice at different phases. H, Quantification
of IRF4 densitometry normalized to GAPDH in G (n = 3 independent experiments; *p << 0.05, **p << 0.01, ***p << 0.001 vs control; D, F, Student's t test; B, H, one-way ANOVA with Dunnett's post

hoc test). Data are from at least three experiments and are shown as mean = SEM.

0.37, p = 0.725; 10, 0.92 = 0.21, p = 1.000; 100, 1.07 %= 0.20,
p =1.000; 1000, 0.57 £ 0.22, p = 0.626; one-way ANOVA with
Dunnett’s post hoc test, n = 6 technical replicates; Fig. 5E).
Flow cytometry showed that both drugs reduced the number of
IL-17a™ cells significantly (ThO0: 0.55 = 0.13; Th17: 27.25 = 2.63,

p < 0.001; diphenhydramine: 1.09 * 0.21, p < 0.001; disulfiram:
2.69 = 0.46, p < 0.001; one-way ANOVA with Dunnett’s post hoc
test, n = 6 independent experiments; Fig. 5F, G). ELISA showed
that both drugs reduced the IL-17a concentration in the super-
natant (ThO: 0.09 = 0.08; Th17: 5.63 * 0.67, p < 0.001;
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diphenhydramine: 0.85 = 0.23, p < 0.001; disulfiram: 1.35 = 0.31,
p < 0.001; one-way ANOVA with Dunnett’s post hoc test, n = 6
independent experiments; Fig. 5H ). These results suggest that disul-
firam and diphenhydramine hydrochloride can inhibit Th17 differ-
entiation. Furthermore, we found that interference of miR-30a
could attenuate the inhibitory effects of the two drugs on Th17 dif-
ferentiation (one-way ANOVA with Tukey’s post hoc test, n = 3
independent experiments; Fig. 5I), indicating that disulfiram and
diphenhydramine hydrochloride inhibit Th17 differentiation at
least partially by upregulating miR-30a.

disulfiram and diphenhydramine hydrochloride prevent the
full development of EAE
To investigate the role of disulfiram and diphenhydramine hy-
drochloride in MS, we administered the two drugs via intraperi-
toneal injection daily to EAE mice. The results showed that both
drugs could significantly delay the onset and reduce the behavior
score of the EAE mice (control/disulfiram: p = 0.005; control/
diphenhydramine: p = 0.001; Mann—Whitney U test, n = 10
mice; Fig. 6A). H&E staining showed reduced inflammatory cell
infiltration in the spinal cord after administration of either drug
(control: 516.67 = 32.75; disulfiram: 117.25 = 61.91, p < 0.001;
diphenhydramine: 74.75 = 33.12, p < 0.001; one-way ANOVA
with Dunnett’s post hoc test, n = 4 mice; Fig. 6 B, D). Luxol fast
blue staining showed attenuated white matter demyelination af-
ter drug administration (control: 20.62 = 1.22; disulfiram:
4.49 = 2.2, p < 0.001; diphenhydramine: 3.01 = 0.89, p < 0.001;
one-way ANOVA with Dunnett’s post hoc test, n = 4; Fig. 6C,E).
These results suggest that disulfiram and diphenhydramine hy-
drochloride effectively prevent the full development of EAE.
Finally, the influence of disulfiram and diphenhydramine hy-
drochloride on miR-30a and IRF4 expression in vivo was inves-
tigated. The results showed that the two drugs upregulated
miR-30a and downregulated IRF4 expression in CD4 " T cells
isolated from EAE mice (disulfiram: 2.01 £ 0.10, p < 0.001;
diphenhydramine: 3.63 £ 0.08, p < 0.001; one-way ANOVA with
Dunnett’s post hoc test, n = 3 mice; Fig. 6F; disulfiram: 62.59 *
6.43, p < 0.001; diphenhydramine: 30.29 * 1.52, p < 0.001;
one-way ANOVA with Dunnett’s post hoc test, n = 3 mice; Fig.
6G). Considering the critical effects of IRF4 and miR-30a in EAE
development, these results suggested that disulfiram and diphen-

<«

Figure5. Diphenhydramine hydrochloride and disulfiram upregulate miR-30a and suppress
Th17 differentiation. A, B, Molecular structure of diphenhydramine () and disulfiram (B). C,
qPCR analysis of IL-17ain (D4 *(D62L * T cells with diphenhydramine hydrochloride or disul-
firam added at different concentrations and cultured for 6 d in Th17-polarizing conditions (n =
3independent experiments). D, qPCR analysis of miR-30ain (D4 *(D62L * T cells with diphen-
hydramine hydrochloride or disulfiram added at different concentrations and cultured for 6 d in
Th17-polarizing conditions (n = 6 technical replicates). E, Cell viability detected by MTT assay
of mouse naive (D4 *(D62L * Th cells after adding drugs of different concentrations as well as
anti-(D3 (0.5 wg/ml; BD Biosciences) and anti-CD28 (1 wug/ml; BD Biosciences) antibody (n =
6 technical replicates). F, Representative intracellular staining of cytokine production in
(D4 "(D62L ™ T cells with diphenhydramine hydrochloride or disulfiram added and cultured
for 6 d in Th17-polarizing conditions. G, Ratio number of IL-17a ™ cells in D (Th17 vs ThO,
diphenhydramine and disulfiram vs Th17; n = 6 independent experiments). H, ELISA analysis
of IL-17a in the supernatant of (D4 *(D62L * T cells with either of the two drugs or solvent
added and cultured for 6 d in Th17-polarizing conditions (Th17 vs ThO, diphenhydramine and
disulfiram vs Th17, n = 6 independent experiments). I, qPCR analysis of IL-17a of
(D4 (D62L ™ T cells cells transfected with AntagomiR-30a/NC in the presence of either di-
phenhydramine hydrochloride or disulfiram and cultured for 6 d in Th17-polarizing conditions
(n = 3independent experiments; *p << 0.05, **p << 0.01, ***p < 0.001 vs control, one-way
ANOVA with Dunnett's or Tukey’s post hoc test). Data are from at least three experiments and are
shown as mean = SEM.
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hydramine hydrochloride might inhibit the full development of
EAE by raising the miR-30a level and decreasing IRF4 expression.

Discussion

The miR-30 family includes five members (miR-30a— miR-30e)
that share the same eight-nucleotide seed sequence and are
highly conserved from zebrafish to humans. Recent studies have
revealed that the miR-30 family plays important roles in prone-
phros development, hepatobiliary duct formation, and myogen-
esis in zebrafish (Agrawal et al., 2009; Hand et al., 2009); the
miR-30 family also regulates cancer metastasis in humans and
mice (Zhong et al., 2013; Zhang et al., 2016). However, the roles
of the miR-30 family in neuroimmunological diseases have not
been reported. The present study performed an in-depth RNA-
sequencing analysis to identify the potentially important
miRNAs that regulate Th17 differentiation. We found that
miR-30a was decreased significantly in Th17 cells. Along with
being downregulated in mouse Th17 cells, miR-30a also exhib-
ited an abnormally low expression in the CD4 " T cells of MS
patients. It is reported that miR-30a played an anti-inflammatory
role in IL-17-mediated signaling transduction. These suppressive
effects of miR-30a were mediated by targeting Act1, an important
downstream signaling molecule in IL-17 signaling pathway (Wan
et al.,, 2015), directly. However the role of miR-30a on the pro-
duction of IL-17, especially the differentiation of Th17 cells, is
still unclear (Wan et al., 2015). In the present study, miR-30a was
found to regulate Th17 differentiation negatively and prevent
EAE from being developed fully. Importantly, we found that dis-
ulfiram and diphenhydramine hydrochloride could effectively
upregulate miR-30a expression and inhibit the differentiation of
Th17 cells, thereby preventing the development of full-blown
EAE and demonstrating their potential application in the preven-
tion of MS.

To study how miR-30a regulates Th17 differentiation, we
used target gene prediction software and found that miR-30a
targeted IRF4, a member of the interferon regulatory factor fam-
ily that is a key transcriptional factor in Th17 differentiation (Hu-
ber et al., 2008). IRF4 knock-out mice showed significant EAE
resistance and this resistance was related to the differentiation
failure of Th17 cells. IRF4 regulates the differentiation of Th17
cells by binding with the transcription factors RORyt, STATS3,
and BATF (Schraml et al., 2009; Durant et al., 2010; Jadidi-
Niaragh and Mirshafiey, 2011; Ciofani et al., 2012). In the present
study, we found that miR-30a could bind with the 3'-UTR of
IRF4 and thus inhibit its translation. In addition, AgomiR-30a
and AntagomiR-30a studies demonstrated that miR-30a regu-
lated the protein expression level of IRF4. Moreover, the expres-
sion of IRF4 in CD4 ™ T cells was significantly upregulated at the
peak phase of EAE, whereas the expression of miR-30a was down-
regulated. These results indicated that the effects of miR-30a on
Th17 differentiation might be mediated by IRF4. The discovery
of the miR-30a/IRF4 pathway in Th17 differentiation enriches
the understanding of the functional regulatory network of Th17
cells.

Currently, the goal of MS treatment is to prevent relapse,
control the symptoms, and reduce the damage in the CNS. Be-
cause there is still no cure available, it is important to develop new
safe and effective drugs for the treatment of MS (Barten et al.,
20105 Salvetti et al., 2015). Given the strong association between
excessive Th17 activity and MS, it has been suggested that target-
ing Th17 differentiation may be a promising therapeutic strategy
(Becher and Segal, 2011; Jadidi-Niaragh and Mirshafiey, 2011;
Zepp et al,, 2011). In the present study, injection of lentivirus
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Disulfiram and diphenhydramine hydrochloride prevent the full development of EAE. A, EAE scores of mice administrated with disulfiram or diphenhydramine (10 mg/kg) by

intraperitoneal injection daily afterimmunization. Data were analyzed using nonparametric Mann—Whitney Utest (n = 10 mice per group). B, C, Representative spinal cord sections of H&E staining
(B) and LFB staining (€) from EAE mice at day 15 after immunization. Arrows in B indicate inflammatory infiltration (n = 4 mice per group). Scale bars, 80 wm. D, E, Quantification of spinal cord
infiltration in WM (D) and the percentage of demyelinated WM in total WM (E) in B and C. F, G, qPCR analysis of miR-30a (F) and IRF4 (G) in (D4 * T cells from mice administrated with disulfiram
or diphenhydramine for 15 d (n = 3 mice; *p << 0.05, **p << 0.01, ***p << 0.001 vs control; A, Mann—Whitney U test; D—G, one-way ANOVA with Dunnett’s post hoc test). Data are from at least

three experiments and are shown as mean == SEM.

overexpressing miR-30a into the tail vein effectively suppressed
Th17 differentiation and prevented disease from being fully de-
veloped during EAE. However, exogenous lentivirus injection
has potential risks, such as random insertion of foreign genes into
host genome, insertional mutagenesis by enhancer-mediated
dysregulation of neighboring genes, and aberrant splicing (Rothe
et al., 2013). Moreover, miRNA mimics or inhibitors are very
difficult to transfect into unstimulated T cells, with the exception
of using silicon nanowires (McManus et al., 2002; Yosef et al.,
2013). Therefore, compared with exogenous transfection, acti-
vating or inhibiting endogenous expression of miRNAs using
drugs is a more practical and effective approach. Effective com-
pounds have been screened for their ability to suppress Th17

differentiation by targeting IL-17a or key transcription factors for
Th17 differentiation such as STAT3 and RORyt (Huh et al., 2011;
Ishiguro et al., 2011; Pallandre et al., 2015). However, there is
currently no drug-screening study based on identifying miRNAs
that regulate Th17 differentiation. In the present study, miR-30a
was chosen as a marker for screening drugs that suppress Th17
differentiation. The screening library that we used was an FDA-
approved small-molecule drug library because new functions in
Th17 differentiation for existing drugs can be rapidly applied into
clinical practice. We found that 72 drugs could increase the ex-
pression of miR-30a in CD4 * T cells significantly. Among these
drugs, the steroid hormones sildenafil and artemisinin have been
reported to suppress Th17 differentiation and EAE progress. Our
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study provides a new molecular mechanism for these drugs in the
regulation of Th17 differentiation or EAE progression. Finally,
we identified that disulfiram and diphenhydramine hydrochlo-
ride could upregulate miR-30a effectively and suppress Th17 dif-
ferentiation. More importantly, intraperitoneal administration
of either of these drugs could significantly delay the onset and
reduce the behavior score of EAE in mice and prevent the full
development of white matter demyelination. Diphenhydramine
hydrochloride is a commonly used anti-allergy drug that inhibits
histamine H1 receptor functions (Sharma and Hamelin, 2003).
Disulfiram can inhibit the activity of aldehyde dehydrogenase,
thereby blocking the oxidative metabolism of ethanol, which
leads to the in vivo accumulation of acetaldehyde (Petrakis et al.,
2006). Further study is needed to elucidate how disulfiram and
diphenhydramine hydrochloride regulate the level of miR-30a.

Interestingly, miR-30a inhibited the expression of IL-4 during
Th2 differentiation (data not shown). The role of miR-30a in Th2
cells may be mediated by the inhibition of IRF4, which promotes
Th2 differentiation (Rengarajan et al., 2002; Tominaga et al.,
2003). IL-4 is not affected by miR-30a during Th17 differentia-
tion, possibly due to the low expression level of IL-4 in Th17 cells
(Fig. 2). However, we found that disulfiram and diphenhyd-
ramine hydrochloride promoted the expression of IL-4 in Th2
cells (data not shown), which may be mediated by a mechanism
other than miR-30a.

Our work identified miR-30a as an important participant in
the neuroimmunological process of MS and EAE because it is
downregulated in CD4 ™ T cells from the peripheral blood of MS
patients, inhibiting Th17 differentiation and preventing the de-
velopment of full-blown EAE. Further work will be done to elu-
cidate whether miR-30a can be applied in the treatment of EAE
and MS by administrating miR-30a after the clinical onset of
EAE. The same goes for diphenhydramine hydrochloride and
disulfiram.

In conclusion, our study identifies miR-30a as a novel MS-related
hematological marker and demonstrates a novel drug-screening
strategy for the intervention of MS and Th17 differentiation using
miR-30a as a target. Moreover, our results provide a rationale for the
potential clinical application of diphenhydramine hydrochloride
and disulfiram in MS.
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