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Abstract Increasing evidence confirms the involvement of
virus infection and miRNA, such as miR-146a, in neuroin-
flammation-associated epilepsy. In the present study, we
investigated the upregulation of miR-146a with RT-qPCR and
in situ hybridization methods in a mice infection model of
Japanese encephalitis virus (JEV) and in vitro. Subsequently
we investigated the involvement of miR-146a in modulating
JEV-induced neuroinflammation. It was demonstrated that
JEV infection promoted miR-146a production in BALB/c
mice brain and in cultured mouse microglial C8-B4 cells,
along with pro-inflammatory cytokines, such as IL-1f, IL-6,
TNF-o, IFN- and IFN-o. We also found that miR-146a
exerted negative regulatory effects upon IL-1p, IL-6, TNF-a,
IFN-B and IFN-o in C8-B4 cells. Accordingly, miR-146a
downregulation with a miR-146a inhibitor promoted the
upregulation of IL-1f, IL-6, TNF-o, IFN-f and IFN-o,
whereas miR-146a upregulation with miR-146a mimics
reduced the upregulation of these cytokines. Moreover, miR-
146a exerted no regulation upon JEV growth in C8-B4 cells.
In conclusion, JEV infection upregulated miR-146a and pro-
inflammatory cytokine production, in mice brain and in cul-
tured C8-B4 cells. Furthermore, miR-146a negatively regu-
lated the production of JEV-induced pro-inflammatory
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cytokines, in virus growth independent fashion, identifying
miR-146a as a negative feedback regulator in JEV-induced
neuroinflammation, and possibly in epilepsy.

Background

Experimental and clinical data have demonstrated that
virus infection [1] and related inflammation [2—4] in the
brain is mechanistically associated with epilepsy. Japa-
nese encephalitis virus (JEV) infection has also been
linked to the pathophysiological or pathological changes
of epilepsy [1, 5]. Complicated and sustained inflamma-
tion has been found in surgical epilepsy specimens,
including activation of microglia/macrophages and astro-
cytes [6] and induction of pro-epileptogenic inflammatory
cytokines [4, 7].

Neuro-tropic virus infection not only results in an acute
encephalomyelitis, but can also lead to secondary neu-
roinflammatory disorders [8, 9]. Infection with neuro-tropic
viruses, such as West Nile Virus (WNV) [10], Influenza
Virus [11] or JEV [1, 5] can cause cognitive dysfunction,
seizure disorders (epilepsy), and other neurologic disorders
[12]. In particular, JEV induces neuronal cell apoptotic
death and the release of pro-inflammatory cytokines, which
then promote subsequent apoptotic death of both infected
and uninfected neurons [13], implying a crucial role for
activated microglial cells and astrocytes in the pathogen-
esis of Japanese encephalitis (JE). In another mouse model,
it has been shown that tumor necrosis factor alpha (TNF-o)
is a key factor that mediates immunopathology in the
central nervous system (CNS) during JE [14].

Accumulating evidence supports a critical regulatory
role for microRNA-mediated post-transcriptional gene
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regulation in the pathogenesis of different neurodegenera-
tive and neuroinflammatory disorders [15—17]. Moreover,
there is a marked deregulation of brain miRNAs following
prolonged seizures (status epilepticus), both in patients and
in animal models [18-20]. These deregulated miRNAs are
involved in pathways related to inflammation, stress sig-
naling and neuronal excitation [19]. In particular, miRNA-
146a has been shown to be upregulated in both experi-
mental epilepsy models and human temporal lobe epilepsy
(TLE) [21, 22]. There was also a strong miRNA-146a
upregulation in astrocytes in a rat model of TLE after status
epilepticus [23, 24], suggesting a key role for miRNA-146a
in governing astrocyte activation and more broadly in
epilepsy. However, little is known about the function of
deregulated miR-146a in this process.

In the present study, we investigated upregulation of
miR-146a in a mice infection model of JEV and in mouse
microglial C8-B4 cells, which were infected with JEV.
Furthermore, we investigated the involvement of miR-146a
in JEV infection-induced upregulation of pro-inflammatory
cytokines, such as IL-1pB, IL-6, TNF-a and IFN-f, in C8-
B4 cells. The present study indicates a regulatory role for
miR-146a in JEV infection and probably in JEV infection-
associated epilepsy.

Materials and methods
JEV virus infection and brain sample preparation

The experiments involving infection of mice were
approved by the ethics committee of First Affiliated
Hospital to Science and Technology University of Henan
(ST-M-2014031). Seven-week-old female BALB/c mice
were infected via subcutaneous injection with JEV (vac-
cine strain SA14-14-2 (GenBank no. D90195)) stock or
UV-inactivated JEV (105 PFU each), diluted in Dulbecco’s
Modified Eagle’s Medium (DMEM; GIBCO, Rockville,
MD, USA) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen, Carlsbad, CA, USA). 1, 3,5, 7 or 9 days
post infection (D.P.I.), mice were sacrificed under anes-
thesia with isoflurane to collect infected brains. For miR-
146a isolation, brain samples were homogenized in DMEM
and centrifuged at 10,000 rpm for 30 min to remove cel-
lular debris. The suspension was stored at -80 °C until
further use. For in situ hybridization, the brain samples
were immediately stored at -80 °C until further use.

Cell culture, infection with JEV and miR-146a
manipulation

The C8-B4 cell line (a mouse microglia cell line) was
purchased from American Type Culture Collection

@ Springer

(ATCC) (Rockville, MD, USA) and cultured in DMEM
(Thermo Scientific, Rockford, IL, USA) supplemented
with 10% fetal bovine serum (FBS) (HyClone, Logan, UT,
USA) at 37 °C, with 5% CO,. For JEV infection, C8-B4
cells were cultured in 6-well plates to a confluence of more
than 85%. Post cell counting, JEV virus diluted with
DMEM containing 2% FBS was inoculated onto the C8-B4
cell plate (100 pl per well) with a MOI (Multiplicity of
Infection) of 1, 3 or 10. Cells were then incubated at 37 °C
for 1 h, washed with warm phosphate-buffered saline (1 x
PBS, pH7.4) three times before fresh serum-free DMEM
was added. Cells were then incubated at 37 °C for another
4, 8, 12 or 24 h, and the cell supernatants and cells were
collected respectively, and stored at -80 °C for further
analysis.

The miR-146a mimics, miR-146a inhibitor and scram-
bled RNA (as a control) were purchased from Sigma-
Aldrich (St. Louis, MO, USA), and utilized to upregulate
or downregulate miR-146a levels. 25 or 50 nM of miR-
146a mimics, miR-146a inhibitor or scrambled RNA was
transfected into C8-B4 cells using lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA).

Isolation of miRNA/mRNA and real-time
quantitative PCR (RT-qPCR) analysis

mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA)
was utilized for the miRNA extraction according to the
manufacturer’s guidance. The quantitative analysis of miR-
146a levels was performed using the mirVana qRT-PCR
miRNA Detection Kit (Ambion, Austin, TX, USA), with
U6 small nuclear RNA as an internal control. The AACt
method was used for relative quantification [25]. Total
cellular mRNA was extracted using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA). RT-qPCR analysis of IL-18,
IL-6, TNF-a, IFN-B or IFN-oo mRNA levels was performed
using the One Step SYBR PrimeScript RT-PCR Kit
(Takara, Tokyo, Japan). All mRNA expression levels were
normalized to B-actin, and the AACt method was used for
relative quantification [25].

In situ hybridization

In situ hybridization for miR-146a was performed using 5’
digoxigenin (DIG)-labeled antisense oligonucleotide
probes (18 nt) containing Locked Nucleic Acid (LNA) and
1-ethyl-3-(3-dimethylaminopropyl)  carbodiimide. The
hybridizations were done on 6 mm sections of paraffin
embedded materials, as described previously [26]. The
hybridization signal was detected using a rabbit polyclonal
Anti-DIG antibody and a horse radish peroxidase (HRP)
labeled goat anti-rabbit polyclonal antibody (both from
Abcam, Cambridge, UK) as a secondary antibody. Signal
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was detected with Diaminobenzidine (DAB) (Life Tech-
nologies, Grand Island, NY, USA).

Enzyme-linked immunosorbent assay (ELISA)
for IL-1p, IL-6, TNF-a, or IFN-o/p

A sandwich enzyme-linked immunosorbent assay (ELISA)
kit for IL-1pB, IL-6, TNF-a, IFN-B or IFN-a (Excellbio,
Shanghai, China) was used to detect the levels of each
cytokine in mouse brain tissue or in the cell supernatant.
Samples were serially diluted 1:10 and the kits were used
according to the manufacturer’s guidance. A standard
curve was generated using assay results from manufac-
turer-provided standard samples. Subsequently, for each
sample cytokine levels were calculated according to this
standard curve.

MTT assay for cellular viability

To examine the effect of transfection of scrambled RNA,
miR-146a mimics or miR-146a inhibitor on the viability of
C8-B4 cells, we performed a MTT (4,5-dimethyl-2-thia-
zolyl)-2,5-diphenyl-2-H-tetrazolium bromide) assay for the
blank control, scrambled RNA-, miR-146a mimics- or
miR-146a inhibitor-transfected cells. Briefly, 5 mg/ml of
MTT buffer was added to transfected or non-transfected
cells for an incubation period of 3 hours at 37 °C. 200 pl of
DMSO was then added to stop the reaction before the cell
viability was measured at a wavelength of 450 nm using a
microplate reader (Bio-Rad, Hercules, CA, USA).

Viral growth curve and plaque forming assay

Growth curve analysis of JEV was performed by inocula-
tion of C4-B8 cells at a MOI of 0.01 or 0.001 in 24-well
plates. 85%-confluent C4-B8 cells were incubated with
diluted JEV at 37 °C for one hour followed by three
washes with PBS. Next, the cells were incubated with 1 ml
of DMEM (with 2% FBS) per well at 37 °C for 0, 12, 24 or
48 hours. The supernatant samples were titrated by plaque
forming assay on C4-B8 cells. The growth curves were
determined in three independent experiments.

Statistical analysis

Graphpad Prism 6 statistical software was utilized for
significance analysis. The data with normal distribution
was expressed as mean £ SE; data without normal distri-
bution was logarithmically transformed to normality for
further analysis. ANOVA or t test was used for significance
analysis with multiple variables or between two groups.
P < 0.05 was considered statistically significant.

Results

miR-146a production is promoted by JEV infection
in mice brain or in cultured mouse microglial C8-B4
cells

First, BALB/c mice were infected (105 PFU per mouse)
with either JEV or UV-inactivated JEV. 1, 3, 5, 7 or 9 days
post infection (D.P.I.) mice were sacrificed and brain
samples were collected for miR-146a expression analysis
using RT-qPCR or in situ hybridization (ISH). As shown in
Figure 1A, JEV infection resulted in a significantly
increased level of miR-146a in mice brain at 5 D.P.I,
compared to the UV-inactivated JEV group (p < 0.05).
miR-146a expression increased from 2 D.P.I onwards and
reached a maximum at 5 D.P.I after which the expression
decreased (p < 0.05 or p < 0.01, Figure 1B), whereas
there was no significant time-dependent change in miR-
146a expression in mice infected with the UV-inactivated
JEV. Furthermore, we validated these results by ISH of
miR-146a in the brains of JEV-infected mice. ISH results
from brain sections of JEV-infected or UV-inactivated
JEV-infected BALB/c mice demonstrated that miR-146a
expression was strongly induced in the brain cortex area
(Figure 1C), although there was a larger area of miR-146a
positivity in JEV-infected brain samples than in the UV-
inactivated JEV-infected controls. Thus, this strongly
indicates that miR-146a expression is upregulated in
BALB/c mice after JEV infection.

To confirm the promotion of miR-146a expression by
JEV infection, we evaluated miR-146a expression in cul-
tured mouse C8-B4 cells which were infected with JEV.
RT-gPCR analysis indicated that miR-146a expression
increased markedly in JEV-infected C8-B4 cells, with a
multiplicity of infection (MOI) of 3, from 4 hours post
inoculation (H.P.L) (p < 0.05), peaking at 12 H.P.IL
(p < 0.001) (Figure 1E). This infection-induced expression
pattern was repeatable and MOI-dependent (p < 0.01 or
p < 0.001; Figure 1F). Taken together, we therefore con-
firmed the promotion of miR-146a expression by JEV
infection in cultured C8-B4 cells.

JEV infection induces pro-inflammatory cytokines
in mice brains

In order to uncover the pathogenesis of brain damage
caused by JEV infection, we examined the induction of
pro-inflammatory cytokines in the brains of BALB/c
mouse infected with 10> PFU JEV. It was demonstrated
that at 1 day post infection, there was no significant
cytokine promotion in mouse brain (data not shown). As
shown in Figure 2, from 3 D.P.I., pro-inflammatory
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Fig. 1 Japanese encephalitis
virus infection promotes miR-
146a expression in mice brains
and in mouse microglial C8-B4
cells. BALB/c mice were
infected with active or UV-
inactivated JEV (10° PFU each).
At 1, 3,5, 7 or 9 days post
infection (D.P.I.), mice were
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cytokines, such as IL-1P (Figure 2A), IL-6 (Figure 2B),
TNF-a (Figure 2C), IFN-B (Figure 2D) and IFN-o (Fig-
ure 2E) were significantly upregulated in the brains of
mice infected with JEV (p <0.05 or p < 0.01). This
upregulation was sustained at 5 D.P.I. (p <0.01 or
p < 0.001; Figure 2A-E).

To confirm the promotion of pro-inflammatory cytokine
expression by JEV infection in vitro, we subsequently
examined the expression level of four cytokines in JEV-
infected C8-B4 cells (MOI of 3). Interestingly, increased
expression of IL-1B (Figure 3A), IL-6 (Figure 3B), TNF-o
(Figure 3C), IFN-B (Figure 3D) and IFN-o (Figure 3E)
was also significant in JEV-infected C8-B4 cells (p < 0.05,
p < 0.01 or p < 0.001), and was even more significant than
in infected mouse brains. In particular, the expression of
TNF-o in JEV-infected C8-B4 cells, when compared to
control cells, was greater than 200 fold higher at 24 hours
post inoculation (Figure 3C). Thus, the promotion of pro-
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inflammatory cytokines by JEV infection was confirmed
in vivo and in vitro.

A miR-146a inhibitor reduced JEV-induced
cytokine induction in cultured C8-B4 cells

To correlate increased miR-146a expression with the
upregulation of pro-inflammatory cytokines in JEV infec-
tion, we utilized a miR-146a inhibitor to downregulate miR-
146a levels in JEV-infected C8-B4 cells before re-evalu-
ating cytokine promotion after JEV infection. Figure 4A
demonstrates that transfection with 25 or 50 nM of miR-
146a inhibitor significantly decreases the miR-146a level in
C8-B4 cells, in contrast to transfection with a scrambled
RNA control (p < 0.05 or p < 0.01); whereas transfection
of a miR-146a mimic markedly promoted miR-146a levels
at concentrations of both 25 or 50 nM (p < 0.001 respec-
tively). This inhibitory/promotory regulation of miR-146a



miR-146a inhibits JEV-induced cytokine production

1499

Fig. 2 JEV infection induces
pro-inflammatory cytokine
expression in mice brains.
BALB/c mice were infected
with active or UV-inactivated
JEV (10° PFU each), and
subsequently sacrificed for
analysis of pro-inflammatory
cytokines in brain samples at 3
or 5 D.P.I.. Mice brain samples
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by the miR-146a inhibitor or mimic was evident at 8 or
12 hours post infection in JEV-infected C8-B4 cells
(p < 0.05, p < 0.01 or p <0.001, Figure 4B). To investi-
gate the regulatory role of miR-146a in promotion of pro-
inflammatory cytokines after JEV infection, we re-exam-
ined the levels of IL-1p, IL-6, TNF-a, IFN- and IFN-o.
When compared to the scrambled RNA group, transfection
with 50 nM of a miR-146a mimic significantly reduced the
level of IL-1B (Figure 4C), IL-6 (Figure 4D), TNF-o
(Figure 4E), IFN-B (Figure 4F) and IFN-a (Figure 4G) in
JEV-infected C8-B4 cells, at both 12 and 24 H.P.I
(p < 0.05 or p < 0.01).

In addition, we re-evaluated proinflammatory cytokine
induction in JEV-infected C8-B4 cells, post transfection
with a miR-146a inhibitor. As indicated in Figure 5A, there
was a higher level of IL-1B in miR-146a inhibitor-trans-
fected C8-B4 cells, than in scrambled RNA-transfected C8-
B4 control cells (p < 0.05 or p < 0.01). Furthermore miR-
146a inhibitor transfection also promoted JEV-induced IL-

5

6 (Figure 5B), TNF-a (Figure 5C), IFN-f (Figure 5D) and
IFN-o (Figure SE) expression (p < 0.05, p <0.01 or
p < 0.001). Taken together, this indicates a negative reg-
ulatory role for miR-146a in the promotion of pro-inflam-
matory cytokines after JEV infection in C8-B4 cells.

miR-146a-mediated cytokine reduction is virus-
independent

To investigate whether miR-146a-mediated cytokine
reduction was dependent on JEV infection, we then cor-
related miR-146a expression and JEV growth. Figure 6A
demonstrates that transfection of scrambled RNA, miR-
146a mimics or miR-146a inhibitor slightly reduced the
viability of C8-B4 cells, but not significantly. Plaque
forming assays demonstrated that there was no significant
difference in the number of JEV-induced plaques in normal
C8-B4 cells (blank) when compared to C8-B4 cells trans-
fected with scrambled RNA-, miR-146a mimics- or miR-
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146a inhibitor (Figure 6B and 6C). In addition growth
curve analysis of JEV showed that viral replication was not
significantly different in these four types of C8-B4 cells,
with a MOI of 0.01 or 0.001(Figure 6D and 6E). Thus, we
concluded that miR-146a-mediated cytokine reduction was
virus-independent.

Discussion

Japanese encephalitis (JE) is characterized by the neuronal
destruction/dysfunction caused by neuroinflammation [27].
JEV infection induces neuronal apoptotic cell death and the
release of pro-inflammatory cytokines, which then promote
subsequent apoptotic death of both infected and uninfected
neurons [13]. The virus-mediated killing and cytokine-
mediated cytotoxicity have been reported to cause neuronal
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death [28]. In particular, microglia, as a mononuclear
phagocytic population in the CNS parenchyma, represent
an important component of the innate immune response
against invading pathogens [28], and is widely considered
to play a key role in the pathogenesis of JE and the immune
response against JEV infection [28-32]. Recently, the
inflammatory responses and consequences of astrocyte
activation after JEV infection have also been examined. It
was demonstrated that pro-inflammatory mediators as
TNF-a and IL-1fB were also promoted by JEV infection in
astrocytes or in microglial cells [33-36]. However, the
activation mechanism after JEV infection is not fully
understood.

In the present study, we examined the role of miR-146a
in the promotion of pro-inflammatory cytokines in mouse
brain, and separately in C8-B4 microglial cells in vitro,
post JEV infection. Results demonstrated that JEV
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Fig. 4 A miR-146a inhibitor reduced the induction of pro-inflam-
matory cytokines by JEV infection in cultured C8-B4 cells. A: miR-
146a inhibitor down-regulated miR-146a levels in C8-B4 cells, when
compared to the scrambled RNA and miR-146a mimics; B: A miR-
146a inhibitor (50 nM) reduced miR-146a expression after JEV
infection (3 MOI) in C8-B4 cells at 8 or 12 H.P.I.; C-F: A miR-146a
inhibitor (50 nM) reduced JEV infection-mediated induction of IL-1
(C), IL-6 (D), TNF-a. (E) or IFN-f (F) in C8-B4 cells at 8 or 12 H.P.1;

infection induced a significant upregulation of miR-146a
levels in BALB/c mice brains, in a time-dependent fashion,
observed by both RT-qPCR and ISH. The miR-146a
upregulation was also confirmed in cultured mouse
microglial C8-B4 cells after JEV infection. The expression
of the two key microRNA processing enzymes Drosha and
Dicer was also significantly upregulated in JEV-infected
cultured C8-B4 cells, at both the mRNA and protein levels.

C8-B4 cells were transfected with miR-146a inhibitor or scrambled
RNA and then infected with JEV(3 MOI) for 8 or 12 hours. The
supernatant in each group was then collected and examined for IL-1§,
IL-6, TNF-o or IFN-B using an ELISA kit. Each result was
independently performed in triplicate, and was expressed as mean
fold change, relative to control samples. * p < 0.05, ** p < 0.01 or
% p < 0.001

The present study then confirmed the role of the upregu-
lated pro-inflammatory cytokines in brain damage caused
by JEV infection. Results demonstrated that pro-inflam-
matory cytokines such as IL-1B, IL-6, TNF-o and IFN-f
were also significantly upregulated in the brains of BALB/c
mouse infected with JEV. The induction of pro-inflam-
matory cytokines by JEV infection was also confirmed
in vitro, since these four cytokines were also significantly
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upregulated in JEV-infected C8-B4 cells. Moreover, the
present study associated miR-146a with the upregulation in
pro-inflammatory cytokines by JEV infection; since a miR-
146a inhibitor reduced JEV-promoted pro-inflammatory
cytokine induction in cultured microglial C8-B4 cells. In
addition, our results demonstrated that miR-146a-mediated
negative regulation of cytokines was virus growth-inde-
pendent, since miR-146a upregulation or downregulation
exerted no effect on virus growth in C8-B4 cells.
miR-146a has been shown to increase in response to
virus infection or viral products, such as human T-cell
leukemia virus type I (HTLV-1) [37], human immunod-
eficiency virus (HIV) [38] and Kaposi’s sarcoma-associ-
ated herpesvirus (KSHV) [39]. miR-146a induction leads
to an impaired antiviral state against Varicella-zoster
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virus (VZV) infection, via targeting TNFR-associated
factor 6 (TRAFG6), and IL-1R-associated kinase (IRAK) 1
and 2 [40, 41]. We speculated that miR-146a induction
might also be a strategy for JEV to antagonize the innate
immune system against JEV infection. However, the
possible mechanism underlying such a response remains
unclear.

Conclusion

In summary, the present study confirmed the upregulation
of miR-146a in JEV-infected microglial cells, and that this
miR-146a promotion contributed to the upregulation of
pro-inflammatory cytokines, such as IL-1p, IL-6, TNF-o,
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Fig. 6 miR-146a exerted no regulatory effect on JEV growth in
cultured C8-B4 cells. A: An MTT assay for the viability of blank or
miR-146-regulated C8-B4 cells (transfected with 50 nM scrambled,
miR-146a mimics or miR-146a inhibitor for 24 hours); B and C: A
plaque forming assay for JEV virus in scrambled-, miR-146a mimic-

IFN-f and IFN-a. It implies a regulatory role for miR-146a
in JEV infection and probably in JEV infection-associated

epilepsy.
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