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Abstract

Very little information is available on the role of innate immune mechanisms in Japanese encephalitis virus (JEV)
infection. This study was designed to investigate the role of all Pattern Recognition Receptors (PRRs) in JEV
infection in a mouse neuronal cell line in comparison to events that occur in vivo, using JEV infected suckling and
adult mice. Analysis of mRNA expression was carried out using RT-PCR for detection of PRR genes and their
downstream pathway genes, while a PCR array technique was used to examine the complete transcription
analysis. Amongst the various innate immune receptors, TLR3 gene exhibited differential expression in JEV-
infected Neuro2a, in suckling mice and adult mouse brain cells but not in uninfected control cells. The down-
stream events of TLR3 were confirmed by increased mRNA expression of IRF3 and interferon-f in JEV-infected
Neuro2a cells and suckling mice brain tissue. To confirm the functional significance of this observation, TLR3
gene silencing experiments were carried using specific siRNA in Neuro2a cells. The results revealed a significant
enhancement of JEV replication in TLR3 gene silenced JEV-infected Neuro2a cells, thereby suggesting that TLR3
serves a protective role against JEV. The expression levels of other PRRs varied. JEV-infected adult mice showed
significant upregulation of TLR2 and MDAS5 as compared to JEV-infected suckling mice and Neuro2a cells. In
addition, upregulation of Myd88 and IRF7 was also noted in adult mice. These observations, coupled with the
fact that adult mice infected with JEV exhibited longer survival rates, suggests that the host antiviral TLR2
response seen in adult mice was eventually countered by the virus by using MDADS receptor. Our findings suggest
that different PRRs appear to be involved in JEV infection in Neuro2a cells and brains of suckling and adult mice.

Introduction

apanese encephalitis virus (JEV) is a member of the family

Flaviviridae and causes an acute encephalitic illness. It is a
devastating disease of childhood, endemic to Asia and the
Western Pacific. Approximately 67,900 cases are estimated to
occur every year in 24 Japanese encephalitis (JE) endemic
countries and about 80% of these occur in countries with well
established or developing JE vaccination programs (3). The
mortality in JE can be as high as 30%, and 50% of survivors
suffer severe neurological sequelae, including motor paralysis
and cognitive impairment (11). The ratio of symptomatic to
asymptomatic infections in JEV infection is estimated to be
1:300-1000. The precise role of innate immune mechanisms in
affording protection to the large number of individuals with
inapparent infection is not well understood.

The innate immune system plays an important role in
response to several viral infections (12). Innate immunity is
usually effected through pattern recognition receptors
(PRRs), B-cells, and natural antibodies present in the body.
The PRRs include toll-like receptors (TLRs) and helicases
such as Laboratory of Genetics and Physiology2 (LGP2),
retinoic acid inducible gene-I (RIG-I), and melanoma differ-
entiation associated gene 5 (MDAS5) (16). TLRs play an im-
portant role in innate immunity by sensing a broad range of
invading pathogens. Stimulation of TLRs by pathogen-
associated molecular patterns (PAMPs), which are highly
conserved structural motifs expressed by microbial patho-
gens, initiates signaling cascades that involve a number of
proteins (2,4,10).

Although very little information is available on the role
of TLRs in JEV infection, there are reports on the role of
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TLR3 in West Nile virus (WNV) infection in mice. Wang
et al. (21) noted that TLR3 contributed to WNV lethality in
mice, while Daffis et al. (7) reported that in TLR3 knockout
mice enhanced viral replication was observed in brain,
suggesting that TLR3 serves a protective role against WNV
(7). Subsequent studies have, however, supported a positive
role for TLR3 in protective immunity against WNV (1,22).
Delineating the differential roles of MDA5 and RIG-I in
recognition of double-stranded RNA viruses, Kato et al. (14)
observed that RIG-I is essential for eliciting protection
against JEV through a robust interferon production,
whereas MDAS5 played a similar role in picornavirus in-
fection. These observations, as well as recent studies by
Nazmi et al. (17,18) suggest that RIG-I could be a key
pathway in controlling JEV infection. Studying the tran-
scriptome profile in the brains of mice following JEV in-
fection, Gupta and Rao (13) noted that there is an increased
expression of mRNAs of TLR2, TLR3, and TLR7, suggesting
that they have an important role in mediating inflammation
and immune response to the virus. None of these studies
however have comprehensively addressed the roles of all
PRRs in JEV infection, as each has limited their observation
to one set of innate immune receptors. Therefore, in this
study we investigated the role of all PRRs in JEV infection
in vitro, using a mouse neuroblastoma Neuro2a cell line as
well as in vivo, by studying JEV infected suckling and adult
mice infected through the intracerebral route. Further, we
analyzed downstream transcription pathways of all PRRs
after JEV infection.

Materials and Methods
Virus

An Indian prototype isolate of JEV, strain P20778, ob-
tained from the National Institute of Virology, Pune, India,
was used in the study. Monolayers of Aedes albopictus C6/36
mosquito cell line were grown in T-25cm? flasks (Nunc,
Denmark). Cells were infected with 0.1 multiplicity of in-
fection (MOI) of JEV and harvested at 72 and 120h post
infection (PI). The titer of the virus (1.5 x 10°) was determined
using PS cells, and the same virus stock was used for all the
experiments.

Cells

Neuro2a (mouse neuroblastoma cell line) cells were
grown in monolayers in T-25cm? flask in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Sigma, USA) with 5% FBS
(Sigma) and penicillin/streptomycin. Neuro2a cells were
seeded at a density of 2x10* cells per well in a 24-well plate
(Nunc, Denmark). The cells were infected with 0.1 MOI of
JEV and harvested at different time points (18 and 24 h) post
infection (PI).

Mice

C56BL6/] strain of suckling mice (4-7 days old) and adult
mice (4-6 weeks old) used in the study were obtained from
Central Animal Research Facility (CARF), National Institute
of Mental Health and Neurosciences (NIMHANS). Institu-
tional Animal Ethics Committee clearance was obtained
from the NIMHANS Animal Ethics Committee (IAEC project
no. AES/34/223/N.V/April2009).
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Inoculation of mice

Suckling mice (n=8) and adult mice (n=8) were inocu-
lated by the intracerebral route by injecting 25uL of JEV
(100 pfu/mouse), while control mice (n=8) were mock in-
fected with 25 uL. of DMEM. The mice were observed twice a
day for onset of any symptoms. Brains from all the JEV-
infected as well as mock-infected mice were harvested,
subjected to homogenization, and a 10% suspension was
prepared using sterile PBS.

RNA extraction and cDNA synthesis

RNA was extracted from Neuro2a cells infected with JEV
at 18 and 24 h PI, uninfected Neuro2a cells as well as from
10% brain tissue suspension of JEV-infected and mock-
infected mice using the Tri reagent (Sigma) according to the
manufacturer’s instructions. The RNA was converted
to cDNA using a commercial kit (ABI, USA) and stored at
—80°C until use. cDNA concentrations at each time point
was matched and adjusted to 1 ug/uL for each reaction in
the PCR.

Conventional reverse-transcriptase-PCR

Mouse specific primers for TLRs 1 to 9, RIG-I, and MDA5
genes for conventional PCR were purchased from a com-
mercial source (Invivogen, USA). PCR was carried out using
10pM of each primer, 10mM dNTP mix (ABI, USA); 0.25
units of Amplitaq gold (ABI) and 1 ug/uL of cDNA template
per reaction were used to obtain products ranging from 300
900 basepairs (bp). The PCR cycling conditions included an
initial denaturation step at 94°C for 6 min, followed by 36
cycles of amplification at 94°C for 1 min, 57°C for 1 min, and
72°C for 1 min, followed by final extension at 72°C for 7 min.
The PCR products were visualized by electrophoresis on a
2% agarose gel.

Real-time PCR

Real-time PCR for JEV-infected and uninfected Neuro2a
cells and JEV-infected and mock-infected suckling and adult
mice brain tissues were carried out by using SYBR Green
chemistry. Primers for mouse-specific TLRs1-9/RIG-1/
MDADS5, GAPDH, and JEV-NS5 genes for real-time PCR were
designed using sequences from GenBank and Primegen
software (Table 1). PCR was carried out using 10 pM of each
primer, 12.5 uL. of 2x POWER SYBR Green PCR mix (ABI,
USA), 8 uL of nuclease free water, and 1 ug of template in a
25 uL reaction. The real-time PCR primers used for detecting
mouse PRR cascade pathway genes (IRF3, IRF7, IFNa, IFNS,
IL12, NFkB, and TNF«) were those described earlier (6,15).
Identical real-time PCR cycling conditions were used for all
assays and consisted of the following steps: initialization at
50°C for 2 min, followed by denaturation at 95°C for 10 min,
and 40 amplification cycles at 95°C for 15sec and 57°C for
30sec. Finally, melt-curve analysis was done to confirm the
specificity of the products. As a positive control for JEV ex-
pression in the infected cells/mouse brain tissues, NS5 gene-
specific primers were used. GAPDH was used as an internal
control (housekeeping gene) and fold changes were calcu-
lated for each TLR/RIG-I/MDA5 and cascade pathway
genes like IRF3/7, IFNw, IFNf, and NF«B, which showed
differential expression using 24 (23).
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TABLE 1. MOUSE SPECIES-SPECIFIC PRIMER SEQUENCES USED IN THE REAL-TIME PCR Assay
No. Accession number PRRs Primer sequences PCR product size (bp)
1. AY009154.1 mTLR1 F-ATTCCCCAGTACTCCATCCC 93
R-GCTTGTTCTTCTCTGTGGGC
2. NM_011905.3 mTLR2 F-AAGAGGAAGCCCAAGAAAGC 140
R-GAGACACAGCTTAAAGGGCG
3. NM_126166.4 mTLR3 F-AGCTTTGCTGGGAACTTTCA 127
R-GAAAGATCGAGCTGGGTGAG
4 NM_021297.2 mTLR4 F-CAGGTGGAATTGTATCGCCT 119
R-CGAGGCTTTTCCATCCAATA
5 NM_016928.2 mTLR5 F-GAGTTTGGAACCTGGTGCAT 132
R-GCATAGCCTGAGCCTGTTTC
6 NM_011604.3 mTLR6 F- ACACAATCGGTTGCAAAACA 127
R- GGAAAGTCAGCTTCGTCAGG
7 NM_133211.3 mTLR7 F-CCACAGGCTCACCCATACTT 132
R-CAAGGCATGTCCTAGGTGGT
8 NM_133212.2 mTLR8 F- ACAATGCTCCATTTCCTTGC 117
R- CTGAGGGAAGTGCTGGAAAG
9 NM_031178.2 mTLR9 F-GCAAGCTCAACCTGTCCTTC 137
R-TGTACTTGTTGAGCAAGCGG
10 NM_009021 mRIGI F-CAGTCTTCCACCCCACTGTT 102
R-TGTTGGTGTTTTGTCTGGGA
11 BC080200.1 mMDAb5 F-GCTGCTAAAGACGGAAATCG 99
R-CATCAATCATTCGGATCGTG
12. NM_008084 mGAPDH F-AACTTTGGCATTGTGGAAGG 132

R-GGATGCAGGGATGATGTTCT

PCR array for mouse TLR signaling pathway

RNA extracted from JEV-infected and uninfected Neuro2a
cells, as well as JEV-infected and mock-infected mouse brain
tissues, was quantitated using Nanodrop (Thermo, USA); 1 g
was converted into cDNA by using a commercial reverse
transcription (RT) kit (RT2-first strand kit, Qiagen, USA).

This cDNA was used for mouse-TLR signaling PCR-array
(cat. no-PAMM-018A RT2 Profiler PCR array, Qiagen) by
using RT2 SYBR Green ROXtm qPCR mastermix (Qiagen) as
per manufacturer’s instructions. Results were analyzed using
SABiosciences PCR Array Data Analysis software (RT2PCR
array Profiler) and fold changes in gene expression were
calculated.

Indirect immunofluorescence assay

Monolayers of 2 x10* of Neuro2a cells were grown in 24-
well culture plates and maintained in DMEM (Sigma) with
5% FBS (Sigma). Cells were infected with 0.1 MOI of JEV and
fixed with 2% paraformaldehyde (PFA) at 18, 24, and 48 h PI.
JEV infection was confirmed by using primary monoclonal
antibodies to JEV-E protein and stained with goat anti-
mouse secondary antibody tagged with FITC (8). TLR3
expression in Neuro2a cells was studied using anti-TLR3
antibodies (Imgenex, USA) stained with goat anti-mouse
FITC conjugate (Genei, USA) and observed under a fluo-
rescence microscope (Nikon).

Confirming the role of TLR3 in JEV-infected Neuro2a
cells using siRNA

Neuro2a cells were transfected with TLR3 siRNA specific
for mouse (Genesolution siRNA, Qiagen) using a commer-
cially obtained HiPerFect Transfection Reagent (Qiagen) as
per manufacturer’s instructions. Briefly, 2 x 10* Neuro2a cells

were seeded per well of a 24-well plate in 1mL/well of
DMEM containing serum and antibiotics and incubated at
37°C in a CO, incubator until 80% confluence of the mono-
layer was attained. For transfection, 1 uL (10nM) of each of
four siRNA reagents and 6 uL. of HiPerFect Transfection re-
agent were mixed in 90 uL of DMEM to obtain a volume of
100 uL/per transfection, vortexed, and incubated at room
temperature for 10-15 min to form transfection complexes. At
the end of incubation, 100 uL of transfection mix was added
dropwise to the wells of the plate with gentle swirling of the
plate to ensure uniform distribution of complexes. The cells
were subsequently incubated under their normal growth
conditions. At the end of 24h, the transfection complexes
were removed and the cells were either infected with 0.1 MOI
of JEV or 1ug/uLof TLR3 ligand poly I:C(positive control)
and incubated at 37°C for 1h. At the end of incubation, the
virus /poly I:C was removed and fresh maintenance medium
was added to the cells and incubated for a further period of
18 h. Cells were subsequently harvested and RNA extracted
from infected as well as siRNA treated and untreated cells by
Tri-reagent method as described above. The RNA was con-
verted to ¢cDNA and real-time PCR was carried out for
presence of JEV-NS5 protein gene and TLR3 as described.

Statistical analysis

GraphPad Prism5 software was used to analyze mouse
mortality data by log rank (Mantel Cox) test, taking into
account both time of death and mortality. P values were
generated using Students t-test. A p<0.05 was considered
statistically significant. The quantitative real-time PCR data
was analyzed by one-way ANOVA, followed by Dunnet’s
test for comparison between mock and JEV-infected groups.
The level of significance was set at p <= 0.05. The real time
PCR experiments were repeated twice.
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Results
Expression of PRRs in JEV infected Neuro2a cells

TLR1, 2, 4, 5, 6, 7, 8, and 9 genes were detected in both
JEV-infected Neuro2a, as well as uninfected Neuro2a cells by
conventional PCR (Fig. 1, Panel A). In contrast, TLR3 ex-
pression was seen in JEV-infected Neuro2a cells but not in
uninfected cells at any time points. RIG-I and MDAS5 genes
were not expressed in both infected and uninfected Neuro2a
cells (data not shown). TLR3 upregulation in JEV-infected
Neuro2a cells was subsequently confirmed by relative
quantitative PCR. There was a 4.69-fold increase in TLR3
mRNA expression at 18h PI (Fig. 2).

PRRs and cascade gene expression by real-time PCR
in JEV-infected Neuro2a cells

JEV-infected Neuro2a cells showed upregulation of TLR1,
2,3, and 8 genes at 18 h PI. Analysis of downstream signaling
pathway genes revealed an upregulation of IRF3, NFkB,
TNFuo, IL12, and IFN genes at 18 h PI (Fig. 2).

Detection of TLR3 protein expression in Neuro2a cells

TLR3 protein expression was noted in Neuro2a cells
as evidenced by a positive immunofluorescence signal

2
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in JEV infected cells as compared to uninfected cells
(Fig. 3).

PCR array results of JEV-infected Neuro2a cells

PCR array analysis of JEV-infected Neuro2a cells showed
significant changes (Table 2 and Fig. 4) in gene expression up
to 18 h post infection (PI). After 24 h PI, no significant change
was noted in the expression of these genes. Significant up-
regulation of TLR3 expression (14.67-fold) was noted and
this was further substantiated by upregulation of its down-
stream cascade genes such as IRF3, IFNf, and NF«B sig-
naling pathway genes (Table 2, Fig. 4). In addition, a
combination of TRAF6 upregulation and Myd88 down-
regulation was noted, suggesting that there is involvement of
TLR3 pathway (Table 2, Fig. 4). Apart from TLR3 activation,
there was upregulation of TLRs 2, 5, 6, 7, and 9 gene ex-
pressions with downregulation of Myd88. The PCR array
results were validated by amplification of selected genes
using in-house real time PCR (Supplementary Table S1;
supplementary material is available at www liebertpub.com).

Mortality pattern of JEV-infected mice

Suckling mice infected intracerebrally with JEV showed
initial symptoms of lethargy at 48 h post infection (PI), while
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FIG. 1.

Agarose gel electrophoresis picture depicting RT-PCR products of TLR1-9 genes from

uninfected (control) and JEV infected Neuro2a cells at 18 and 24 h PI (A). Panel B depicts TLR1-9,
RIG-I, and MDAJ expression in JEV-infected suckling mouse brain (JEV) as compared to mock-
infected mice (Mock) at 72 h post infection. Panel C depicts TLR1-9, RIG-I, and MDAD5 expression
in JEV-infected adult mouse brain (JEV) as compared to mock-infected mice (Mock) at 120h post
infection. Note that TLR3 gene expression was evident in JEV-infected Neuro2a cells and mouse
brains but not in control cells/mock-infected mice.
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FIG. 2. Real Time PCR results depicting fold change in PRRs and cascade pathway genes in
JEV-infected Neuro2a cells at 18 h PI (N2A,18]E) are depicted in Panel A. Panel B depicts results
obtained with JEV-infected suckling (SJMB) and adult mice (AJMB). X axis in each panel rep-
resents the various PRRs and cascade genes, while the Y axis represents the fold change in
comparison to uninfected Neuro2a cells/mock infected mice, respectively. The dotted line rep-
resents the cut-off value for the significantly upregulated (>2 folds) and downregulated genes
(<2 folds). Note that bars superscripted with * denote significance at p<0.05, while those
superscripted with ** denote significance at p<0.001.

in adult mice the initial symptoms were seen at the end of
72h PI. All suckling mice infected with JEV died after 72h,
while all adult mice succumbed to sickness at 120h PIL
This difference was statistically significant (p=0.0092). The
mock-infected mice did not show any symptoms in any of
the group at any time point (Fig. 5).

Expression of PRRs in suckling and adult
mouse brains

Brain tissue from mock-infected suckling and adult mice
showed expression of all TLR genes except TLR3. However, TLR3
expression was noted in JEV-infected brain tissue. (Fig. 1, Panel B
and C). RIG-I and MDAS gene expression was not detected in
infected or uninfected mouse brains by conventional PCR.

As evident from Figure 2, mRNA obtained from brain tis-
sue of suckling mice infected with JEV exhibited significant
upregulation of TLRs 2, 3, 4, 5, 6, and 8. On the other hand,

18hrs Pl

JEvinf cells

Cell control

FIG. 3.

Immunofluorescence assay for TLR3 protein expression after JEV infection in Neuro2a

RIG-I expression was seen to be downregulated in JEV-in-
fected suckling mice as compared to mock-infected mice. In
adult mice, TLR2, 3, 4, 7, and 9 showed a significant increase
compared with mock-infected mice, while TLR8 and RIG-I
were downregulated. It was noted that TLR2 expression in-
creased drastically in JEV-infected adult mice (103-fold)
compared with mock-infected and JEV-infected suckling mice
(3.3-fold increase). The only discrepancy in TLR gene ex-
pression between JEV-infected adult mice and suckling mice
was seen for TLR8. TLR8 was upregulated in suckling mice,
whereas it was downregulated in adult mice. It was observed
that MDAS5 was 29-fold upregulated in JEV infected adult
mice, whilst MDA5 showed only 1.81-fold upregulation in
suckling mice as compared to their respective mock-infected
mice, although such an upregulation was not evident in
conventional PCR. The probable difference between the two
techniques may be related to the sensitivities of the two assays
or the use of different set of primers in these assays.

24hrs Pl 48hrs Pl

cells at different time points as compared to uninfected cells. Upper panel represents JEV-
infected Neuro2a cells at 18, 24, and 48 h PI. Lower panel represents uninfected Neuro2a cells at
corresponding time points. Note the bright fluorescence in JEV-infected Neuro2a cells as

compared to uninfected cells.
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TaBLE 2. FoLp CHANGE IN MRNA ExPressioN oF GENES ENCODING TLR S1GNALING PaTHWAYS ForLowIinGg JEV
INFECTION IN NEURO2A CELLS, SUCKLING AND ADULT MOUSE BRAINS AS COMPARED WITH RESPECTIVE CONTROLS

Fold regulation ~ Fold requlation ~ Fold regulation
of genes in JEV  of genes in JEV  of genes in [EV
infected N2a infected suckling  infected adult

Symbol Description 18hrs PI mice mice
Btk Bruton agammaglobulinemia tyrosine kinase 40.2244 21.7458 7.5597
Casp8 Caspase 8 5.0982 20.2896 3.7278
Ccl2 Chemokine (C-C motif) ligand 2 25.1067 1.2888 434.9348
Cd14 CD14 antigen 661.6846 2.2028 10.471
Cdso CD80 antigen 115.7606 13.2937 5.7292
Cdso6 CD86 antigen 30.91 5.049 62.178
Cebpb CCAAT/enhancer binding protein (C/EBP), beta 21735 —-1.2289 7.1025
Chuk Conserved helix-loop-helix ubiquitous kinase 3.2603 2.2387 —2.4823
Clec4e C-type lectin domain family 4, member e 5.4453 13.7943 7.3022
Csf2 Colony stimulating factor 2 (granulocyte-macrophage) 49.8665 71.4733 3.9132
Csf3 Colony stimulating factor 3 (granulocyte) 59.7141 38.8363 2.6543
Cxcl10 Chemokine (C-X-C motif)) ligand 10 40.2244 —-1.0238 1604.973
Elk1 ELK1, member of ETS oncogene family 64.8934 10.8478 1.374
Fadd Fas (TNFRSF6)-associated via death domain 58.892 35.0012 -7.37
Fos FBJ osteosarcoma oncogene 3.7581 —-1.4546 11.0681
Hmgb1 High mobility group box 1 —-1.0425 1.3973 —-6.0279
Hrasl Harvey rat sarcoma virus oncogene 1 4.7899 2.0223 —2.2842
Agfgl ArfGAP with FG repeats 1 3.3987 2.0505 —-1.3582
Hspala Heat shock protein 1A 33.2435 2.2284 60.4778
Hspdl1 Heat shock protein 1 (chaperonin) —2.2038 —-1.2204 —-1.8682
Ifnbl Interferon beta 1, fibroblast 87.4266 10.0526 106.7933
Ifng Interferon gamma 59.7141 26.7723 122.644
Ikbkb Inhibitor of kappaB kinase beta 4.9588 4.8433 4.464
110 Interleukin 10 6.2767 19.0625 275.9634
M12a Interleukin 12A 18.3156 28.2334 12.8023
Il1a Interleukin 1 alpha 28.1488 6.9451 60.06
N1b Interleukin 1 beta 24.3357 3.0652 9.2428
I1rl Interleukin 1 receptor, type I 13.6895 4.8545 1.6799
2 Interleukin 2 82.1393 321.6468 3.9132
116 Interleukin 6 5.7557 3.4967 529.4437
ll6ra Interleukin 6 receptor, alpha 83.575 4.7767 11.1451
Irakl Interleukin-1 receptor-associated kinase 1 3.6808 2.2439 —2.7543
Irak2 Interleukin-1 receptor-associated kinase 2 12.5099 8.1267 —-1.8425
Irfl Interferon regulatory factor 1 5.7757 1.9534 105.2979
Irf3 Interferon regulatory factor 3 30.437 8.1643 1.049
Jun Jun oncogene 5.1515 1.325 17.4885
Lta Lymphotoxin A 59.7141 55.9474 -4.6968
Mucl3 Mucin 13, epithelial transmembrane 358.294 43.4917 48.4469
Ly86 Lymphocyte antigen 86 30.91 1.6125 6.7194
Ly96 Lymphocyte antigen 96 8.7241 5.4114 3.6259
Map2k3 Mitogen-activated protein kinase kinase 3 4 4.3149 —-1.5819
Map2k4 Mitogen-activated protein kinase kinase 4 2.5937 2.5245 -3.014
Map3kl Mitogen-activated protein kinase kinase kinase 1 21.0391 4.6353 2.8056
Map3k7 Mitogen-activated protein kinase kinase kinase 7 3.0525 2.323 —2.56344
Mapk8 Mitogen-activated protein kinase 8 12.2101 1.8566 1.1316
Mapk8ip3  Mitogen-activated protein kinase 8 interacting protein 3 2.7321 1.5721 -52114
Mapk9 Mitogen-activated protein kinase 9 4.724 3.1009 —4.4743
Myd88 Myeloid differentiation primary response gene 88 -1.87 -1.239 4.0655
Nfkb1 Nuclear factor of kappa light polypeptide gene enhancer 5.0281 2.9133 3.8861
in B-cells 1, p105
Nfkb2 Nuclear factor of kappa light polypeptide gene enhancer 59.5075 8.1832 8.6239
in B-cells 2, p49/p100
Nfkbia Nuclear factor of kappa light polypeptide gene enhancer 5.0806 1.4136 5.8496
in B-cells inhibitor, alpha
Nfkbib Nuclear factor of kappa light polypeptide gene enhancer 59.7141 8.5307 1.4126
in B-cells inhibitor, beta
Nfkbill Nuclear factor of kappa light polypeptide gene enhancer 19.9733 7.1075 10.1847

in B-cells inhibitor-like 1

(continued)
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TaBLE 2. (CONTINUED)
Fold regulation ~ Fold requlation  Fold regulation
of genes in JEV  of genes in [JEV  of genes in [EV
infected N2a infected suckling  infected adult
Symbol Description 18hrs PI mice mice
Nfrkb Nuclear factor related to kappa B binding protein 25.0198 3.2852 4.0793
Nr2c2 Nuclear receptor subfamily 2, group C, member 2 12.1257 2.9336 -1.6377
Pelil Pellino 1 7.0861 1.6733 1.9431
Pglyrpl Peptidoglycan recognition protein 1 141.5335 2.9745 1.6567
Ppara Peroxisome proliferator activated receptor alpha 29.0406 23.7414 —-1.1906
Eif2ak2 Eukaryotic translation initiation factor 2-alpha kinase 2 7.235 2.484 8.0463
Ptgs2 Prostaglandin-endoperoxide synthase 2 157.0413 3.0866 310.475
Rel Reticuloendotheliosis oncogene 12.1257 6.6162 1.7151
Rela V-rel reticuloendotheliosis viral oncogene homolog 5.3889 2.2232 1.7634
A (avian)
Ripk2 Receptor (TNFRSF)-interacting serine-threonine kinase 2 5.8971 2.6995 4.1077
Tbk1 TANK-binding kinase 1 8.1117 3.2625 4.8177
Ticam1 Toll-like receptor adaptor molecule 1 3.0951 9.754 9.3718
Ticam?2 Toll-like receptor adaptor molecule 2 59.7141 24.7496 3.3831
Tirap Toll-interleukin 1 receptor (TIR) domain-containing -1.257 5.6542 1.1634
adaptor protein

Tlr1 Toll-like receptor 1 1.07141 3.9705 3.8861
TIr2 Toll-like receptor 2 4.6448 2.2647 146.8636
TIr3 Toll-like receptor 3 14.6721 2.8695 7.353
Tlr4 Toll-like receptor 4 2.182 7.1075 38.5413
TIr5 Toll-like receptor 5 2.07859 17.0221 —1.4953
TIr6 Toll-like receptor 6 8.604 7.6529 4.1077
Tlr7 Toll-like receptor 7 1.4964 6.0461 12.8023
TIr8 Toll-like receptor 8 1.04244 8.7705 1.09925
TIr9 Toll-like receptor 9 8.0084 3.6706 14.69
Tnf Tumor necrosis factor 116.9704 6.9612 174.6513
Tnfaip3 Tumor necrosis factor, alpha-induced protein 3 4.9588 2.6135 26.1426
Tnfrsfla Tumor necrosis factor receptor superfamily, member 1a 5.7958 6.3614 2.6728
Tollip Toll interacting protein 2.9588 3.6791 —1.5494
Tradd TNFRSF1A-associated via death domain 3.8906 4.0727 1.1394
Traf6 Tnf receptor-associated factor 6 10.5195 7.4093 1.5565
Ube2n Ubiquitin-conjugating enzyme E2N 18.5713 2.0985 —7.4213
Ube2vl Ubiquitin-conjugating enzyme E2 variant 1 2.4033 1.3098 —-1.7552

Genes exhibiting significant upregulation (>2) are depicted in bold fonts, while those significantly downregulated (<-2) are depicted

in italics.

Expression of PRR cascade pathway genes

Cascade genes in TLR and RIG-I like receptors (RLRs)
pathways were also studied by real-time PCR (Fig. 2).
Suckling mice showed Myd88 downregulation after JEV in-
fection, while IRF3, 7, IFNoa and f, TNFa, NFxB, and IL12
gene expressions were upregulated as compared to mock -
infected mice. On the other hand, adult mice exhibited a
different pattern of cascade pathway gene expression; up-
regulation of Myd88, IRF7, inteferon o, TNFa, NFxB, and
IL12 as compared to mock-infected mice. In addition, adult
mice infected with JEV showed downregulation of IRF3, and
IFNp as compared to mock infected mice (Fig. 2).

PCR array findings for TLR signaling

Several Myd88-independent pathway genes were upre-
gulated (IRF3, TRIF, TRAF6 etc.) in JEV-infected Neuro2a
cells and the brains of suckling mice (Fig. 4, Panel B) as
compared to the Myd88-dependent pathway. On the con-
trary, in the brains of JEV-infected adult mice (Fig. 4, Panel
A), a number of Myd88-dependent pathway genes (TLR2,
TLR9, Myd88) were upregulated.

The expression of several cytokine regulatory genes (IL6,
CCL2, TNFo, IL12) were grossly upregulated following JEV
infection in Neuro2a cells and adult brains but not in the
brains of suckling mice (Fig. 4, Panel C). Differential ex-
pression was also noted between JEV-infected adult and
suckling mice with respect to certain other adaptive immune
system related genes such as CD80, CD86, IL10, and IL2 (Fig.
4, Panel D).

Interferon regulatory genes (INFy, INFfS, and CXCL2)
were upregulated in JEV-infected Neuro2a, suckling, and
adult brain cells. However, the degree of upregulation varied
with adult mice brain cells (Fig. 4, Panel E) exhibiting a fold
change of 122, 106, and 204, respectively. The fold change
observed in Neuro2a cells was 59.8, 40.22, and 87.2, respec-
tively. Interestingly, the fold change in these three genes was
less than 50 in suckling mice brain cells.

The effector genes that are related to apoptosis and cell
death such as FADD, CASPS8, and PPARA were upregulated
more in JEV-infected Neuro2a cells (58.8, 5, 28-fold) and
suckling mice brain (38, 20, 23-fold), respectively, while they
were either marginally upregulated (PRKR, TRAF6, and
CASPS8) or downregulated (PPARA and FADD) in brain
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FIG. 4. Scatter plots for mRNA expression of different downstream gene pathways activated
following JEV infection in Neuro2a cells (N2A,18]JE), JEV-infected suckling (SJMB) and adult
(AJMB) mice brain tissues by PCR array. In each panel, X axis depicts the cells/brain tissue in
which the gene expression was studied, while Y axis depicts the fold change in gene expression
in comparison to uninfected control cells/brain tissue. (A) mRNA expression of Myd88-de-
pendent TLR pathway genes; (B) mRNA expression in Myd88-independent TLR pathway
genes; (C) mRNA expression of cytokine-mediated signaling genes; (D) mRNA expression of
adaptive immune regulatory system genes; (E) expression of interferon regulatory genes; (F)

expression of effector genes in JEV infection.

tissue of JEV-infected adult mice (Fig. 4, Panel F). A full list of
the changes in gene expression in these experiments is pre-
sented in Table 2.

Confirmation of role of TLR3 in JEV-infected
Neuro2a cells

The silencing of the TLR3 gene in Neuro2a cells was
confirmed by comparing the Ct values in JEV-infected and
JEV-infected TLR3 gene silenced Neuro2a cells. TLR3 gene
was upregulated (4.85-fold) in JEV-infected Neuro2a cells
(Table 3). On the contrary, the downregulation of TLR3 gene
was —1.38 fold in JEV-infected TLR3 silenced Neuro2a cells
(Table 3). This difference was highly significant (p <0.05).

This was further substantiated by the observation that the Ct
values for JEV NS5 gene were far lower (16.67) in JEV-
infected TLR3 gene silenced Neuro2a cells as compared to
JEV-infected Neuro2a cells (25.50), thereby indicating en-
hanced virus production (>2 logs) in TLR3 gene silenced
cells (Table 3 and Fig. 6).

Discussion

Significant strides have been made in understanding the
innate immune response mediated by TLRs following in-
fection with different viruses. However, not all events fol-
lowing TLR activation have been fully understood. The
outcome of a virus-TLR interaction is complex and depends
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FIG. 5. Kaplan Meyer plots depicting survival of JEV infected suckling and adult mice as
compared to mock infected control mice. Note that death was delayed by 2 days in JEV-infected
adult mice as compared to JEV-infected suckling mice. The difference between the two curves is

highly significant (**) by Log-Rank test (p=0.0092).

upon the particular TLR and the virus in question, as well as
host species (2,4,5). There are very few studies that have
addressed this issue in the context of JEV. Recently, Gupta
et al. (13) studied the global transcription profile in the brains
of mice infected with JEV and reported that TLRs 2, 3, and 7
were upregulated. The present study also revealed that these
three TLRs are upregulated following JEV infection in
suckling mice. Nazmi et al. (17) reported that JEV infection
results in increased expression of RIG-I in the neurons of
mice. Further, they noted that virus infection resulted in
activation of RIG-I leading to modulation in the downstream
pathways that cause the infected neurons to participate in
the inflammatory milieu in the CNS, which ultimately leads
to their own demise (18). On the contrary, the observations of
the present study did not reveal any change in RIG-I ex-
pression in JEV-infected neurons. This may be attributed to
the differences in the study design. Nazmi et al. (2011) used
GP78 strain of JEV, BALB/c mice and an MOI of 5, while in
the present study, P20778 strain of JEV, C57BL6/] mice and
an MOI of 0.1 were used. Although these studies (13,17,18)
have added new information and thrown some light on the
role of a few PRRs in JEV infection, they were not designed
to comprehensively address the gamut of innate immune

events that occur following JEV infection, especially delin-
eating the role of all the PRRs. Furthermore, the cascade
events that result following JEV infection in vitro as well as
in vivo have not been identified. Therefore, this study was
designed to investigate the role of all PRRs in JEV infection
with special emphasis on understanding the role of TLRs and
other PRRs in JEV infection in vitro using mouse neuronal
cell line and compare with events that occur in vivo using
JEV-infected suckling and adult mice.

In an initial screening assay, using conventional PCR
and commercially available primers for all TLRs 1-9, RIG-
I, and MDAS5 genes, it was observed that TLR3 gene ex-
pression was prominent in JEV-infected Neuro2a cells
while it was absent in uninfected cells (Fig. 1, Panel A). An
identical observation was also made in vivo wherein JEV
infected mouse brain tissue obtained from both adult and
sucking mice showed differential expression of TLR3 gene
as compared to mock infected animals (Fig. 1, Panel B and
C). None of the other TLR genes (TLRs 1, 2, and TLRs 4-
10) or other PRR genes (RIG-I and MDADJ5) exhibited such
a differential expression either in vitro in Neuro2a cells or
in vivo in the mouse brain tissue. In order to validate these
observations, real-time PCR amplification was carried

TaBLE 3. REAL-TIME PCR ResurTs OBTAINED IN JEV-INFECTED NEURO2A CELLS
WitH aAND WiTHOUT TLR3 GENE SILENCING

Uninfected Neuro2a cells

JEV-infected Neuro2a cells*

JEV-infected TLR3 silenced Neuro2a cells*

Name of the gene ~ Mean-Ct ACt  Mean-Ct ACt AACt Fold change Mean-Ct ~ ACt  AACt  Fold change
TLR3 24.12 2.44 2203 016 -228 4.85 23 291 0.47 -1.38
GAPDH 21.56 21.87 20.09

*JEV-NS5 gene was used to estimate viral RNA in infected Neuro2a cells. The mean Ct values for JEV-infected Neuro2a was 25.5 and for

JEV-infected TLR3 silenced Neuro2a cells was 16.67.
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FIG. 6. Confirmation of TLR3 in JEV infection in Neuro2a cell line at 18 h post infection. (A)
immunofluorescence assay for detection of JEV-E protein in JEV-infected and JEV-infected plus
TLR3 gene silenced Neuro2a cells as compared to uninfected cells. Note that JEV-E protein was
increased in TLR3 silenced JEV-infected Neuro2a as compared to JEV-infected Neuro2a cells. (B)
represents the amplification plot of real-time PCR for JEV-NS5 gene. X-axis depicts RT-PCR
cycles and Y-axis depicts delta Rn. Note that Ct value of JEV-infected Neuro2a cells was 25.5,
while it was 16.67 in JEV-infected and TLR3 silenced Neuro2a cells, indicating enhanced virus

production.

out. The real-time PCR for PRRs revealed a differential
upregulation of TLR3 gene, as well as few other genes
(TLR1, 2, and 8) both in Neuro2a cells and mice. TLR3
was upregulated 5.8-fold and 7.8-fold in JEV-infected
mouse brain tissue of suckling mice and adults, respec-
tively (Fig. 2).

In addition, PCR array results of JEV-infected Neuro2a
cells, as well as suckling mice and adult mice brains, revealed
that the signaling pathway related genes such as IRF3,
TRAF6, NF«B, and IFNfS were upregulated (Fig. 4). These
observations suggest that TLR3 receptors were triggered
following JEV infection both in vitro and in vivo, resulting in a
cascade of events including upregulation of cytokine regu-
latory genes (116, TNF«, and CCL2) and effector regulatory
genes (FADD, PPARK, and CASP8), leading to a strong pro-
inflammatory response, resulting in apoptotic cell death.
TLR3 has been implicated in the pathogenesis of West Nile
virus infection, wherein it was reported that it contributed to
lethality of mice by promoting peripheral inflammation that
led to the breakdown of the blood-brain barrier, resulting in
increased viral load in the brain of infected mice (21). In
order to ascertain whether TLR3 is indeed a key innate im-
mune molecule modulating JEV infection in neurons, we

adopted a TLR3 gene silencing approach. The results pre-
sented here unambiguously demonstrate that silencing of
TLR3 gene was associated with significant enhancement of
JEV replication in Neuro2a cells (Table 3, Fig. 6). Such a
phenomenon has not been reported earlier in JEV infection,
although Daffis et al. (2008) have demonstrated that TLR3
serves a protective role against WNV in part by restricting
replication in neurons. However, further research is required
to confirm whether the TLR3 engagement in JEV infection is
also operative in human patients with JE.

The two other significant observations in this study were
gross upregulation of TLR2 and MDADS noted in JEV-infected
adult mice but not in suckling mice or Neuro2a cells infected
with JEV (Fig. 2). TLR2 has traditionally been implicated in
the recognition of bacterial lipoproteins/peptidoglycans
(19,20). However, involvement of TLR2 in a number of viral
infections such as herpes simplex virus 1, Epstein Barr virus,
vaccinia virus, lymphocytic choriomeningitis virus, respira-
tory syncytial virus, and hepatitis C virus has been reported
earlier (4,5). In all these viral infections, it has been suggested
that TLR2 plays a crucial role in mounting a potent antiviral
response. Among the JEV infection models investigated in
this study, TLR2 genes were upregulated more than 100 fold
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in brain tissue of adult mice infected with JEV as compared
to control uninfected mice. In contrast, suckling mice in-
fected with JEV by the intracerebral route and Neuro2a cells
infected with JEV in vitro did not show such a marked in-
crease (Fig. 2). This observation, coupled with the fact that
the onset of symptoms and death were delayed in adult
mice (Fig. 5), suggests that TLR2 gene is triggered in JEV
infection in adult mice followed by a cascade of events (Fig.
4), resulting in increased expression of Myd88 (3.4 fold) and
IRF7 (34 fold), TNFu« (2.5 fold), and IL12 (12.8 fold), all of
which have been implicated in mounting an antiviral re-
sponse. In addition, the PCR array data has also revealed
upregulation of interferon and chemoattractant genes
(IFNy, IENB, and CXCL10), as well as adaptive immune
regulatory genes (CD80 and CD86) in the brains of adult
mice infected with JEV (Fig. 4).Taken together, all these
observations therefore suggest that in adult mice there is a
robust attempt made by the innate immune system to de-
fend against JEV infection by using an unconventional
TLR2 route that could have resulted in delayed onset of
symptoms and death.

MDADS was also significantly upregulated (29 fold) in JEV-
infected adult mice, but not JEV-infected suckling mice or
Neuro2a cells in vitro. The only report of involvement of
MDA?S in JEV has been in porcine kidney (PS) cells (9). It is
tempting to postulate that the MDA5 upregulation noted
only in adult mice is probably an evasive strategy adopted by
the virus to counter the antiviral response mediated through
engagement of TLR2 receptor. Though there was TLR2 up-
regulation in JEV-infected adult mice, the resultant end
products of TLR2 activation did not reveal significant upre-
gulation of interferons. This probably suggests that the virus
evaded the host antiviral TLR2 response. The increased ex-
pression of MDAS correlated with an absence of the down-
stream product of TLR2 signaling, that is type I interferon
production. Thus, the virus was able to overcome the innate
immune protective mechanisms resulting in death of mice.

Although the expression levels of other PRRs were dif-
ferent in Neuro2a, suckling and adult mice brain, it can be
explained by the fact that the maturation level of neuronal
cells in these three groups are different; Neuro2a cells and
neurons of suckling mouse brain are relatively ‘immature’ or
at a different maturation level as compared to neurons de-
rived from adult mouse brain.

In conclusion, this is the first report to have addressed the
role of innate immune receptors in JEV infection compre-
hensively. The novel findings in this study include the key
role of TLR3 in mediating a protective response and delin-
eation of the role of MDADJ5 as supportive of viral replication
deleterious to the host. Further evaluating the role of TLR2 in
early protection of the host needs to be addressed in humans
with JE.
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