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ABSTRACT Japanese encephalitis virus (JEV) is a neurotropic flavivirus that invades
the central nervous system and causes neuroinflammation and extensive neuronal
cell death. Nucleotide-binding oligomerization domain 1 (NOD1) is a type of pattern
recognition receptor that plays a regulatory role in both bacterial and nonbacterial
infections. However, the role of NOD1 in JEV-induced neuroinflammation remains
undisclosed. In this study, we evaluated the effect of NOD1 activation on the pro-
gression of JEV-induced neuroinflammation using a human astrocytic cell line and
NOD1 knockout mice. The results showed that JEV infection upregulated the mRNA
and protein expression of NOD1, ultimately leading to an enhanced neuroinflamma-
tory response in vivo and in vitro. Inhibition of NOD1 in cultured cells or mice signifi-
cantly abrogated the inflammatory response triggered by JEV infection. Moreover,
compared to the wild-type mice, the NOD1 knockout mice showed resistance to JEV
infection. Mechanistically, the NOD1-mediated neuroinflammatory response was
found to be associated with increased expression or activation/phosphorylation of
downstream receptor-interacting protein 2 (RIPK2), mitogen-activated protein kinase
(MAPK), extracellular signal-regulated kinase (ERK), Jun N-terminal protein kinase
(JNK), and NF-kB signaling molecules. Thus, NOD1 targeting could be a therapeutic
approach to treat Japanese encephalitis.

IMPORTANCE Neuroinflammation is the main pathological manifestation of Japanese en-
cephalitis (JE) and the most important factor leading to morbidity and death in humans
and animals infected by JEV. An in-depth understanding of the basic mechanisms of
neuroinflammation will contribute to research on JE treatment. This study proved that
JEV infection can activate the NOD1-RIPK2 signal cascade to induce neuroinflammation
through the proven downstream MAPK, ERK, JNK, and NF-kB signal pathway. Thus, our
study unveiled NOD1 as a potential target for therapeutic intervention for JE.
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Japanese encephalitis virus (JEV) is a positive-sense, single-stranded RNA virus, belong-
ing to the genus Flavivirus of the family Flaviviridae, which can cause Japanese en-

cephalitis (JE) (1). JE is an acute and severe disease of the central nervous system (CNS),
one of the foremost causes of epidemic encephalitis in humans, especially in the regions
of South and Southeast Asia, eastern Russia, a few parts of Australia, and the Western
Pacific islands (Saipan and Papua New Guinea) (2, 3). Severe JE gives rise to numerous

Editor Bo Zhang, Wuhan Institute of Virology

Copyright © 2022 Chen et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Shengbo Cao,
sbcao@mail.hzau.edu.cn.

The authors declare no conflict of interest.

Received 15 December 2021
Accepted 26 April 2022
Published 31 May 2022

May/June 2022 Volume 10 Issue 3 10.1128/spectrum.02583-21 1

RESEARCH ARTICLE

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/spectrum.02583-21
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.02583-21&domain=pdf&date_stamp=2022-5-31


physiopathological alterations, which are characterized by high fever, headache, stiffness
of neck muscles, disorientation, seizures, paralysis, coma, and eventually death (4).
According to a World Health Organization report, about 60% of the world’s population
(nearly 3 billion) live in areas where JE is endemic, with an estimated 13,600 to 20,400
deaths annually, indicating a huge threat to human health (5).

JEV targets the CNS, causing devastating and fatal neuroinflammation characterized
by neuronal destruction, microgliosis, astrogliosis, and the production of various
inflammatory cytokines (6–9). Neuroinflammation is the main pathological manifesta-
tion of JE and the most important factor leading to morbidity and death in humans
and animals. Several mechanisms of JEV-induced neuroinflammation have been eluci-
dated in the past few years. The current understanding is that JEV reaches the CNS by
crossing the blood-brain barrier (10–12), then infects microglia, astrocytes, and neu-
rons, causing neuroinflammation by stimulating cell surface Toll-like receptors, plate-
let-derived growth factor receptors, C-C motif chemokine receptor 2, and/or cytosolic
retinoic acid-inducible gene I (RIG-I) pattern recognition receptor (PRRs)-induced
immune signaling cascades (13–16). Whether other PRRs can recognize JEV and acti-
vate an inflammatory response remains to be uncovered.

Nucleotide-binding oligomerization domain 1 (NOD1) belongs to the NOD-like re-
ceptor (NLR) family of PRRs, which are localized in the cytoplasm (17, 18). NOD1 has
been mainly reported to sense bacterial pathogens by detecting a conserved structure
of peptidoglycan in the bacterial cell wall (17). Upon sensing peptidoglycan, NOD1 sig-
nals via a caspase-activated recruitment domain and subsequently interacts with its
adaptor protein, receptor-interacting protein 2 (RIPK2) (19–21). The NOD1-RIPK2 inter-
action results in the activation of nuclear factor kappa B (NF-kB) and mitogen-activated
protein kinase (MAPK) pathways to drive inflammatory cytokine production (19, 20). A
number of recent studies have also suggested a role of NOD1 in nonbacterial infections.
For instance, Vegna et al. (22) found that NOD1 can be activated by the polymerase of
the hepatitis C virus (HCV). Specifically, NOD1 interacts with the viral double-stranded
RNA (dsRNA) to regulate the innate immune response and inflammation triggered by
HCV. Although the functions of NOD1 are known in both bacterial and nonbacterial infec-
tions, its role in JEV-induced neuroinflammation is undetermined.

In this study, we found that JEV infection upregulated the expression of NOD1 in
human glial cells and mouse brain tissues. Inhibition of NOD1 expression ameliorated
JEV-induced neuroinflammation via dampening the NF-kB and MAPK signaling path-
ways both in vitro and in vivo. These data revealed a novel mechanism of JEV neuroin-
vasion and suggest NOD1 as a therapeutic target for treating JE.

RESULTS
JEV infection upregulates NOD1 and RIPK2 expression in vitro and in vivo. The

mechanism of JEV-induced neuroinflammation is very complex, because numerous
host proteins are involved. Previously, we used a microarray approach to identify differ-
entially expressed mRNAs in JEV-infected mouse brain tissues and found a large num-
ber of significantly expressed mRNAs that are predominantly involved in signaling
pathways related to host immune and inflammatory responses (23). Among these, the
expression of NOD1 mRNA was also observed to be significantly altered in infected
brain tissues. To map the signaling pathways disturbed in mouse brains upon JEV
infection, we assessed the effect of altered mRNA expression, as detected in our micro-
array study, on cell signaling pathways using the KEGG pathway and PathView bioin-
formatic algorithms. We found that the NOD1-RIPK2 signaling pathway was one of the
pathways that were significantly perturbed after infection (Fig. S1A in the supplemen-
tal material). The mRNA expression levels of NOD1, RIPK2, and some other significantly
expressed factors in brain tissues and mouse primary neuron/glia cultures were vali-
dated by quantitative real-time PCR (qRT-PCR) (Fig. S1B). Since the role of NOD1 in JEV
infection is still unexplored, we focused on NOD1 for subsequent analyses. To further
validate NOD1 and RIPK2 expression during JEV infection, we used newly prepared
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lysates of mouse brain tissues, mouse microglial cells (BV2), and human astrocytic cells
(U251). NOD1 and RIPK2 showed upregulated expression levels upon JEV infection
(Fig. 1A, B, and C), whereas a same-family member, NOD2, exhibited no change (Fig. 1D).
Furthermore, we examined NOD1 and RIPK2 expression at different infection time points
in cultured U251 cells and observed that JEV infection upregulated their expression in a
time-dependent manner, as determined by qRT-PCR and immunoblot analysis (Fig. 1E
and F). Overall, these results demonstrate that JEV infection enhanced the expression lev-
els of NOD1 and RIPK2 in vitro and in vivo.

NOD1 knockdown prevents JEV-induced inflammatory cytokine production in
vitro. Next, we investigated the role of NOD1 in regulating the JEV-induced inflamma-
tory response. To explore this, we subjected U251 cells to NOD1 knockout using
CRISPR/Cas9 technology. We remained unable to fully abrogate NOD1 expression, and
hence, used cells displaying a NOD1 knockdown phenotype (Fig. 2A) for subsequent
experiments. To this end, NOD1-engineered or control cells were infected with JEV at
the indicated time points, followed by sample harvesting to determine the expressions
of inflammatory cytokines. As shown in Fig. 2B, the knockdown of NOD1 significantly
reduced the expression levels of tumor necrosis factor a (TNF-a), C-C motif chemokine
ligand 5 (CCL5), and interleukin 1b (IL-1b) at 24 and 36 h postinfection compared to
that in nonengineered cells. Thus, these data suggest a role of NOD1 in inducing the
inflammatory response upon JEV infection.

NOD1 knockout alleviates JEV-induced inflammatory response and glial cell
activation in mouse brain tissues. Inflammation is an important pathological mani-
festation of JE, and is due to the activation of glial cells and the secretion of

FIG 1 Japanese encephalitis virus (JEV) infection enhances the expressions of nucleotide-binding oligomerization domain 1 (NOD1) and receptor-
interacting protein 2 (RIPK2) in mouse brain tissues and mouse or human glial cell lines. (A to C) Reverse transcription-quantitative PCR (qRT-PCR) analysis
of NOD1 mRNA levels in (A) JEV-infected mice brain tissues, (B) BV2 cells, and (C) U251 cells. (D) Immunoblot analysis of NOD1, NOD2, and RIPK2 protein
levels in U251 cells. (E) Quantitative real-time PCR (qRT-PCR) analysis of NOD1 and RIPK2 mRNA levels at different time points post-JEV infection of U251
cells. Cells were infected with JEV at an MOI of 5, followed by sample harvesting at indicated time points. (F) Immunoblot analysis of NOD1 protein levels
at different time points post-JEV infection of U251 cells. Cells were infected with JEV at an MOI of 5, followed by sample harvesting at indicated time
points. Data are presented as the results of three independent experiments. ***, P , 0.001.
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inflammatory factors. To assess the role of NOD1 in JEV-induced neuroinflammation,
wild-type (WT) or NOD1 knockout (NOD1–/–) mice were infected or not infected with
JEV via the subperitoneal route. Mice from all groups were euthanized on day 7 postin-
fection when the WT mice exhibited obvious clinical symptoms of JE. Brain samples
were collected and processed for inflammatory cytokine analysis, hematoxylin-eosin
(H&E) staining, and immunohistochemistry (IHC). It was observed that the knockout of
NOD1 expression in mice resulted in reduced histopathological changes (meningitis
and perivascular cuffing) and reduced numbers of activated astrocytes and microglia
in brain tissues compared to that in the WT mice (Fig. 3A). Moreover, the reduction of
brain pathological features in NOD1–/– mice was correlated with diminished secretion
of inflammatory cytokines (TNF-a, CCL5, and IL-1b) in brain tissues (Fig. 3B). Taken to-
gether, these findings indicate that inhibition of NOD1 expression in mice reduces the
neuroinflammation caused by JEV infection.

NOD1 knockout reduces JEV-induced neuronal cell death in mouse brain tissues.
It has been reported that there is a close relationship between neuroinflammation and

FIG 2 NOD1 knockdown inhibits JEV-induced inflammatory cytokine production in vitro. (A) Immunoblot analysis of NOD1 protein levels in U251 cells
engineered for NOD1 knockdown using CRISPR-Cas9 technology. (B) qRT-PCR analysis of mRNA levels of inflammatory cytokines (tumor necrosis factor a
[TNF-a], C-C motif chemokine ligand 5 [CCL5], and interleukin 1b [IL-1b]) at different time point post-JEV infection of U251 cells. Controls and NOD1
knockdown cells were infected with JEV at an MOI of 5, followed by sample harvesting at indicated time points. Data are presented as the results of three
independent experiments. *, P , 0.05; **, P , 0.005; ***, P , 0.001.
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neuronal cell damage during JEV infection. Neuroinflammation can lead to neuronal
cell damage, and inflammatory mediators released by dead neurons can also aggra-
vate neuroinflammation (6, 8, 16, 24, 25). To examine whether NOD1 inhibition in mice
can reduce neuronal cell damage, brain samples collected from JEV-infected or mock-
infected WT or NOD1–/– mice on day 7 postinfection were subjected to a terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay
and IHC staining. The numbers of TUNEL-positive cells were found to be significantly
decreased in JEV-infected NOD1–/– mice compared to that in infected WT mice
(Fig. 4A). Moreover, IHC staining showed a significant increase in the number of neuro-
nal cells in JEV-infected NOD1 knockout mice compared to WT mice (Fig. 4B).
Altogether, these data demonstrate that the inhibition of NOD1 in mice attenuates
neuronal cell damage induced upon JEV infection.

NOD1 knockout reduces mouse lethality induced by JEV infection. As demon-
strated above, NOD1 plays an imperative role in preventing the JEV-triggered inflam-
matory response and neuronal damage both in vitro and in vivo. We then assessed the
potential of NOD1 knockout in protecting mice against JEV-associated lethality. In JEV-

FIG 3 NOD1 knockdown alleviates JEV-induced inflammatory response and glial cell activation in mice brain tissues. (A) Hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC) to observe pathological changes and activation of glial cells. Black arrows indicate perivascular cuffing and white
boxes indicate activated glia cells. Scale bar, 200 mm. (B) WT mice and NOD1–/– mice were subjected to JEV or mock infection as described previously.
Brain samples were collected on day 7 after JEV infection. Protein levels of TNF-a, CCL-5, and IL-1b in brain lysates were analyzed by ELISA. Data are
representative of three mice with similar results. *, P , 0.05, **, P , 0.01.
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infected WT mice, mortality and morbidity were markedly higher than that in the
infected NOD1–/– mice. Mortality started to appear on day 6 postinfection and reached
up to 86.7% on day 13. In contrast, the infected NOD1–/– mice showed a lower mortal-
ity rate of 46.7% during the entire 21-day observation period (Fig. 5A). In addition, we
recorded behavioral signs (such as messy hair, trembling, seizures, paralysis, and death)
in all experimental groups of mice and found that the inhibition of NOD1 in infected
mice caused improved behavioral signs compared to those in WT mice challenged
with JEV infection (Fig. 5B). We also determined the viral loads in infected mouse brain
tissues by measuring viral titers through plaque assay. Brain homogenates prepared
on day 6 postinfection from JEV-infected NOD1–/– mice showed almost equal viral titers
compared to those from infected WT mice (Fig. 5C). These results suggest that the inhi-
bition of NOD1 can provide a protective effect against JEV-induced mortality by damp-
ening neuroinflammation.

FIG 4 NOD1 knockout reduces JEV-induced neuronal cell death in mouse brain tissues. (A) Apoptotic neurons (green) in the mouse brain on day 7 after
JEV infection were detected using a TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) assay kit. Right panel shows
quantification of TUNEL-positive cells. Scale bar, 400 mm. (B) IHC staining to observe NeuN-positive cells. White boxes indicate neuronal degeneration and
number changes. Scale bar, 200 mm. Data are representative of three mice with similar results. **, P , 0.01.
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NOD1 regulates JEV-induced neuroinflammation through activation of the
conventional targets: MAPK, ERK, JNK, and NF-jB. The roles of NOD1-mediated sig-
naling pathways in regulating inflammation have been studied extensively. The con-
ventional downstream effector molecule for NOD1 is RIPK2 (26, 27), which initiates
downstream signaling toward a variety of inflammation-related pathways such as
MAPK, ERK, JNK activation, and NF-kB-dependent signaling (20, 21, 28–30). To deter-
mine the NOD1 signaling pathway involved in the regulation of JEV-induced neuroin-
flammation, we tested the activation of downstream molecules of NOD1 signaling in
glial cells and mouse brain tissues upon JEV infection. As shown in Fig. 6A and B,
increased NOD1 expression in WT U251 cells and mouse brain tissues was found to be
associated with enhanced expression or activation/phosphorylation of its downstream
signaling molecules (RIPK2, MAPK, ERK, and JNK), which ultimately led to NF-kB activa-
tion as confirmed by p65 activation and IkB degradation in the lysates of cultured cells
and brain tissues. In contrast, the inhibition of NOD1 in cultured cells and mice mark-
edly reduced the expression or activation/phosphorylation of NOD1 signaling-related
molecules (Fig. 6A and B). Hence, these results suggest that NOD1 regulates JEV-
induced neuroinflammation through activation of downstream MAPK, ERK, JNK, and
NF-kB signaling pathways, both in vitro and in vivo.

JEV infection enhances NOD1 expression by upregulating its transcription factor,
IRF1. NOD1 expression can be regulated at the transcriptional and post-transcriptional
levels by various mechanisms. It is known that the interferon-g (IFN-g), a potent proin-
flammatory cytokine, can regulate the promoter activity of NOD1 by targeting its tran-
scription factor, interferon regulatory factor 1 (IRF1) (31). There are three IRF1 binding
sites in the core promoter region of NOD1, as shown in Fig. 7A. Since JEV infection is
also known to augment the expression of interferon-g, we hypothesized that JEV

FIG 5 NOD1 knockout reduces lethality in JEV-infected mouse model. (A) Survival of mice in each group was monitored for 21 days after JEV inoculation.
Data were collected and are shown as Kaplan-Meier survival curves (n = 15 mice). (B) Presentation of clinical signs of disease in mice on indicated days
following JEV infection. (C) Viral titers in mouse brains on day 7 after JEV infection were determined by plaque assay. Viral titers are shown as PFU/mL
(n = 5 mice).
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infection may promote NOD1 transcription by upregulating IRF1 expression. To con-
firm this, we first examined the expression level of IRF1 in JEV-infected U251 cells and
found that JEV infection enhanced IRF1 expression levels in a time-dependent manner,
which is analogous to NOD1 expression in these infected cells (Fig. 7B). In addition, we
assessed NOD1 promoter activity in the presence or absence of IRF1 expression. As
quantified by a luciferase reporter system, the activity of the NOD1 promoter region
was significantly enhanced when Flag-tagged IRF1 was co-expressed in NOD1 pro-
moter-expressing cells (Fig. 7C). IRF1-induced enhanced NOD1 promoter activity was
also observed to associate with increased NOD1 expression at both the transcriptional

FIG 6 NOD1 signaling pathway regulates JEV-induced neuroinflammation. (A to D) Immunoblot analysis of expression or activation/phosphorylation of NOD1
and its associated downstream signaling molecules in NOD1 knockdown U251 cells and NOD1–/– mouse brain tissues with or without JEV infection. Protein
levels of RIPK2, p-JNK, p-p38MAPK, p-ERK, p-IkB-a, IkB-a and p-p65 were quantified by immunoblot scanning using image J software and normalized to the
amount of GAPDH. Data are representative of three independent experiments or three mice with similar results. *, P , 0.05; **, P , 0.005; ***, P , 0.001.
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and post-transcriptional levels, as determined by qRT-PCR and immunoblot analysis,
respectively (Fig. 7D). In addition, IRF1 knockdown can significantly attenuate JEV-
induced upregulation of NOD1 expression (Fig. 7E). Thus, these results reveal that JEV
infection stimulates NOD1 expression by upregulating the expression of its transcrip-
tion factor, IRF1.

DISCUSSION

NOD1 and NOD2 are well-characterized intracellular PRRs which recognizeg-D-glu-
tamyl-meso-diaminopimelic acid and muramyl dipeptide, respectively. g-D-Glutamyl-
meso-diaminopimelic acid is found predominantly in Gram-negative bacteria, while
muramyl dipeptide is present in the peptidoglycans of almost all bacteria. NOD1 and
NOD2 participate in regulating the innate immunity and inflammatory responses
induced by bacteria (21, 32). In this study, we discovered for the first time that NOD1
positively regulates neuroinflammation caused by JEV infection.

Both NOD1 and NOD2 have broad tissue distribution. Expression of NOD1 and/or
NOD2 has been documented in macrophages, myeloid dendritic cells (DCs), plasmacy-
toid DCs, B cells, CD41 and CD81 T cells, natural killer cells, gd T cells, neutrophils, en-
dothelial cells, adipocytes, smooth and skeletal muscle cells, and platelets. Each cell
type appears to have different levels of NOD1 and NOD2 expression. Here, we detected
high NOD1 expression in glial cells, especially in astrocytes, which are the targets of

FIG 7 JEV infection upregulates NOD1 expression by enhancing the expression of transcription factor interferon regulatory factor 1 (IRF1). (A) Schematic
diagram of the transcription factor IRF1 binding site upstream from the NOD1 promoter. (B) qRT-PCR analysis of IRF1 and NOD1 at different time points
post-JEV infection and after poly: IC (polyinosinic-polycytidylic acid) treatment of U251 cells. (C) Analysis of NOD1 promoter activity in U251 cells using
the dual-luciferase reporter assay system. Upper panel indicates luciferase signals, lower panel confirms Flag-tagged IRF1 expression in the transfected
cells. (D) Transcriptional and post-transcriptional levels of NOD1 upon Flag-tagged IRF1 expression in U251 cells. (E) Immunoblot analysis of NOD1
protein levels after IRF1 small interfering RNA (siRNA) transfection followed by JEV infection of U251 cells. Cells were transfected with IRF1 siRNA for 24
h, then infected with JEV at an MOI of 5, followed by sample harvesting at indicated time points. Data are presented as the results of three
independent experiments. **, P , 0.005; ***, P , 0.001.
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JEV in the CNS, preceded only by neurons, and proved the role of NOD1 in JEV patho-
genesis. Whether or not NOD1 has the same functions in cells other than glial cells in
the CNS remains undisclosed.

It has been documented that NOD1 and NOD2 exhibit similar structure and domain
organization, but their functions are somewhat different (17, 19–21). In addition to dif-
ferences in the recognition and regulation of bacterial infection, NOD1 and NOD2 also
display different functions during viral infections. For instance, NOD1 can recognize
dsRNA of the hepatitis C virus and subsequently trigger downstream RIG-I-mediated
interferon-b (IFN-b) signaling (22), whereas NOD2 oligomerizes and interacts with the
mitochondrial antiviral signaling protein to drive IRF3-dependent expression of IFN-b
(33). In this study, we showed that JEV infection upregulated NOD1 expression, while
inducing no effect on NOD2 expression. The increased NOD1 expression was found to
enhance JEV pathogenesis by stimulating the conventional inflammatory pathways.
Whether or not NOD2 participates during JEV infection remains undetermined.

NOD1 activation stimulates the NF-kB signaling pathway, leading to the production
of IFN, which, in turn, inhibits virus replication (34). On the other hand, viruses have
evolved strategies to exploit NF-kB signaling for the purpose of inducing inflammatory
responses (35). These contradictory effects could be associated with tissue specificity.
Considering this, we propose that NOD1 acts as an antiviral factor in the periphery,
whereas in the CNS it acts as a proviral factor to enhance JEV pathogenesis. In addition,
it has been reported that NOD1 can trigger IFN and inflammatory responses by engag-
ing signaling pathways other than NF-kB (36–40). However, the exact mechanism for
this needs to be explored.

Upon infection, NOD1 expression can be regulated by a variety of mechanisms. As
mentioned previously, IFN-g can regulate NOD1 promoter activity by targeting the
transcription factor IRF1 to activate NOD1 mRNA transcription. In our study, we found
that JEV infection enhanced IRF1 expression to activate the NOD1 promoter activity,
thereby leading to increased NOD1 expression. Because the NOD1 promoter region
harbors multiple transcription factor binding sites, it would be interesting to examine
whether transcription factors other than IRF1 regulate NOD1 expression during JEV
infection. Moreover, NOD1 was proven to be activated by the RNA-dependent RNA po-
lymerase and dsRNA of the hepatitis C virus (21). In a similar context, we also found
that the treatment of cultured cells with dsRNA artificial mimics (polyinosinic-polycyti-
dylic acid, or poly I:C) promoted NOD1 expression at the transcription level (Fig. 7B),
suggesting that there may be some unknown mechanisms which can also lead to the
accumulation of NOD1; this needs to be explored in future studies.

In conclusion, we demonstrated for the first time that JEV infection activates the
NOD1 signaling pathway to induce neuroinflammation. The inhibition of NOD1
reduces neuropathogenesis and protects mice from lethality during JEV infection.
Therefore, targeting NOD1 could be considered a potential therapeutic approach to
treat JEV pathogenesis.

MATERIALS ANDMETHODS
Cell culture and virus propagation. Human astrocytoma cell line U251 and mouse microglial cell

line BV-2 were cultured and maintained in Dulbecco’s modified Eagle’s medium (DMEM; 4,500 mg/L glu-
cose) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum, penicillin (100 U/mL), and
streptomycin sulfate (100 mg/mL) at 37°C in a 5% CO2 atmosphere. JEV wild-type strain P3 was propa-
gated in suckling mouse brains and viral titers were determined by plaque assay on baby hamster kid-
ney (BHK)-21 cells.

NOD1 knockdown. Two guide RNAs (gRNAs) targeting NOD1 and one control gRNA targeting green
fluorescent protein were cloned into the lentiviral vector lentiCRISPR v2. About 800 ng lentiviral vector,
400 ng packaging plasmid pMD2.G, and 800 ng pSPAX2 was cotransfected into HEK 293T cells using the
FuGENE HD transfection reagent (Promega, Madison, WI) according to the manufacturer’s instructions.
At 48 h post-transfection, viral supernatants were collected and then inoculated into 4 � 105 U251 cells
for another 48 h. Next, the gRNA-expressing cells were selected with 1.5 mg/mL puromycin and then
plated into 12-well plates for further experiments. The single-cell clones were cultured in 96-well plates
for an additional 7 days or longer. Immunoblotting was used to screen for NOD1-deficient clones and
verify the knockdown efficiency. The genotyping of the knockout cells was determined by sequencing.
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The sequences of the gRNAs were as follows: gRNA-NOD1-1, 59-AAACCATCTTCGGCCGAGAAGTAGC-39;
gRNA-NOD1-2, 59-AAACCGTAGGCATCTGCGAGTTGCC-39.

Preparation of primary mouse neuron/glia cultures. Neuron/glia cultures were prepared from the
cerebral cortices of embryonic day 15 (E15) C57BL6J wild-type mice and plated on polylysine-coated
(20 mg/mL) dishes at a density of 105 cells per well in DMEM supplemented with 5% fetal bovine serum.
After 6 h of seeding, the culture medium was replaced with neurobasal medium supplemented with 2%
B-27, 0.5% streptomycin and penicillin, and 0.5 mM L-Glu. These cells were used for subsequent experi-
ments after incubation for 7 days. The neuron/glia cultures were mock-infected or infected with JEV at a
multiplicity of infection (MOI) of 1, followed by sample harvesting at 36 h postinfection.

Mouse experiments. Adult 6-week-old WT and NOD1–/– C57BL/6N mice were purchased from
Cyagen Biotechnology (Santa Clara, CA). Mice were randomly divided into four groups: WT (n = 20),
NOD1–/– (n = 20), JEV-infected WT (JEV 1 WT; n = 20), and JEV-infected NOD1–/– (JEV 1 NOD–/–; n = 20).
Mice belonging to the JEV 1 WT and JEV 1 NOD1–/– groups were intraperitoneally injected with 105

PFU of JEV P3 strain in 200 mL DMEM. At 6 days postinfection, mice infected with JEV developed signs of
viral encephalitis. Five mice from each group were euthanized and brain samples collected for further
studies. The remaining 15 mice from each group were monitored daily to assess behavior and mortality.
All animal experiments were performed following National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals, and the experimental protocols were approved by the Huazhong
Agricultural University Research Ethics Committee of the College of Veterinary Medicine.

Measurement of cytokine production. Enzyme-linked immunosorbent assay (ELISA) kits (eBioscience
Inc., San Diego, CA) were used to determine TNF-a, IL-1b , and CCL5 secretion in mouse brain tissue lysates,
according to the procedure supplied by the manufacturer.

RNA extraction and quantitative real-time PCR. Total RNA was extracted using the TRIzol reagent
(Invitrogen, Waltham, MA). About 1 mg of total RNA was used to synthesize the cDNA using a first-strand
cDNA synthesis kit (ABclonal Technology, Woburn, MA). Quantitative real-time PCR was performed using a
7500 Real-Time PCR system (Applied Biosystems, Waltham, MA) and a SYBR Green PCR Master Mix
(ABclonal Technology). The relative mRNA expression levels of TNF-a, CCL-5, and IL-1b were normalized
to the mRNA levels of the endogenous control b-actin within each sample using the 22DDCT (threshold
cycle) method. The primers used were as follows: Hsa-IL-1b-F, 59-GGCAATGAGGATGACTTGTTCT-39; Hsa-IL-
1b-R, 59-CTGTAGTGGTGGTCGGAGATTC-39; Hsa-CCL-5-F, 59-CATATTCCTCGGACACCACAC-39; Hsa-CCL-
5-R, 59-ATGTACTCCCGAACCCATTTC-39; Hsa-TNF-a-F, 59- GTTCCTCAGCCTCTTCTCCTTC-39, Hsa-TNF-a-R,
59- CTTGTCACTCGGGGTTCG -39; Hsa-b-actin-F, 59-AGCGGGAAATCGTGCGTGAC-39; and Hsa-b-actin-R,
59-GGAAGGAAGGCTGGAAGAGTG-39.

Immunoblotting. Cell pellets or mouse brain tissues were lysed in radioimmunoprecipitation assay
buffer (Sigma-Aldrich, St. Louis, MO) containing phosphatase (PhosSTOP; Roche AG, Basel, Switzerland)
and protease inhibitors (Complete Tablets, Roche AG). Protein concentrations were measured using a
BCA (bicinchoninic acid) Protein Assay kit (Thermo Fisher Scientific, Waltham, MA). Each sample was
electrophoresed and transferred onto a polyvinylidene difluoride (PVDF) membrane. Membranes were
then blocked by incubating in blocking buffer (Tris-buffered saline with 0.5% Tween 20 and 5% bovine
serum albumin) for 1 h and probed with primary antibodies overnight at 4°C. After washing, membranes
were incubated with peroxidase-conjugated secondary antibodies (ABclonal Technology). The blots
were processed for development using the SuperSignal West Femto system (ABclonal Technology). The
primary antibodies were used as follows: mouse monoclonal antibody against JEV NS5 (1 ng/mL for
Western blot assay, prepared by our laboratory), rabbit polyclonal antibodies against NOD1 (Cell
Signaling Technology, Danvers, MA), NOD2 (ABclonal Technology), RIPK2 (Cell Signaling Technology),
NF-kB, IkB-a, JNK, p-JNK, p38MAPK, p-p38MAPK, ERK, p-ERK, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) (ABclonal Technology). Appropriate concentrations for these commercial antibodies
were used, following the manufacturer’s guidelines.

Hematoxylin-eosin staining, immunohistochemistry, and TUNEL assay. Mice were anesthetized
with ketamine-xylazine (0.1 mL per 10 g of body weight) and brain tissues were collected and embed-
ded in paraffin for coronal sections. Standard H&E staining protocol was followed for tissue staining. For
IHC staining, sections were incubated overnight at 4°C with primary antibodies against ionized calcium-
binding adapter molecule 1 (Wako, Japan), glial fibrillary acidic protein (Dako, Denmark), and neuronal
nuclei (NeuN; United Chemi-Con, Rolling Meadows, IL). After washing, slides were incubated with appro-
priate secondary antibodies, washed again, and cover-protected. The TUNEL assay was performed using
the In Situ Cell Death Detection Kit (Roche), following the manufacturer’s instructions.

Titration of virus. Virus loads in culture supernatants and mouse brain tissues were assessed by pla-
que assay on BHK-21 cells, as described previously (25). Results were measured as PFU per g of tissue
weight or mL of supernatant.

Statistical analysis. All experiments were carried out at least three times under similar conditions.
Analyses were conducted using Prism5 software (GraphPad). Results are shown as the mean 6 standard
error of the mean (SEM) except for viral loads, which are expressed as the median. Statistical differences
between the experimental groups were determined using the Student’s t test. P values of ,0.05 were
considered significant.
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