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miR-23b Suppresses Leukocyte Migration
and Pathogenesis of Experimental Autoimmune
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MicroRNAs (miRNAs) are small, non-coding RNAs involved
in immune response regulation. Specific miRNAs have been
linked to the development of various autoimmune diseases;
however, their contribution to the modulation of CNS-directed
cellular infiltration remains unclear. In this study, we found
that miR-23b, in addition to its reported functions in the
suppression of IL-17-associated autoimmune inflammation,
halted the progression of experimental autoimmune encepha-
lomyelitis (EAE), an animal model of multiple sclerosis (MS),
by directly inhibiting the migration of pathogenic leukocytes
to the CNS. We demonstrated that miR-23b was specifically
decreased during the acute phase of EAE and that overexpres-
sion of miR-23b resulted in a defect in leukocyte migration
and strong resistance to EAE. Furthermore, we found that
miR-23b suppressed leukocyte migration of EAE by targeting
CCL7, a chemokine that attracts monocytes during inflamma-
tion and metastasis. Finally, in the adoptive transfer model,
miR-23b reduced the severity of EAE by inhibiting the migra-
tion of pathogenic T cells to the CNS rather than diminishing
the encephalitogenesis of T cells. Taken together, our results
characterize a novel aspect of miR-23b function in leukocyte
migration, and they identify miR-23b as a potential therapeutic
target in the amelioration of MS and likely other autoimmune
diseases.
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INTRODUCTION
Multiple sclerosis (MS) is a chronic inflammatory demyelinating dis-
ease resulting from an autoimmune response against CNS myelin.1

Abnormal inflammatory responses, initialized by autoreactive CD4+

T cells, promote tissue damage of the CNS in MS and its animal
model, experimental autoimmune encephalomyelitis (EAE).2 Among
these CD4+ T cells, Th1 cells that produce interferon-g (IFN-g) and
Th17 cells that secrete IL-17, IL-22, and granulocyte-macrophage col-
ony-stimulating factors (GM-CSFs) are the major encephalitogenic
cells that, upon entering the CNS, activate microglia and astrocytes
to produce large numbers of cytokines and chemokines, which
further recruit peripheral immune cells to the site of inflamma-
tion.3–5 A therapeutic strategy that focuses on modulation of the
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immune response and pathogenic T cell infiltration in the CNS would
improve treatment efficacy.

MicroRNAs (miRNAs) are a class of evolutionarily conserved, short
endogenous non-coding RNAs that regulate gene expression at the
post-transcriptional level.6 They bind to the 30 UTR of the target
mRNAs and lead to the degradation or translational inhibition of
the target mRNAs.7 miRNAs play critical roles in multiple biological
processes, such as the regulation of immune cell differentiation and
correction of CNS functioning, and they are thus novel tools for diag-
nosis and therapy for several diseases.8 The involvement of miRNAs
has been reported in the pathogenesis of autoimmune diseases such as
systemic lupus erythematosus, rheumatoid arthritis, type I diabetes,
and asthma.6,9–12 Aberrant expression of miRNAs has also been
linked to MS and other inflammatory diseases.13,14 For instance,
miR-20b has been found to negatively regulate Th17 differentiation
by targeting RORgt and STAT3, and its expression was significantly
downregulated in blood cells of MS patients as compared with healthy
controls.15 Mice lacking miR-155 showed reduced CNS inflamma-
tion, and anti-miR-155 treatment ameliorated EAE disease
severity.16,17 miR-let-7e has been found to play an important role in
Th1 and Th17 development, and inhibiting its expression shifted
the immune response to a Th2 profile, halting disease progression
of EAE.7 miR-326 is among the most upregulated miRNAs in active
MS lesions and blood compared with control specimens; deletion of
miR-326 significantly halted disease development.18 Further,
miR-301 has been shown to regulate Th17-mediated immune re-
sponses by targeting the IL-6/23-STAT3 pathway, and EAE severity
was obviously altered by modulating miR-301a levels.19 These reports
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Figure 1. i.v. Injection of miR-23b Lentivirus

Ameliorates Disease Severity

(A) RT-PCR detection of spinal cord miR-23b level in

C57BL/6 mice after active immunization. (B) C57BL/6

mice were injected intravenously with 2 � 107 IU/mouse

lentivirus 5 days before MOG35-55 immunization. (C)

Cumulative clinical score of each mouse was calculated

by summing up the scores of the mouse from day 0 to day

40 p.i. (D and E) Histological examination of inflammatory

lesions and demyelination in the lumbar spinal cord of

LV-Ctrl- or LV-miR23b-treated mice by (D) H&E staining

and (E) Luxol fast blue staining (scale bar, 1 mm) at day

40 p.i. (F and G) Statistical analysis of (D) is in (F) and (E) is

in (G). Data represent three independent experiments.

Data are mean ± SD (n = 10 each group). **p < 0.01

and ***p < 0.001, determined by one-way ANOVA (A),

unpaired Student’s t test (B, C, and G), or nonparametric

test (F).
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provide evidence of a relationship between miRNA and MS/EAE;
however, the potential role of miRNAs in the context of MS/EAE is
still unclear.

miR-23b has been identified as a commonly downregulatedmiRNA in
patients with autoimmune diseases such as rheumatoid arthritis; sys-
temic lupus erythematosus; and in mouse models of collagen-induced
arthritis (CIA), MRL/lpr, and EAE. In addition, miR-23b suppresses
the pathogenesis of multiple autoimmune diseases by targeting proin-
flammatory cytokine-mediated signaling.19 Despite these reported
functions of miR-23b in antigen- specific inflammatory responses
against self-tissues, to date there has been little evidence that endoge-
nously expressed miR-23b impacts leukocyte migration in vivo.

In this study, we characterize a previously unknown miR-23b func-
tion in leukocyte migration, and we identify miR-23b as a potential
Molec
therapeutic target in the amelioration of MS
and other autoimmune diseases.

RESULTS
Expression of miR-23b in the CNS after EAE

Induction

To study the role of miR-23b in EAE develop-
ment, we first sought to analyze miR-23b
expression in mice during the course of EAE.
Thus, the CNS was harvested from mice with
EAE at different time points after disease induc-
tion, and the expression level of miR-23b was
analyzed by real-time PCR. We found that
miR-23b expression in the CNS was signifi-
cantly decreased during the acute phase, when
CNS tissues were assayed on days 6, 11, 17,
and 28 post-immunization (p.i.), and this
expression returned to normal at the chronic
stage, e.g., day 40 p.i. (Figure 1A). These results
indicated an important role of miR-23b expression in the disease
priming stage during EAE progression.

Overexpression of miR-23b Resulted in the Inhibition of EAE and

the Reduction of CNS Inflammation

To determine whether miR-23b expression can influence the devel-
opment of EAE, we developed the lentivirus vectors that can,
in vivo, increase expression levels of miR-23b (labeled as LV-
miR23b), and a mutant miR-23b served as the negative control
(labeled as LV-Ctrl). We introduced 2 � 107 transforming unit
recombinant lentivirus into mice by intravenous (i.v.) injection.
Similar with previous studies,15,18 no significant difference in
miR-23b expression level was found in heart, lung, or heart
after lentivirus injection, while approximately 1.5- to 2.5-fold in-
duction was found in spleen, lymph nodes, and brain (Figure S1).
On day 5 post-virus delivery, mice were immunized with myelin
ular Therapy Vol. 26 No 2 February 2018 583
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Figure 2. LV-miR23b Does Not Suppress T Cell

Activation in the Periphery

(A and B) Flow cytometry analysis of (A) CD4+ and (B) CD8+

T cell population in splenocytes from LV-Ctrl- and

LV-miR23b-treated mice at day 10 p.i. (disease onset).

(C) Flow cytometry analysis of the percentage of IFN-g or

IL-17 produced by Th1 or Th17 cells in splenocytes.

Data are mean ± SD (n = 5 each group; unpaired Student’s

t test).
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oligodendrocyte glycoprotein peptide (MOG35-55). LV-Ctrl-treated
mice with severe disease signs, such as limping and tail and limb
paralysis, were observed with a maximum EAE score at day
17 p.i. (maximum EAE score, 2.9 ± 0.55). LV-miR23b-treated
mice showed less severe disease (maximum EAE score, 1.6 ±

0.22) (Figure 1B), accompanied by a reduced accumulative score
(Figure 1C). Furthermore, disease onset was delayed in
LV-miR23b-treated mice as compared with LV-Ctrl-treated mice
(day 13 versus day 11 p.i.). Taken together, these findings indicate
that miR-23b plays a critical role in EAE development.

Consistent with the clinical score, histological examination of
the spinal cords of LV-Ctrl-treated and LV-miR23b-treated
mice revealed a significant difference. LV-Ctrl-treated mice dis-
played the characteristic EAE histological alteration, including
massive parenchymal lymphocytic infiltration, perivascular cuffing
with mononuclear cells, and demyelination in lumbar spinal
cord (Figures 1D–1G). In contrast, inflammatory cells infiltrated
into the CNS through subpial and perivascular region were
minimally detected in the spinal cords of LV-miR23b-treated
584 Molecular Therapy Vol. 26 No 2 February 2018
mice (Figures 1D and 1E). Furthermore,
LV-miR23b-treated mice showed less demye-
lination than LV-Ctrl-treated mice (Figures 1F
and 1G).

Disease Amelioration in LV-miR23b-

Treated EAE Mice Does Not Impair

Subpopulations of Encephalitogenic T Cells

in the Periphery

After immunization, antigen-specific T cells
were primed in the periphery before migration
into the CNS.20 To evaluate the possibility
of a potential immunomodulatory profile of
miR-23b, we tested the MOG-specific T cell
populations in secondary lymphoid organs of
LV-miR23b- and LV-Ctrl-treated EAE mice at
disease onset (day 10 p.i.). Results showed
that overexpression of miR-23b did not change
the percentages of MOG-specific CD4+ and
CD8+ T cells in spleen (Figures 2A and 2B) at
disease onset or the intracellular productions
of IL-17 and IFN-g by Th17 and Th1 cells
(Figure 2C). These results indicate that the
therapeutic effect of miR-23b on EAE is not due to impaired
T cell responses in the periphery.

Overexpression of miR-23b Impaired CNS-Directed

Encephalitogenic T Cell Infiltration

After priming in the periphery, encephalitogenic leukocytes infiltrate
into CNS parenchyma for a second wave of damage.21 As miR-23b
did not impair lymphocyte activation in the periphery, this suggested
that the mechanism of action exerted by miR-23b is dependent on the
inhibition of CNS-directed lymphocyte trafficking rather than mod-
ulation of the immune response. To test this hypothesis, we tested
the frequency as well as absolute number of leukocyte subpopulations
that infiltrated in the CNS between these groups. Compared with the
LV-Ctrl-treated group, disease amelioration correlated closely with a
reduction in the infiltration of CD45+ leukocytes in the CNS of
LV-miR23b-treated EAE mice (Figures 3A and 3B). In addition,
mononuclear cells (MNCs) were isolated from the CNS and analyzed
by flow cytometry. The total number of MNCs was 236.6 ±

18.67 � 104 per mouse in the LV-Ctrl-treated group versus 124.7 ±

17.02 � 104 per mouse in the LV-miR23b-treated group (Figure 3C).



Figure 3. LV-miR23b Limits CNS-Directed T

Lymphocyte Extravasation

(A) Immunohistochemistry staining of CD45+ cells in spinal

cord of LV-Ctrl- and LV-miR23b-treated mice (day 17 p.i.).

(B) Statistical analysis of (A). (C) Spinal cords and brains

were harvested andMNCs isolated (n = 5 each group). Total

MNC numbers in the CNS were counted under light

microscopy. (D–H) Percentages of (D) CD4+ and (E) CD8+

T cells among MNCs and (F) IFN-g+, (G) IL-17+, and (H)

GM-CSF+ cells among CD4+ T cells were determined by

flow cytometry. (I) Absolute numbers of different subtypes

of CNS-infiltrating cells were calculated by multiplying

the percentages of these cells by total numbers of MNCs

obtained from each spinal cord of mice. Data are

mean ± SD (n = 5 each group). **p < 0.01 and ***p < 0.001,

determined by one-way ANOVA (A) or unpaired Student’s

t test.
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Flow cytometry analysis demonstrated that LV-miR23b-treated mice
presented a lower frequency and numbers of CD4+ and CD8+ cells
in spinal cord (Figures 3D, 3E, and 3I). Of note, significantly fewer
infiltrations of CD4+IFN-g+, CD4+IL17+, and CD4+GM-CSF+ cells
in the CNS of LV-miR23b-treated-mice were observed (Figures
3F–3I). These results indicated that miR-23b reduced recruitment
and infiltration into the CNS of pathological CD4+ T cells, specifically
Th1 and Th17 cells.5 That is to say, disease amelioration in miR-
23b-treated mice depends on the inhibition of encephalitogenic
T cell migration.

CCL7 Is the Functional Target of miR-23b

To identify potential targets of miR-23b, we used TargetScan to
look for gene transcripts downregulated by miR-23b overexpression.
We found that a secreted chemokine gene, CCL7, has a putative
binding site in the 30 UTR of miR-23b (Figure 4A). We then analyzed
gene expression of chemokine receptors in draining lymph nodes
(dLNs) at disease onset (day 10 p.i.) and chemokine ligands in the
Mol
CNS at the peak of disease severity (day 17 p.i.).
Results showed that, among all the tested chemo-
kine receptors and ligands, only CCL7 expression
was significantly decreased in the dLNs and CNS
of LV-miR23b-treated mice (Figures 4B and 4C)
compared to LV-Ctrl-treated mice, indicating
that miR-23b plays a critical role in the regulation
of CCL7 production. Consistent with the qPCR
results, the protein level of CCL7 in CNS
homogenates, as measured by western blot, was
significantly decreased in mice treated with
LV-miR23b compared to those treated with
LV-Ctrl (Figures 4D and 4E).

To further corroborate that miR-23b could
specifically and directly bind to CCL7, we con-
structed a dual-direction fluorescence reporter
(mCherry and copGFP) vector (Figure 4F) to
test the prediction by TargetScan. The 30 UTR of CCL7 was ligated
after mCherry and copGFP was inserted as an internal control. These
two reporter genes were controlled by a dual-directional promoter.
Among the GFP+ cells, we observed remarkably decreased numbers
of GFP+mCherry+ cells and a decrease in mCherry fluorescence
intensity by transfection of miR-23b mimics, compared with mutant
miR-23b mimics (Figures 4G and 4H).

Astrocytes are the source of CCL7 in the CNS.22 To assess the mRNA
level of CCL7 in astrocytes of LV-miR23b-treated mice, astrocytes
were isolated using anti-ACSA-2 microbeads, after which the GFP+

(lentivirus-infected) astrocytes were sorted by fluorescence-activated
cell sorting (FACS), with a purity of >95%GFP+ (Figure S2; Figure 4I).
Consistently, genes of the astrocyte-related markers gfap, aqp4,
and aldh111 were highly expressed in sorted astrocyte fraction
(ACSA-2+; Figure S3). Further, the CCL7 expression level in GFP+

astrocytes from LV-miR23b-treated mice was significantly downre-
gulated compared with those from LV-Ctrl-treated mice (Figure 4J),
ecular Therapy Vol. 26 No 2 February 2018 585
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Figure 4. CCL7 Is the Functional Target of miR-23b

(A) Matched sequence of CCL7 30 UTR-binding site. (B) Draining lymph nodes were collected from EAEmice at day 10 p.i. (C) CNS was collected at day 17 p.i. Tissues were

submitted to RNA extraction and cDNA production. Analysis of expression of genes of interest was carried out by RT-PCR. (D) EAE mice treated with LV-miR23b or LV-Ctrl

were sacrificed at day 17 p.i. Brain and spinal cord tissues were harvested and homogenized for western blot. (E) Densitometry was determined by ImageJ and data were

analyzed by Graphpad Prism. (F) Schematic of bi-directional fluorescence reporter vector. (G) HEK293 cells were transfected with pDual-GFP/mCherry-CCL7 30 UTR 3 days

before transfection with miR-23b mimic or control mimic, as described in the Materials and Methods. After 24 hr, cells were checked under fluorescence microscopy.

(H) Statistical analysis of (G) by Image-Pro Plus software. (I) Sorting GFP-positive cells by FACSAria. Flow cytometry analysis of GFP+ cell population before (upper level) and

post-sorting (lower level) is shown. (J) CCL7 expression level was performed by qPCR. Data are mean ± SD (n = 5 each group) and analyzed by unpaired Student’s t test

(**p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Figure 5. LV-miR23b Reduces Cell Migration

(A) C57BL/6 mice were injected intravenously with lentivirus

5 days before MOG35-55 immunization. At 10 days p.i., mice

were sacrificed and draining lymph nodes were collected.

Single-cell suspensions (5 � 105 cells) were prepared and

seeded on the upper level of transwell plates. The lower

chamber was seeded with astrocytes that had been

activated by LPS 24 hr before. Cells were incubated for 3 hr

at 37�C. At the end of culture time, cells in the lower

chamber were counted by hemocytometer. (B) Astrocytes

were isolated and infected with LV-Ctrl or LV-miR23b for

3 days. Then after being activated by LPS for 24 hr,

supernatants were harvested and CCL7 concentrations

were determined by ELISA kits. (C) At 10 days p.i., EAE

mice were sacrificed and cells of draining lymph nodes were

seeded on the upper level of transwell plates. In the lower

chamber, astrocytes activated by LPS were added with

LV-Ctrl or LV-miR23b. Lower level cells were counted after

3-hr culture. (D) Astrocytes were infected with LV-miR23b;

3 days later, cells were incubated with LPS and anti-CCL7

(50 ng/mL) ormurine recombinant CCL7 (1 ng/mL). Draining

lymph nodes were seeded on the upper level of transwell

plates, and the numbers of migrated cells were counted

after 3-hr culture. (E) Spleen and draining lymph nodes

from LV-Ctrl- or LV-miR23b-treated EAEmice at day 10 p.i.

were collected, and MNCs were cultured with MOG35-55 +

IL-23 + IL-2 for 3 days. Cells were intravenously injected into

naive mice, and the clinical course of passive EAE (pEAE)

mice was evaluated daily. (F) Spleen and draining lymph

nodes from EAE mice at day 10 p.i. were collected and

cultured with MOG35-55 + IL-23 + IL-2 for 3 days. Cells were

intravenously injected into naive mice that had been treated

with LV-Ctrl or LV-miR23b 5 days previously. Clinical course

of passive EAE mice was evaluated daily. Data are mean ±

SD (n = 10 each group; unpaired Student’s t test, **p < 0.01,

***p < 0.001, and ****p < 0.0001).
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indicating the efficient suppression of CCL7 expression by miR-23b
in vivo. Taken together, these data demonstrated that CCL7 is the
functional target of miR-23b.

LV-miR23b Amelioration of Disease Development Depends on

the Inhibition of Leukocyte Migration

To confirm that miR-23b can directly inhibit leukocyte infiltration
rather than modulate encephalitogenic T cell differentiation, we first
used a transwell system to test cellular migration ability in vitro.
Primary astrocytes, which can secrete CCL7 when stimulated with
lipopolysaccharide (LPS), were seeded in the lower level of transwells
in the presence or absence of LPS for 18 hr. Then, dLN cells were
obtained from LV-Ctrl-treated and LV-miR23b-treated EAE mice,
cultured for 3 hr in the upper level of transwells, and the percentage
of migrating dLN cells was calculated. We observed that dLN cells
from LV-miR23b-treated mice presented a similar migratory ability
as those from LV-Ctrl-treated mice (Figure 5A), indicating that
downregulation of miR-23b in dLN cells did not interfere with
cellular migration when its functional target CCL7 was present and
sufficient. Next, we cultured dLN cells from EAE mice for 3 hr in
the upper level of a transwell, and we seeded primary astrocytes in
the lower level as was previously done, while stimulating them with
LPS before adding LV-Ctrl or LV-miR23b. We found that adding
miR-23b in culture medium significantly inhibited CCL7 production
of astrocytes (Figure 5B) and reduced the migration of draining
lymphocytes (Figure 5C). Similar to LV-miR23b, CCL7-neutralizing
antibody also markedly prevented the migration of MOG-primed
lymph node cells toward LPS-stimulated astrocytes (Figure 5D).
Conversely, the inhibited lymphocyte migration by LV-miR23b was
almost completely rescued by the addition of rmCCL7 (Figure 5D).
These results, together, suggested that supplying miR-23b directly
interferes with dLN cell migration by targeting the CCL7 production
of astrocytes.

To further confirm whether miR-23b directly affects the encephalito-
genesis of effector CD4+ T cells, splenocytes from the LV-miR23b- or
LV-Ctrl-treated EAE mice were restimulated with MOG35-55 for
3 days; CD4+ T cells from different groups were then isolated and
transferred into naive wild-type (WT) mice. The results showed
that there was no obvious difference between these two groups
(Figure 5E). In another experiment, on day 10 p.i., splenocytes
from EAE mice were restimulated with MOG35-55 and IL-23 for
Molecular Therapy Vol. 26 No 2 February 2018 587
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3 days to induce Th17 cells; CD4+ T cells were then isolated and
transferred into naive WT mice, which were treated with LV-Ctrl
or LV-miR23b 3 days later. The results showed that recipient mice
treated with LV-miR23b developed an obviously milder clinical
disease compared with LV-Ctrl-treated mice (Figure 5F). These
data confirmed that LV-miR23b ameliorates disease severity by inhib-
iting the migration of pathogenic T cells to the CNS, rather than
directly diminishing the encephalitogenesis of effector CD4+ T cells.

DISCUSSION
Several unique miRNAs have been found to be specifically expressed
in MS patients, but the underlying mechanism of miRNAs in regula-
tion of the pathogenesis of MS is still unclear. In this study, we show
that overexpression of miR-23b in vivo has a beneficial effect on EAE,
an animal model of MS, by impairing encephalitogenic Th1 and Th17
cell infiltration into the CNS. Importantly, our studies identified
CCL7 as the functional target of miR-23b. Together, our data show
a novel mechanism of action exerted by miR-23b, the inhibition of
cell migration rather than modulation of the specific inflammatory
response. These findings are interesting and shed light on a possible
therapeutic potential of miR-23b in the treatment of MS.

Acute MS is characterized by extensive infiltration of inflammatory
cells in the CNS, where they promote tissue damage and axonal
death.1,23,24 Therapies focused on immunomodulation and cellular
infiltration in the CNS are, therefore, of great importance. We
observed that overexpression of miR-23b starting on the day of
immunization resulted in a mild form of EAE and did not impair
the subpopulations of encephalitogenic T cells in the periphery.
This is interesting as the migratory ability of leukocytes to the sites
of inflammation was reduced in the miR-23b-treated EAEmice. Since
there is no evidence of the effect of miR-23b on T cell migration and
EAE prevention, our results characterize a previously unknown
miR-23b function in leukocyte migration, and they open new
perspectives for the use of miRNAs to treat relapse of MS and other
autoimmune diseases.

Numerous studies have shown that miR-23b is involved in cell meta-
bolism and cancer development,25–28 which led us to find additional
mechanisms in MS. Here we explored the possibility that miR-23b
may act as an inhibitor of chemoattractants for leukocytes. To test
this hypothesis, we measured the ability of miR-23b in in vitro and
in vivo experiments. The results demonstrated that miR-23b inhibits
the chemotaxis of leukocytes. An in vivo disease model of EAE
revealed that overexpression of miR-23b reduced the numbers of
leukocytes infiltrated into the CNS and alleviated disease symptoms.
These results suggest that leukocyte migration to the sites of inflam-
mation may be influenced by miR-23b.

Recently, accumulating evidence suggests that miR-23b plays an
important role in autoimmune pathogenesis, which led us to attempt
to determine the underlying mechanism. Zhu et al.25 showed that
miR-23b targets TAB2, TAB3, and IKK-a and suppresses nuclear
factor kB (NF-kB) activation in animal lupus, rheumatoid arthritis,
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and MS. In addition, Wu et al.29 demonstrated that the expression
levels of NF-kB, tumor necrosis factor alpha (TNF-a), IL-6, and
ICAM-1 were decreased after transfected with miR-23b mimics in
vascular endothelial cells, and they indicated that miR-23b may
play a significant role in the pathogenesis and progression of sepsis.
However, the above studies mainly focused on the relationship
between miR-23b and the NF-kB-signaling pathway, and, therefore,
they did not study the effect of miR-23b on cell migration. Here we
identified CCL7, a secreted chemokine that attracts monocytes during
inflammation and metastasis,23,30,31 as a novel target of miR-23b.

Interaction of chemokines and their receptors mediates a variety of
leukocyte responses, including immune activation and chemotaxis.32

White matter lesions in the CNS of acute EAE and MS patients
demonstrate high levels of CCL2, CCL3, CCL4, CCL5, and CCL7,
chemokines that are involved in the accumulation and activation
of leukocytes bearing CCR2, CCR4, CCR5, and CCR6 recep-
tors.21,33–35 Previous studies showed that chemokine CCL7 acts as a
CCR2 ligand, attracts monocytes,23 and regulates macrophage
function.30 There is also evidence showing that CCR2 is expressed
on T cell lineages, especially Th17 cells.31,36 Additionally, accumu-
lating evidence raises the possibility that CCR2 on Th17 cells may
be a therapeutic target in MS.35,37–39 Our data therefore suggest
that miR-23b regulates T cell migration in EAE development,
and they demonstrate that CCL7, commonly secreted by astrocytes,
is specifically targeted by miR-23b, which reduces cell infiltration to
the CNS.21,29

Our results demonstrated that miR-23b treatment did not completely
block inflammatory cell migration. One possible reason is that
different tissues and organs express several chemokines that attract
certain immune cells.3 Astrocytes, the major group of glial cells in
the CNS, affect many aspects of inflammation and immune reactivity
within the brain and spinal cord. Activated astrocytes produce
chemokines like CCL2, CCL7, and CXCL1, etc.21 Although CCR2
is expressed on T cells and, in particular, on Th17 cells, their
migration is also probably affected by other chemokine receptors,
like CCR4, CCR6, etc.33 miR-23b may thus partially prevent Th17
migration and alleviate disease development.

Recent studies have suggested that miR-23b may play an immuno-
modulatory role in other types of immune cells, including monocytes,
macrophages, and dendritic cells (DCs). For instance, miR-23b has
been found to be expressed on tolerogenic human DCs and type 2
(M2) monocyte/macrophages.40,41 miR-23b inhibits IL-12 produc-
tion in human monocyte/macrophages,42 and it plays an essential
role in the inhibitory effect of bone marrow mesenchymal stem cells
on DC differentiation and maturation.43 While we in the present
study focused on the effect of miR-23b on T cell responses in the
development of EAE, the function of miR-23b on other immune cells
and in EAE development requires further investigation.

In summary, our results characterize a novel aspect of miR-23b
function in leukocyte migration, and they identify miR-23b as a
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potential therapeutic target in the amelioration of MS and likely other
autoimmune diseases.

MATERIALS AND METHODS
Mice and EAE Induction

WT female C57BL/6 mice were purchased from the Fourth Military
University (Xi’an, China). All experimental procedures and protocols
were approved by the Institutional Animal Care and Use committee
of Shaanxi Normal University, and they were carried out in
accordance with the approved institutional guidelines and regula-
tions. Mice were maintained under standard conditions (23�C ±

2�C) in the Shaanxi Normal University Animal Facility. Mice
were immunized at two sites on the back with 200 mg MOG35-55

(Genescript, Piscataway, NJ) in 200 mL emulsion containing 50%
complete Freund’s adjuvant with 5 mg/mL Mycobacterium tubercu-
losis H37Ra (Difco Laboratories, Lawrence, KS). All mice were
intraperitoneally (i.p.) injected with 200 ng pertussis toxin (Sigma-
Aldrich) in PBS on days 0 and 2 p.i. Clinical EAE was scored daily in
a blind manner, according to a 0–5 scale as described previously: 0,
no clinical signs; 0.5, stiff tail; 1, limp tail; 1.5, limp tail and waddling
gait; 2, paralysis of one limb; 2.5, paralysis of one limb and weakness
of another limb; 3, complete paralysis of both hind limbs; 4,
moribund; and 5, death.44 Cumulative clinical scores of each
mouse were calculated by adding scores of the mouse from day 0 to
day 40 p.i.

Construction of Vectors Expressing miR-23b and Dual Direction

Fluorescence Reporter

Lentiviral vector backbone plasmid pCDH-CMV-MCS-EF1-copGFP
was digested with XbaI and SalI to remove multiple cloning sites, EF1
promoter, and copGFP. The GFP open reading frame (ORF) frag-
ment was amplified by primer pair GFPF and GFPR and cloned
into downstream of CMV promoter, after which a 100-bp genomic
sequence spanning the mouse miR-23b coding region and the flank-
ing region from 50 or 30 on either end was cloned into the downstream
of the GFP gene to form a pLV-miR23b lentiviral vector. Primer
sequences are listed in Table S1. Positive clones were screened by
enzyme digestion and DNA sequence. The vector that was inserted
with a random sequence of miRNA was used as a vector control.
Virus was produced according to the manual of Lenti-X HTX
Packaging system (Clontech Laboratories, Mountain View, CA).
For direct in vivo injection, approximately 2� 107 transforming units
of recombinant lentivirus were injected through the tail vein into each
mouse.

A controllable dual-direction fluorescence reporter vector was
modified based on the plasmid of pTRE3G-BI-mCherry (Clontech
Laboratories, Mountain View, CA). Briefly, the copGFP was inserted
into the C terminus of PTRE3G-BI and mCherry was located at the
N terminus of PTRE3G-BI. Meanwhile, the 30 UTR of CCL7 was
inserted into the 30 of mCherry. The positive clones were screened
by enzyme digestion and DNA sequence. For plasmid transfection,
500 ng pTRE3G-BI-copGFP/mCherry-CCL7UTR and control
vector pTRE3G-BI-copGFP/mCherry were transfected to 293 cells
separately. 1.5 mg/mL doxycycline (Dox) was added to activate the
promoter of TRE3G.45

Histological Analysis

Mice were sacrificed at different time points after treatment and
transcardially perfused with PBS. Brain and lumbar spinal cords
were harvested for pathological assessment and spleen for immuno-
logical assessment. CNS tissues were cut into 5-mm sections, fixed
with 4% paraformaldehyde, and stained with H&E for assessment
of inflammation and Luxol fast blue (LFB) for demyelination. Slides
were assessed and scored in a blinded fashion for inflammation as
follows: 0, none; 1, a few inflammatory cells; 2, organization of
perivascular infiltrates; and 3, abundant perivascular cuffing with
extension into the adjacent tissue.45 For demyelination quantification,
total white matter was manually outlined, and area (%) of demyelin-
ation was calculated by Image-Pro Plus software.44

For immunohistochemistry, brain and spinal cord tissues were fixed
using 4% paraformaldehyde for 1 day and then cryo-protected using
30% sucrose solution for 3 days. Fixed tissues were embedded in OCT
compound (Tissue-Tek, Sakura Finetek, Japan) for frozen sections
and then sectioned coronally at 12 mm. Transverse sections of
brain and spinal cord were cut and stained with different antibodies.
Immunofluorescence controls were routinely generated by omitting
primary antibodies. Results were visualized by fluorescent
microscopy (Nikon Eclipse E600; Nikon, Melville, NY) or confocal
microscopy (Zeiss LSM 510; Carl Zeiss, Thornwood, NY). For the
quantifications of H&E, LFB, and CD45+, ten areas in the white mat-
ter of the lumbar spinal cord were selected, following a previous
description.44

MNC Preparation

Spleen was mechanically dissociated through a 70-mm cell strainer
(Falcon, Tewksbury, MA) and incubated with red blood cell lysis
buffer (BioLegend, San Diego, CA) for 1 min. Harvested cells were
washed with cold PBS before in vitro stimulation. To acquire CNS
cells, spinal cords and brains were mechanically dissociated and incu-
bated with Liberase (Roche, Nutley, NJ) for 30 min, passed through a
70-mm cell strainer, and washed with cold PBS. Cells were then
fractionated on a 70%/30% Percoll (Sigma-Aldrich) gradient by
centrifugation at 2,000 rpm for 20 min, and MNCs were collected
from the interface and washed with PBS.

Flow Cytometry Analysis

For surface-marker staining, cells were incubated with fluorochrome-
conjugated antibodies (Abs) to CD4 and CD8 (BD Biosciences, San
Jose, CA) or isotype control Abs for 30 min on ice. For intracellular
staining, splenocytes or CNS-infiltrating MNCs were stimulated
with 25 and 10 mg/mL MOG peptide for 72 hr or overnight, respec-
tively, followed by stimulation with 50 ng/mL phorbol 12-myristate
13-acetate (PMA) and 500 ng/mL ionomycin in the presence of
GolgiPlug for 5 hr. Cells were surface stained with monoclonal
antibodies (mAbs) against CD4 and CD8. Cells were then washed,
fixed, and permeabilized with FIX&PERM solution (Invitrogen,
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Gaithersburg, MD), and intracellular cytokines were stained
with Abs against IL-17, IFN-g, or GM-CSF (BD Biosciences).
Flow cytometry analysis was performed on FACSAria (BD Biosci-
ences), and data were analyzed with FlowJo software (Tree Star,
Ashland, OR).

Real-Time PCR

Total RNAwas extracted from cells or tissues using RNeasy Plus Mini
Kit (QIAGEN, Valencia, CA) according to the manufacturer’s
instructions. Reverse transcription was conducted using QuantiTect
Reverse Transcription Kit (QIAGEN). Real-time PCR was performed
using the QuantiFast SYBR Green PCR Kit (QIAGEN), and detection
was performed using the ABI Prism 7500 Sequence Detection System
(Applied Biosystems, Foster City, CA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as an internal control. Neucleo-
tide sequences of the primers were based on published cDNA
sequences (Table S2).

Isolation of Astrocytes from the CNS of Adult Mice

Astrocytes were isolated from the CNS as previously described46,47

with minor modifications. Naive and EAE mice were euthanatized,
and then they were subjected to perfusion through the left ventricle
with sterile PBS. Spinal cord and brains were removed, minced, and
dissociated by neural tissue dissociation kits (Miltenyi Biotec, San
Diego, CA) following the protocol. The digested tissue was passed
through a 100-Mm cell strainer. Cells were then fractionated on a
70%/30% Percoll (Sigma-Aldrich) gradient by centrifugation at
2,000 rpm at 4�C for 20 min. Cells were collected from the 70%–

30% interphase and then purified with anti-astrocyte cell surface
antigen-2 (ACSA-2) microbeads (Miltenyi Biotec). Finally, the
GFP+ astrocytes were sorted by FACSAria (BD Biosciences). To
confirm that we had isolated a relatively pure population of GFP+
astrocytes, qPCR was performed for the astrocyte markers gfap,
aldh111, and aqp4.

Migration Assays

Determination of the cellular migration ability was performed in a
24-well plate with transwell insert (pore size = 5 mm) (Corning Life
Science, Pittston, PA). The migration method was followed as previ-
ously described.24 In brief, 5� 105 cells from dLNs were seeded in the
upper level at a final volume of 100 mL in IMDM supplemented with
10% fetal bovine serum (FBS). The lower level was seeded with the
astrocytes and filled with 500 mL medium in the absence or presence
of anti-CCL7 or rmCCL7 (R&D Systems, Minneapolis, MN). As
controls, some cells in the lower level received only medium. The
lentivirus-treated groups were infected 3 days before adding LPS.
The upper level cells were added to the transwell for 3 hr at 37�C.
At the end of culture time, the cells in the lower level were counted
by hemocytometer.

Western Blot Analysis

Brain and spinal cord tissues were harvested and homogenized, lysed
with 2� Laemmli lysis buffer, and boiled at 100�C for 10 min. The
lysates were then separated on 12% SDS-PAGE gels and transferred
590 Molecular Therapy Vol. 26 No 2 February 2018
onto polyvinylidene fluoride (PVDF) membranes.48 The membranes
were immunoblotted with anti-MCP3 antibody (1:5,000, Abcam,
Cambridge, MA), followed by incubation with horseradish peroxi-
dase-conjugated secondary antibodies (1:10,000; Abcam), and
finally developed with enhanced chemiluminescent (ECL; Thermo
Scientific) substrates. Densitometry analysis of blotting images was
done by using the quantificational method in ImageJ.

Cytokine Measurement by ELISA

Astrocytes were cultured at 2.0 � 106 cells/mL in DMEM supple-
mented with 10% FBS in 24-well plates and stimulated with LPS for
24 hr. Supernatants were harvested and assayed for CCL7 using
ELISA kits (R&D Systems). The optical density was determined by
Multiskan FC microplate photometer (Thermo Fisher Scientific) at
450 nm.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 6 software
(GraphPad, La Jolla, CA). Data are presented as mean ± SD. When
comparing multiple groups, data were analyzed by ANOVA
with Tukey’s multiple comparisons test. A significance criterion of
p < 0.05 was used for all statistical analysis.
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