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gene (Firth & Atkins, 2009). There are reports that NS1’
plays an important role in the increased virulence of WNV
and JEV (Melian et al., 2010; Ye et al., 2012). A recent report
showed that NS1’ co-localizes with NS1 and substitutes for
NS1 in WNV replication (Young ef al, 2013). Flaviviruses
expressing NS1’ have been suggested to have been
evolutionarily selected for an advantage in virus replica-
tion/transmission in the mosquito-host cycle (Melian et al.,
2010).

The present study focused on the JEV NS1' protein and on
the elucidation of its molecular function(s), especially in
avian cells. Our study showed that a mutation at nt 67 in
the NS2A-coding region of JEV was critical for NS1’
production. We have revealed that the NS1' protein
facilitated JEV production in avian cells based on the
increasing viral RNA level. This protein was found to co-
localize efficiently with cytoplasmic NS5 protein (an RNA-
dependent RNA polymerase) in avian cells. In vivo, NS1’
expression enhanced virus production and increased
mortality in embryonated chicken eggs (ECEs). These
results suggest a novel fundamental role of the NSI’
protein in avian cells by influencing efficient survival of
JEV in the natural transmission cycle through the
facilitation of virus production in these cells.

RESULTS

NS2A G67A mutation abolishes NS1’ protein
production

Two JEV infectious clones (ICs), $982-IC and JaTH-IC,
used in this study differed in expressing NS1' in
mammalian (BHK) and avian (DE-1) cells. S982-IC did
not express NS1' in these vertebrate cells but expressed
NS1 protein, whereas JaTH-IC expressed both NS1' and
NS1 proteins in these cells (Fig. 1a). In §982-IC, an A was
present at nt 67 of the NS2A gene, whereas JaTH-IC had a
G in this position instead (Figs 1b and S1a, available in JGV
Online). Analysis of the RNA secondary structure of this
gene predicted that this nucleotide change disrupted the
pseudoknot structure, which was critical for the —1
ribosomal frameshifting (Fig. S1b). A point mutation was
introduced at nt 67 in the NS2A gene of the two clones as
described in Methods, and the constructed ICs were
designated S982-A67G-IC, which was able to produce
NS1 and NS1’' proteins, and JaTH-G67A-IC, which
produced NSI but not NSI1’ proteins as expected (Fig.
Ic). These results indicated that the G at position 67
in NS2A coding region plays a critical role in production
of the NS1’ protein. The G67A mutation resulted in a V231
amino acid mutation in the NS2A protein. In order to
eliminate the influence of the amino acid change from
I to V at position 23 of NS2A, JaTH-G66A-IC was
developed. JaTH-G66A-IC produced NS1 but not NSI1’
proteins as expected (Fig. 1c). A description of the original
ICs and mutated clones with respect to nucleotide and

amino acid differences and NS1’ expression is given in
Table S1.

Expression levels of NS1’ protein in DF-1 and BHK
cells

NS1’ expression by JEV ICs in avian cells (DF-1) was
compared with that in mammalian cells (BHK) at 48 h
post-infection (p.i.). The bands for the NS1’ protein
showed a four- to fivefold greater intensity compared with
those of the NS1 protein in the DF-1 cells infected with
NS1'-expressing viruses (§982-A67G-IC and JaTH-IC). In
contrast, bands of similar intensity were observed for the
NS1’ and NS1 proteins in BHK cells infected with the same
viruses (Fig. 1c).

NS1’ protein expression facilitates virus
production in avian cells

Some noteworthy findings arose after comparing the
growth characteristics of the ICs in BHK and DF-1 cells
(Fig. 2). Foci of similar size were formed in BHK cells that
were infected with any of the ICs (Fig. 2a); however, larger
foci were formed in avian DF-1 cells when infected with the
NS1'-expressing viruses (Fig. 2b).

Growth curves showed that the titres of the NSI'-
expressing viruses were over 10 times higher than those
of the NS1’-non-expressing viruses (5982-I1C, JaTH-G67A-
IC and JaTH-G66A-IC) at 48 and 72 h p.i. in DF-1 cells
(Fig. 2¢); however, all of the ICs showed almost equal titres
in BHK cells. These results indicated that NS1' expression
can enhance virus propagation in avian cells.

NS1’ protein co-localizes with NS5 protein

NS1’-specific polyclonal antibodies were produced as
described in Methods. These antibodies were found to
detect only NS1’ in cells infected with the NS1'-expressing
viruses by Western blotting and immunofluorescent
staining (Fig. 3a, b). In contrast, the anti-NS1 antibodies
could not discriminate between the NS1 and NS1' proteins
(Fig. 3b). With the application of anti-NS1’ antibodies and
anti-NS5 antibodies, NS1’ proteins were found to co-
localize with NS5 proteins in BHK and DF-1 cells that were
infected with the NS1'-expressing viruses (Fig. 4). This co-
localization was observed at 12 h p.i. and increased over
time (data not shown).

NS1’ protein efficiently interacts with NS5 protein
in avian cells

A higher co-localization rate of NS1’ and NS5 in DF-1 cells
was noted by confocal laser-scanning microscopy analysis.
A 20-30% co-localization of NSI’ and NS5 was observed
in BHK cells infected with the NS1'-expressing viruses,
whereas 60-70 % was observed in DF-1 cells infected with
the same viruses (Fig. 4).

374

Journal of General Virology 95

—144—



NS1’ facilitates production of JEV in avian cells

(@ Q 0] ) )
o £ & =
[ee) T I o) I
3 5 3 e
< NS1’
50 kDa 50 kDa
<~ NS1
BHK DF-1
(b) Strain Sequence
21 30 40 50 60 6667 70 80 90 99
$982-IC CCCTTTTCAGCTGGGLCTTCTGGTGATGTTITCTGGCCACCCAGGAGATCCTTCGCAAGAGGTGGACGGCCAGATTGACC

S982-A67G-IC CCCTTTTCAGCTGGGLCTTCTGGTGATGTTITCTGGCCACCCAGGA
JaTH-IC TCCTTTTCAGCTGGGCCTTCTGGTGATGTTTCTGGCCACCCAGGA
JaTH-GB7A-IC TCCTTTTCAGCTGGGCCTTCTGGTGATGTTTCTGGLCACCCAGGA
JaTH-GBBA-IC TCCTTTTCAGCTGGGLCTTICTGGTGATGTTITCTGGCCACCCAGGARAR

CC?TCG CAAGAGG?GGACGGCCAGA’{TG ACC
CCTTCGCAAGAGGTGGACGGLCAGATTGACC

(0
& 50kDa » 50kDa
z - 4 N
NS1/NS1 1.3 15 NS1/NS1
£ c
2 :

BHK DF-1

Fig. 1. NS1' expression and alignment of nucleotide sequences of the studied viruses. (a) Detection of NS1 and NS1' in JEV-
infected cells. BHK and DF-1 cells were infected at an m.o.i. of 10 for 48 h with S982-IC or JaTH-IC. Cellular extracts were
subjected to Western blotting with JEV anti-NS1 polyclonal antibodies. (b) Alignment of nucleotide sequences in the NS2A
gene of the five viruses used in this study. The number above the sequence indicates nucleotide position in the NS2A gene. The
nucleotides at positions 66 and 67 of the NS2A gene are highlighted in light grey and dark grey, respectively. Alignment of the
NS2A gene showed that JaTH-G66A-IC had an A at position 66, and S982-IC and JaTH-G67A-IC had an A at position 67 of
NS2A gene. (c) Detection of NS1 and NS1’ in BHK and DF-1 cells infected with the indicated viruses at an m.o.i. of 10 for
48 h. Cellular extracts were subjected to Western blotting for the detection of proteins indicated on the left side of the figure,
with f-Actin as the internal control. The number below a band lane indicates relative intensity of NS1’ band divided by the

intensity of NS1 band.

Co-immunoprecipitation (Co-IP) by purified anti-NS1 or
anti-NS5 antibodies resulted in the co-precipitation of NS5
and NS1/NS1’ in the lysates of BHK and DF-1 cells infected
with JEV ICs (Fig. 5a, b). The NS5 protein levels in DF-1 cells
infected with the NS1'-expressing viruses were 1.8-2.2 times
higher in comparison with those infected with the NS1’-non-
expressing viruses when they were co-precipitated by the
anti-NS1 antibodies (Fig. 5a). In contrast, in BHK cells
infected with all the studied viruses, a similar amount of co-
precipitated NS5 proteins was observed (Fig. 5a). A similar
amount of NS1 proteins was observed in BHK and DF-1 cells
when they were co-precipitated by the anti-NS5 antibodies
(Fig. 5b). However, NS1' protein levels in DF-1 cells infected
with the NS1’-expressing viruses were three to four times
higher in comparison with those in BHK cells that were
infected with the same viruses (Fig. 5b). These results
suggested that NS1’ proteins can directly or indirectly
interact with NS5 proteins as well as with NS1 proteins,
and that this interaction is highly efficient in avian DF-1 cells.

NS1’ protein increases viral RNA levels in avian
cells

Real-time quantitative reverse transcription (RT)-PCR
analysis revealed that the NS1’ protein expression signific-
antly upregulated viral RNA copy number in DF-1 cells but
not in BHK cells (Fig. 6). The viral RNA level was 10 times
higher in the NS1'-expressing viruses when compared with
that in the NS1’-non-expressing viruses from 12 up to 72 h
p.. in DF-1 cells (Fig. 6b). A significant difference in RNA
copy number was observed between $982-IC and $982-
A67G-IC at 24, 36, 48 and 72 h p.i. in DF-1 cells (Fig. 6b).
A significant difference in RNA copy number was also
observed between JaTH-IC and JaTH-G67A-IC at 24, 36
and 72 h pi. in DF-1 cells. In addition, a significant
difference in RNA copy number was observed between
JaTH-IC and JaTH-G66A-IC at 12, 24, 36, 48 and 72 h p.i.
in DF-1 cells (Fig. 6b). In contrast, RNA level was not
significantly different among the studied viruses in BHK
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cells (Fig. 6a). It was concluded that NS1’' protein
expression enhanced viral RNA level only in avian cells.

NS1’ protein increases virus production and
mortality in ECEs

There are some studies on the use of ECEs as a flavivirus
infection model (Crespo et al, 2009; Osorio et al., 2012).
Survival curves of ECEs infected with the NS1'-expressing
and NS1'-non-expressing viruses were compared to reveal
the influence of NSI1’ expression. The survival curves
showed that the NS1'-expressing viruses at a dose of both
10* and 10* p.f.u. per egg killed all ECEs by 6-9 days post-
inoculation (Fig. 7a, b). In contrast, infection of ECEs with
the NS1’-non-expressing viruses at a dose of 10* and 10?
p-f.u. per egg resulted in a mortality of 80—100 % (S982-IC,
100 %; JaTH-G67A-IC, 80%; JaTH-G66A-IC, 80 %; Fig.
7a) and 40-70% (S982-IC, 70 %; JaTH-G67A-IC, 50 %;
JaTH-G66A-IC, 40 %; Fig. 7b), respectively. All the viruses
studied in this paper showed 100 % mortality in ECEs after
inoculation of 10° p.f.u. per egg (data not shown).

On day 5 after inoculation of 10* p.fu. per egg,
embryonic tissues and yolk sac tissues from live and dead
ECEs were collected and the recovered virus titres were
compared. A significant increase in virus titre was
observed in both embryonic and yolk sac tissues infected
with the NSI1'-expressing viruses (Fig. 7¢, d). No
significant difference in virus amount was observed in
the tissues taken from live ECEs and from the dead ECEs
infected with the same virus for both the NS1'-expressing
and NS1'-non-expressing viruses. In 7-day-old ECEs, it
was difficult to distinguish each organ, and no significant
difference in virus amount was observed between embryo
tissues and yolk sac tissues in each infected ECEs (Fig.
S2a). In 14-day-old ECEs, tissue tropism was compared
between the NSI1'-expressing virus JaTH-IC and the
NS1'-non-expressing virus JaTH-G66A-IC (Fig. S2b).
The titre of virus in each tissue/organ infected with the
NS1'-expressing virus was relatively higher than that
infected with the NS1'-non-expressing virus. A significant
difference between the two viruses was observed only in
the liver (Fig. S2c).
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Fig. 3. Specificity of NS1’ antibodies. (a) The specificity of antibodies against NS1' protein was confirmed by Western blotting.
BHK and DF-1 cells were infected with each virus at an m.o.i. of 10. Western blotting was carried out on the extracted proteins
and NS1'-specific polyclonal antibodies produced as described in Methods were used as detecting antibodies. (b) Subcellular
localization of NS1 and/or NS1' was observed in BHK cells. Anti-NS1 or anti-NS1’ antibodies were used as primary antibodies,
and Alexa Fluor 568-conjugated anti-mouse antibodies were used for secondary labelling. The anti-NS1 antibodies detected
NS1 and NS1’ in all five viruses, whereas the anti-NS1’ antibodies detected NS1’ only in the NS1'-expressing viruses.

DISCUSSION Rice, 1997, 1999; MacKenzie et al., 1996; Muylaert et al,

1996; Youn et al,, 2012), only a few reports have dealt with
Although there are a number of reports on the roles of NS1 the function(s) of NS1’. These reports on NS1’ have
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divided by the intensity of the NS5 band.

propagation (Melian et al, 2010; Winkelmann et al., 2011;
Ye et al., 2012). A recent report demonstrated that NS1’
and NSI are co-localized in viral RNA replication sites in
infected cells, that NSI’ can complement for the deleted
NS1 during virus replication and that there is no significant
difference in the efficiency of complementation between
NS1 and NS1’ (Young et al, 2013). In the present report, it
was demonstrated that NS1' protein facilitated virus
production based on the increasing viral RNA level in
avian cells (Figs 2 and 6). An NSI’'-induced increase in
virus production and mortality of the ECEs was observed
(Fig. 7). It was also demonstrated that NS1' was expressed
more efficiently in avian DF-1 cells (Fig. Ic) than in
BHK cells, which were used in previous reports (Melian
et al, 2010; Winkelmann et al, 2011; Ye et al, 2012).
NS1’ expression and growth characteristics in porcine
kidney cells (PS cells) and Green monkey kidney cells
(Vero cells) were similar with those in BHK cells (Fig. S3).
These findings suggest that NS1' plays a crucial role in

RNA synthesis and production of JEV, especially in avian
cells.

The results of this study also provide some noteworthy
insights on NS1’ molecular functions. First, NS1’ expres-
sion was three to four times higher in DF-1 cells than in
mammalian cells (Figs 1c and S3a). Ribosomal frameshift-
ing is a translational mechanism used by many viruses to
co-ordinately express two proteins from a single mRNA at
a defined ratio (Brierley et al, 2007). It has been reported
that the species from which ribosomes are derived could
influence the frequency of frameshifting (Matsufuji et al,
1996), and a different structure of different ribosomes
could influence —1 ribosomal frameshifting efficiencies
(Plant & Dinman, 2006). Birds and mammals may have a
different translational mechanism regarding the —1
ribosomal frameshifting, and the higher ratio of NSI’
translation could occur in avian cells. Secondly, quantitat-
ive RT-PCR analysis revealed that NS1' increased viral

378

Journal of General Virology 95

—148—



NS1’ facilitates production of JEV in avian cells

(@) 9-
3 8-
g7
<6
o
T 5]
4
o]
o3
9 4= -
1 12 24 36
Time (h p.i.)
[ ses2-iC [F1s982-A67G-IC
B JaTH-GB7A-IC B JaTH-GB6A-IC
b Kk
( )9‘
88
57
S 6
[14
5
o4
[o2]
9 3-
- , .
1 12 24 36 48 72
Time (h p.i.)
[ so9s2-iCc 715982-A67G-IC [ JaTH-IC

B JaTH-G67A-IC B JaTH-G66A-IC

Fig. 6. Viral RNA level in BHK and DF-1 cells. Viral RNA copies
from cell lysates were measured by real-time quantitative RT-PCR.
(a, b) BHK (a) and DF-1 (b) cells were infected with the indicated
viruses at an m.o.i. of 0.1. Viral RNA copies were measured at the
indicated times p.i. The values were normalized to expression of -
actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
for mouse and avian cells, respectively. The values between two
groups were tested by Student's t-test or Welch test analysis.
Asterisks indicate statistical significance between viruses at
P<0.05: *, S982-IC versus S982-A67G-IC; **, JaTH-IC versus
JaTH-GB7A-IC; ***, JaTH-IC versus JaTH-G66A-IC. Results are
expressed as means = SD from three independent experiments.

RNA copy number in DF-1 cells but not in BHK cells (Fig.
6). A higher co-localization rate and effective interactions
were also shown to occur between NS1’ and NS5 proteins
in avian cells (Figs 4 and 5). These results indicate that the
efficient interaction of NSI' and NS5 may influence
effective viral RNA replication in avian cells. In future
studies, the role of NS1’ in replication could be elaborated
further by a complementation assay (Young et al., 2013).
Thirdly, the NS1'-expressing viruses increased virus
production and mortality rate in ECEs (Fig. 7). The
present study reports for the first time the characteristic
effects of JEV infection in ECEs. It will be important to
reveal in future investigations how NS1’ expression affects
viral pathogenicity, and the duration of a higher viraemia

titre in adult birds. In JEV natural transmission, over 90
bird species are known to be amplification and reservoir
hosts of JEV, and they represent the primary effective
animal hosts because they can be highly viraemic and can
be an outstanding source of infection for mosquitoes (Le
Flohic et al, 2013). Over long distances, migratory birds
are the most likely spreader of JEV because some have a
complex migration system over a large geographical area
(van den Hurk et al, 2009). Based on these situations,
adaptation to birds provides a good advantage for JEV
survival, and the NSI1'-expressing virus showed higher
fitness in avian cells (Fig. S4).

In conclusion, this study indicates that one of the intrinsic
functions of the NS1’ protein found to be specific for avian
cells and tissues is to facilitate virus production. The NS1’
protein works efficiently with NS5 proteins and increases viral
RNA synthesis. This suggests a possible important role for
NS1’ in reservoir birds by contributing to the survival of JEV
through the retention of sufficient amounts of virus during the
natural cycles by facilitating virus production in avian hosts.

METHODS

Cells and viruses. Baby hamster kidney (BHK) and chicken
embryonic fibroblast (DF-1) cells were maintained in minimum
essential medium (MEM) with 10% FCS and 0.2 mM non-essential
amino acids. BHK and DF-1 cells were allowed to grow at 37 °C with
5% CO,. JEV strain JaOArS982 was isolated from a Culex mosquito
pool in Osaka, Japan, in 1982 (Sumiyoshi et al., 1987). JEV strain
JaTH160 was isolated from a human brain in Tokyo, Japan, in 1960
(Fujii et al, 2008). Following a procedure described previously
(Hayasaka et al., 2004; Morita et al., 2001), full-length JEV ¢DNA ICs
designated $982-I1C and JaTH-IC were constructed (Takamatsu et al.,
unpublished data).

Mutagenesis of ICs. Site-directed mutagenesis was introduced as
described previously (Yu et al., 2007a) to substitute an A with a G at
nt 67 of the NS2A gene (A67G) in the IC $982-IC, and a G with an A at
nt 66 and 67 of the NS2A gene (G66A and G67A, respectively) in the- -
other clone JaTH-IC. The primers used for mutagenesis are indicated
in Table S2. The sequences of recovered viruses were confirmed and the
resulting mutated viruses were designated $982-A67G-IC, JaTH-G67A-
IC and JaTH-G66A-IC, respectively. It has been reported that the
nucleotide change from G to A at nt 66 of the NS2A gene abolishes
NS1’ expression in JEV (Ye et al, 2012). In order to eliminate the
influence of the amino acid change from I to V at aa 23 of the NS24,
JaTH-G66A-IC was developed. The experimental protocols were
approved by the committee for recombinant DNA experiments,
Nagasaki University, Japan (approval number: 0909021017).

Recovery of infectious virus. Full-length ¢DNA clones were
linearized and transcribed into RNA using an SP6 transcription system
as described previously (Hayasaka et al, 2004), and the RNA was
introduced into BHK cells by electroporation (Hayasaka et al., 2004).
The full-length cloned viruses were propagated in BHK cells to generate
working stocks, and these virus stocks were stored at —80 °C.

Growth curves in BHK and DF-1 cells. JEV infection was
performed on a monolayer of cells on 24-well plates at an m.o.i. of
0.1. After incubation for 60 min, the virus inoculum was removed
and the cells were washed twice with PBS. Medium (0.5 ml) was
added to each well and the plates were incubated at 37 °C under 5%

http://vir.sgmjournals.org

—149—

379



Y. Takamatsu and others

(a) 104 p.fu. (b)102 p.fu.
100 100 oO——C© O—O—© QO O

8 80 S 801

i i

O 60+ O 60 :}

il L ok

5 s

T 40 = 40 .

= =

g 5 *

@ 201 @ 20+

0 _ T O T &t
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (days post-inoculation) Time (days post-inoculation)
—o— Control —6—5982-IC —H—S5982-A67G-IC —&— JaTH-IC —#— JaTH-G67A-IC —¥— JaTH-G66A-IC
(c) Tissue d Yolk sac *

T x

7] 171

@2 8 2 6- *

= @ Dead o 0 Dead
3 ® Live 34 © Live
S 4 S

o o

e =90

2 2 8

Detection limit Detection limit

Fig. 7. Survival curves and virus titres from tissues of live and dead ECEs. (a, b) Seven-day-old ECEs (n=10) were inoculated
by the indicated viruses at a titre of 10* p.f.u. per egg (a) or 10% p.f.u. per egg (b). Survival was monitored daily until 12 days
post-inoculation. A log-rank test was performed to compare survival curves of JEV-inoculated ECEs. t, Significant difference
between the survival curves of ECEs infected with the NS1'-expressing viruses (S982-A67G-IC and JaTH-IC) and JaTH-
G66A-IC (P<0.05); 1, significant difference between the survival curves of ECEs infected with the NS1'-expressing viruses
and $982-IC (P<0.05); **, significant difference between the survival curves of ECEs infected with the NS1’-expressing
viruses and the NS1’-non-expressing viruses (JaTH-G67A-IC and JaTH-G66A-IC) (P<0.01). (¢, d) On day 5 post-inoculation,
virus titres were determined from homogenized tissues of live (n=8-4) and dead (n=6-10) ECEs that had been inoculated
with 10% p.f.u. per egg of the indicated viruses. The distribution of the virus titres from embryonic tissue samples (c) and from the
yolk sac (d) was plotted. The values between two groups were tested by one-way ANOVA. Asterisks indicate statistical
significance (*P<0.05; **P<0.01) in the difference of titres between the NS1'-expressing viruses and the NS1'-non-

expressing viruses. Underlining indicates the NS1'-expressing viruses.

CO,. The supernatants were harvested at 0, 24, 48 and 72 h p.i. and
stored in aliquots at —80 °C prior to titration.

Focus formation and virus titration. Focus formation was
performed on BHK and DF-1 cells as described previously (Espada-
Murao & Morita, 2011). Virus titres were determined by plaque-forming
assays on BHK cells and expressed as p.fu. ml ™. A 10-fold serial dilution
of viral stocks was used for infection, and an overlay of MEM with 2 %
FCS and 1% methylcellulose was added after viral adsorption. Cells
were incubated at 37 °C with 5% CO, for 4 days, fixed with 4%
paraformaldehyde in phosphate buffer (WAKO) and stained with 0.1 %
crystal violet in 10 % ethanol (Hayasaka et al, 2009).

NS1’ antibody. NSI’ polyclonal antibodies were produced from
C57BL/6j mice (Japan SLC Co.), which were injected with a peptide

antigen (Fig. S5). The antigen was prepared following a procedure
described previously (Yu et al, 2007b). Here, the NSI' gene was
amplified using primers 5'-AAAGGATCCTCAGCTGGGCCTTC-
TGG-3'and 5'-AAACTCGAGTCAGTGTAAGTGATGCC-3', with
the underlined nucleotides indicating restriction sites. PCR-amplified
DNA fragment was digested with BamHI and Xhol and cloned into
the corresponding restriction sites of pGEX6p1 (GE Healthcare). The
plasmids were transformed into BL21 Codon Plus (Agilent).
Transformed Escherichia coli cells were cultured in 500 ml Terrific
Broth containing ampicillin at a concentration of 50 pg ml™
Production of the NS1’ protein was induced by the addition of
0.5 mM IPTG when the ODgqq of the culture reached 0.5. After IPTG
induction at 37 °C for 3 h, the cells were harvested by centrifugation
and washed with PBS. The cell suspension was sonicated in 5 s pulses
at 10 s intervals for 5 min and centrifuged at 20000 g for 35 min.
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Supernatants were collected and filtered through 0.45 uM filter
(Millipore) and applied to a glutathione-Sepharose 4B column (GE
Healthcare). After washing with PBS twice, the purified protein was
eluted with 50 mM Tris/HCl (pH 8.0), 100 mM NaCl, 10 mM
glutathione. Protein concentrations were determined by the Bradford
method and purity was confirmed by SDS-PAGE as described
previously (Yu et al, 2005). Purified proteins were aliquotted and
stored at —30 °C prior to injection. Mouse anti-NS1 and rabbit anti-
NS5 polyclonal antibodies were prepared applying a procedure
similar to that of the anti-NS1' antibody production (Yu et al,
2007a). The experimental protocols were approved by the Animal
Care and Use Committee, Nagasaki University, Japan.

Confocal laser-scanning microscopy. JEV infection was performed
on a monolayer of cells on eight-well chamber slides (Nunc) at an
m.o.i. of 10. At 48 h p.i, the cells were subjected to immunostaining as
described previously (Espada-Murao & Morita, 2011). Briefly, the cells
were fixed with 2 % paraformaldehyde, permeabilized with 1 % NP-40,
blocked and stained. The primary antibodies used were as follows:
mouse anti-NS1, mouse anti-NS1’ and rabbit anti-NS5 polyclonal
antibodies. Alexa Fluor 488-conjugated anti-rabbit and Alexa Fluor
568-conjugated anti-mouse antibodies (Invitrogen) were used for
secondary labelling. Finally, the cells were incubated with DAPI for
nuclear counterstaining. Images were captured using an LSM780
confocal laser-scanning microscope (Carl Zeiss).

Western blotting. JEV infection was performed on a monolayer of
cells on 12-well plates at an m.o.i. of 10. At 48 h p.i,, the cells were
washed with PBS and resuspended in 100 pl lysis buffer [8 M urea,
500 mM Tris/HCl (pH 8.0), 2.5 mM EDTA]. After 30 min on ice, the
cells were centrifuged at 20000 g for 30 min at 4 °C. Each
supernatant was mixed with acetone at a volume 10 times that of
the supernatant and kept at —80 °C. The chilled samples were
centrifuged under the same conditions as above and each supernatant
was discarded. The pellets were mixed with SDS-PAGE sample buffer
[62.5 mM Tris/HCl (pH 6.8), 4% SDS, 10% 2-mercaptoethanol,
0.1 % bromophenol blue] and then heated at 95 °C for 3 min. Equal
volumes of samples were loaded onto a 10-20% polyacrylamide
gradient gel (e-PAGEL; ATTO) and separated by SDS-PAGE. Western
blotting was performed as described previously (Okamoto et al., 2012;
Yu et al, 2007a). For the primary antibody reaction, PVDF
membranes (Millipore) were treated with mouse anti-B-actin (Santa
Cruz Biotechnology, 1:1000 dilution), mouse anti-NS1 (1:250
dilution), mouse anti-NS1’ (1:250 dilution) or rabbit anti-NS5
(1:250 dilution) polyclonal antibodies. For the secondary antibody
reaction, membranes were treated with the corresponding anti-mouse
IgG-HRP (Santa Cruz Biotechnology, 1:10000 dilution) or anti-
rabbit IgG-HRP (Santa Cruz Biotechnology, 1:10000 dilution).
Protein bands were developed using Luminata Forte Western HRP
Substrate (Millipore) and detected by using an LAS-4000 Mini
Luminescent Image Analyzer (Fujifilm). The intensity of bands was
calculated using Image] software (Schneider et al., 2012).

Co-IP. The co-IP procedure was performed using protein A/G—
Sepharose (GE Healthcare) with purified anti-NS1 or anti-NS5
polyclonal antibodies. JEV infection was performed on a monolayer
of BHK and DF-1 cells in 150 cm? flasks. PBS was used in the control
cells. At 48 h p.i,, the cells were washed with cold PBS and lysed with
50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% NP-40
and protease inhibitor (Thermo Scientific). The lysed solutions were
sonicated for 15-30 s and centrifuged at 12000 g for 10 min.
Supernatants were collected and subjected to co-IP according to the
manufacturer’s instructions. Briefly, after the antigen—antibody
reaction had taken place at 4 °C for 1 h, protein A/G-Sepharose
was added. After incubation at 4 °C overnight, the solutions were
centrifuged at 12000 g for 20 s and the pellets washed three times
with wash buffer [50 mM Tris/HCl (pH 7.5), 50 mM NaCl, 1 mM

EDTA, protease inhibitor]. Finally, elution was achieved through the
use of SDS-PAGE sample buffer. Western blotting was carried out
following the procedure above.

Real-time quantitative RT-PCR. JEV infection was performed on a
monolayer of cells on 24-well plates at an m.o.i. of 0.1. At the
indicated times, total RNA was harvested from cells using an RNeasy
Mini kit (Qiagen). One microgram of RNA in a total volume of 20 pl
was reverse transcribed with a Prime Script RT Reagent kit (TaKaRa)
to obtain cellular mRNA and JEV RNA. Two microlitres of the
product was used for real-time PCR (Applied Biosystems) with SYBR
Premix Ex Tagq II (TaKaRa). The number of copies of viral RNA, §-
actin and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mRNAs was calculated by absolute quantification based on in vitro-
transcribed JEV RNA, B-actin and GAPDH standards (Li et al, 2013).
The real-time RT-PCR primers are shown in Table S3.

Inoculation of ECEs. ECEs have been used for virus isolation and
propagation (Clavijo et al., 2000; Crespo et al., 2009). Infection of
ECEs with JEV in the present study was performed following the basic
procedure used for WNV (Osorio et al., 2012) and Crimean—Congo
haemorrhagic fever virus (Xia et al., 2013). Seven-day old ECEs were
assigned per experimental or control group. These ECEs were
inoculated with 200 pl viral inoculum (10* or 10? pfu. for
experimental groups) or PBS (for control group) into the allantoic
cavity, after which they were kept at 37 °C in an incubator. ECEs were
candled once daily after inoculation to check their survival until
12 days post-inoculation. Dead ECEs in the first 24 h post-
inoculation were discarded and the cause of their death was
considered to be non-specific (Xia et al., 2013).

Virus recovery from tissues and titration. Both dead and live ECEs
at day 5 post-inoculation were chilled at 4 °C for 1 h in preparation for
collecting tissues. The egg surface was disinfected with 70 % ethanol.
The portion of the egg shell that covered the air cell was disinfected and
a pair of sterile forceps was used to crack and remove the egg shell over
the air cell. Embryonic tissues and yolk sac tissues were grasped with
sterile forceps and stored in cryovials at —80 °C prior to titration.
These samples were homogenized on a 70 pm cell strainer (BD
Biosciences) with a particular volume (mg ul™Y) of medium. The virus
titre in each sample was determined by a plaque-forming assay in BHK
cells and expressed as p.f.u. (g tissue) ~? (Hayasaka et al., 2009).
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Abstract
Tick-borne encephalitis virus (TBEV) is a zoonotic agent that causes acute central

nervous system (CNS) disease in humans. We previously suggested that immune response
in addition to CNS infection contribute to mouse mortality following TBEV infection.
However, we did not examine the influence of virus variants in the previous study.
Therefore, in this study, we investigated the biological and pathologic potentials of the
variant clones in the TBEV Oshima strain. We isolated eight variant clones from the stock
virus of the Oshima 5-10. These variants exhibited different plaque morphologies in BHK
cells and pathogenic potentials in mice. Full sequences of viral genomes revealed that
each of the variant clones except one had specific combinations of nucleotide and amino
acid changes at certain positions different from the parent strain. We also showed that an
amino acid substitution of Glu;»,—Gly in the E protein could have affected virus
infection and replication in vivo, as well as the attenuated pathogenicity in mice. These
data confirm the presence of virus variants or quasispecies from the parent strain. Further
elucidation of the effect of each variant clone on immune responses such as the T-cell

response is an important priority in the development of an effective vaccine and treatment
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strategies for tick-borne encephalitis.

Keywords
Far-eastern subtype TBEYV, variant clones, E protein

Introduction

Tick-borne encephalitis virus (TBEV) is a causative agent of acute central nervous
system (CNS) disease in humans [1-2]. TBEV is a member of the family Flaviviridae,
genus Flavivirus, whose genome encodes three structural proteins (C, prM and E) and
five non-structural (NS) proteins (NS1, NS2, NS3, NS4 and NS5) [2-4].

TBEV is prevalent over a wide area of Europe and Asia, and is divided into three
subtypes comprising the European (Eu-), Siberian and Far Eastern (FE-) subtypes [5-6]. It
has been suggested that the FE-TBEV is associated with a disease more severe than the
one caused by the other subtypes [2]. TBEV can cause tick-borne encephalitis (TBE)
which is a potentially fatal neurological infection affecting humans [4]. The virus can
infect humans through the bite of an infected tick. The TBEV endemic areas of Europe
and Asia correspond to the geographical distribution of Ixodes tick species [1, 7-11].

In human cases, the neurological symptoms include fever, headache, meningitis,
meningoencephalitis and meningoencephalomyelitis [1]. However, the clinical features
are not unique to TBE, and laboratory diagnosis is required to distinguish it from other
neurological disorders [3, 12-13]. Although clinical symptoms vary from febrile illness to
meningitis and encephalitis, the mechanism of severe encephalitis has not been fully
elucidated.

The laboratory mouse model is commonly employed to elucidate the mechanism of
disease development following TBEV infection in vivo. [14-17]. Recent works have
proposed that CNS pathology following TBEV infection is a consequence of viral
infection of the corresponding cells and the resulting inflammatory response [18].

Using a mouse model of infection with the Oshima strain of FE-TBEV, we have
shown that immune and stress responses in addition to CNS infection contribute to mouse
mortality [19-20]. These results indicated that the host immune response is likely to be a
determinant of clinical outcome in this model [19-22]. However, we did not examine the
influence of virus variants (quasi-species) in the mouse model experiments regarding
TBEV Oshima infection. V

Variants of TBEV may induce different degrees of pathology. Previous papers have
reported that the amino acid mutations in the E protein of this virus exert an effect on its
virulence and neuroinvasiveness [23-25]. For example, Mandl et al. reported that the E
protein of the Neudoerfl strain of Eu-TBEV had several different mutations such as
Glu;,—Gly, Ser;sg—Arg, Gly;so—Arg and Gluyg—Lys after several passages in
cultured cells. These mutations affected the binding sites of the protein and resulted in the
attenuation of the virus in vivo [26]. It was also shown that neurovirulence of the Oshima
strain of FE-TBEV was attenuated by the mutation at position 1579 (A—G, Aspssz—Gly)
[23]. Thus, in this study, our purpose was to investigate the pathologic potential of the
variants or quasispecies of the Oshima strain of FE-TBEV in a mouse model.

Methods
Virus and cell

Stock virus of the Oshima 5-10 strain of TBEV was prepared from infected cell
culture medium of baby hamster kidney (BHK) [19]. The BHK cells were grown in
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Eagle's Minimal Essential Medium (EMEM; Nissui Pharmaceutical Co.) containing 10%
fetal calf serum (FCS). All experiments using live TBEV were performed in a biosafety
level 3 laboratory at the Institute of Tropical Medicine, Nagasaki University according to
the standard Biosafety Level 3 guidelines.

Plaque assay

Virus titers were determined by plaque forming assays in BHK cells [19]. Briefly,
monolayers of BHK cells were grown in 24-well plates and infected with serial dilutions
of the virus in culture medium. After incubation at 37°C for 90 minutes, culture medium
containing 1% methyl cellulose was added to each well. Cells were then incubated for
four days, after which, the medium was removed and cells were stained with crystal violet.
Viral titers were expressed as pfu/ ml of the diluted viruses in culture medium.

Cloning of Oshima 5-10 by limiting dilution

BHK cells were grown in four 96-well plates and then inoculated with Oshima 5-10
at a concentration of 0.1 pfu /well. Cytopathic effects (CPE) were observed in less than 10
wells per plate. The infected culture fluids in these wells were harvested and inoculated in
fresh BHK cells, and the procedure of identifying CPE and inoculation in BHK cells was
repeated. Finally, the stock viruses of each clone were prepared from cell culture medium
of BHK.

Mice

C57BL/6j (B6) mice were purchased from Japan SLC Corporation. Five-week old
female B6 mice were subcutaneously inoculated with 10* PFU of TBEV Oshima 5-10
parent (Oshima-pt) and Oshima clones diluted in 200 pl of EMEM containing 2% FCS.
Mock-infected mice were inoculated with the supernatant medium of uninfected BHK
cells. The mice were weighed daily and observed for clinical signs. The animal
experiments were performed in accordance with the Fundamental Guidelines for Proper
Conduct of Animal Experiments and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture, Sports, Science and
Technology. The experimental protocols were approved by the Nagasaki University
Animal Care and Use Committee (approval number: 091130-2-7 / 0912080807-7).

Virus titrations

At nine days post-infection (p.i.) with 10* PFU of TBEV Oshima clones, mouse
brains and spleens were collected after perfusion with cold PBS. The spleens were
immediately immersed in RNAlater (Ambion). The collected tissues were stored at -80°C
until they were used.

The brains were homogenized in ten volumes of PBS containing 10% FCS and
diluted with EMEM with 2% FCS. Virus titers were determined by plaque-forming assays
in BHK cells and were expressed as pfu/g of tissue.

Total RNA was extracted from spleens using RNeasy Lipid Tissue Mini Kit (Qiagen)
according to the manufacturer’s instructions. The levels of viral RNA were measured by
real time-PCR as demonstrated previously [27-28]. The copy numbers were calculated as
a ratio of the copy numbers in 100 ng of RNA

Genome sequence of the Oshima 5-10 clones
Viral RNA of each Oshima 5-10 clone was extracted from the cell culture fluids of
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each stock virus using QIAquick PCR Purification Kit (QIAGEN) according to the
manufacturer’s protocol. Reverse transcription was performed using Superscript III
reverse transcriptase (Invitrogen) and random hexamers. PCR was performed to cover the
whole genome sequence using TAKARA Ex 7aq DNA polymerase (TAKARA BIO Inc.).
The cycle sequencing reaction was performed using BigDye Terminator v3.1 Cycle
Sequencing Kit (Life Technologies), and the DNA sequence was determined in the
Applied Biosystems 3730 DNA Analyzer (Life Technologies).

Primers were designed based on the genome of Oshima 5-10 strain (GenBank Acc.
No. AB062063.2). Sequence was performed in both directions with specific primer
corresponding to each fragment. Sequence results were analyzed with MEGAS [29] and
Unipro Ugene [30]. The nucleotides sequences were aligned by ClustalX 2.1 [31] for full
genome analyses.

3D structure of E protein of TBEV
The 3D structure of E protein was shown using the PyMOL Molecular Graphics
System, Version 1.6 Schrodinger, LLC.

Results
Clones of the Oshima 5-10

We isolated and examined eight clones of Oshima 5-10 virus and designated them as
Oshima-A4, A9, All, Bll, Cl1, E2, E3, and E7. The clones exhibited a different
morphology of plaques in BHK cells (Fig. 1). Oshima-pt showed various sizes of plaques
(Fig. 1). The plaque size of Oshima-A4, A9 and B11 was comparatively small, while that
of C1 was large (Fig. 1). However, Oshima-A11, C1, E2, E3, and E7 virus caused a
mixture of large and small plaques (Fig. 1). These results indicate that parent Oshima
5-10 virus consists of quasi-species based on the various sizes of plaques exhibited by the
clones.

Pathogenicity of TBEV Oshima clones in mice

To examine the pathogenicity of TBEV Oshima clones in mice, we subcutaneously
inoculated each clone in five corresponding B6 mice, which were then observed for
morbidity (weight loss) and mortality. All Oshima-pt-infected mice exhibited weight loss
and one mouse died at 12 days p.i. (Fig. 2). This observation was reproducible as in our
previous study [19]. Oshima-Al1, C1, E2 and E7 also caused weight loss in 4-5 mice and
the death of 1-2 mice within 21 days p.i. similar to that of the parent virus (Fig. 2). Four
Oshima-E3-infected mice exhibited weight loss and all mice survived (Fig. 2).

On the other hand, the small plaque-forming clones such as Oshima-A4, A9 and B11
did not cause any weight loss, clinical signs or death similar to the observations in the
uninfected mice (Fig. 2).

These results indicate that only the clones producing small plaques, had attenuated
virulence in mice and that the other Oshima clones with plaque-forming characteristics
similar to those of the parent strain shared the same pathogenic potential as the parent
strain.

Virus infections in brains and spleens of Oshima clones-infected mice

To observe the virus infection in the CNS, we investigated the infectious viral loads
in the brains of Oshima clone-infected mice. Following inoculation with Oshima-pt, all
mice exhibited more than 10* pfu/g of tissue in the brain (Fig. 3A). Oshima-A1l-, C1-
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and all E7-infected mice also showed more than 10* pfu/g of tissue in the brain (Fig. 3A).
Following Oshima-E3 infection, one mouse showed a viral load in the brain, but the other
two mice did not (Fig. 3A). The viral load in the brain of all Oshima-A4-, A9- and
B11-infected mice was under the detection limit (Fig. 3A).

Next, we confirmed peripheral infections in Oshima clone-infected mice. We
employed quantitative RT-PCR to detect viral RNA in the spleen instead of using plaque
assay, because no infectious virus could be detected by this technique at nine days p.i. In
all Oshima-pt-, A11-, C1-, E2- and E7-infected mice, viral RNA was detected, indicating
that peripheral infection and replication occurred in these mice (Fig. 3B). In
Oshima-E3-infected mice, one mouse showed peripheral infection, but no viral RNA was
detected in the spleen of the other two mice (Fig. 3B). The viral RNA level was under the
detection limit in two of three Oshima-A4- and B11- and in all of the A9-infected mice
(Fig. 3B).

It is noteworthy that the Oshima-A4-, A9- and B11-infected mice with levels of viral
RNA under the detection limit in the spleen did not exhibit viral infections in the brain
either, indicating that viral infections did not occur or were very limited. These results
suggest that Oshima-A4, A9 and B11 viruses exhibited very limited peripheral and CNS
infection, and had an attenuated virulence in mice.

Genome sequence of Oshima 5-10 clones

We determined the full genome sequence of Oshima 5-10 clones by the direct
sequence method. Each clone showed a few differences in nucleotide and amino acid at
certain positions compared with Oshima-pt (Table 1). Interestingly, the Oshima-A4, A9
and B11 that showed small plaques and attenuated virulence had a common nucleotide
substitution of A to G at position 1342 at the E-coding region, and it resulted in the
substitution of amino acid from glutamic acid to glycine at position 122 of the E protein
(Table 1). This substitution was not detected in Oshima-A1l, C1, E2, E3 or E7 (Fig. 2).
These results suggest that an amino acid change of glutamic acid to glycine in E protein
affects the plaque morphology and may influence the biological activity of the Oshima
strain of FE-TBEV.

Discussion
In this study, we examined eight variant clones from the stock virus of Oshima 5-10,

a strain of FE-TBEV. These variants exhibited different pathogenic potentials in mice.
Full sequences of viral genomes revealed that each of the variant clones except one had a
specific combination of nucleotide and amino acid changes at certain positions different
from the parent strain. These data confirm the presence of virus variants or quasispecies
from the parent strain.

Oshima-A4, A9 and B11 exhibited attenuated virulence, whereas the others showed
pathogenicity similar to that of the parent virus. None of the cloned variants in this study
showed a significantly (log lank test) higher virulence than the parent virus, but in another
study [14] Sofjin strain surpassed the parent strain in virulence. We also found that
attenuated variants had a common amino acid substitution in E protein (Glu;—Gly).
Mice inoculated with these variants exhibited no CNS viral entry and had very limited
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peripheral infections. Using the Neudoerfl strain of Eu-TBEV, Mandl et al. reported that
the same substitution of Glu;,,—Gly in E protein appeared during adaptation in BHK-21
cells and that the amino acid substitution caused a reduction of virus virulence in mice.
Thus, the Glu;»,—Gly amino acid substitution could have affected virus infection and
replication in vivo and the pathogenicity of both Eu-TBEV and FE-TBEV in mice.

The E protein of flaviviruses is classified as a class II virus membrane fusion protein
and plays an important role in receptor binding and fusion of the virus membrane with the
host cell membrane [32-34]. At neutral pH, E protein of mature flavivirus virion is a
homodimer (Fig. 4A) and is located on the virus surface. Each monomer contains three
different B-barrel domains, namely domain I (DI), domain II (DII), and domain IIT (DIII)
(Fig. 4A). DI is a structural domain, contains N-terminal and elongates with DII by a
fusion loop (fp) at the tip of DII. This fp is buried through the interaction with a
hydrophobic pocket between DI and DIII. DI connects to DIII by a single polypetide
linker region. DIII is an immunoglobulin-like domain and connects to the C-terminal stem
region and transmembrane (TM) domain [35-36]. At a low pH condition, the homodimer
of E protein dissociates, and the fp is exposed and interacts with cell membrane [37]. At
the next step, the monomer rearranges and associates into homotrimer (Fig. 4B), which
then initiates hairpin formation. DIII and the stem region fold back towards the fusion
loop as hemifusion [33]. Finally, the viral membrane completely fuses with the cell
membrane through mixing of the outer membrane leaflet (viral membrane leaflet) and the
inner membrane leaflet (cell membrane leaflet) and the opening of a fusion pore [38].

The substitution in E protein (Glu;2,—Gly) is located in DII of E protein adjacent to
the hinge region (Fig. 4A and 4B). During the membrane fusion process, the dissociation
of homodimer and the consequent formation of homotrimer locates Glu;;;—Gly on the
surface of the homotrimer structure (Fig. 4B). DII of E protein contains fusion peptide
that functions as an inert anchor or active center in the process of fusion between the viral
envelope and cell membrane [39]. Mandl et al. showed that this substitution acquired
potential HS-binding in this position and increased TBEV infectivity in BHK cells [26,
40]. They also showed that this substitution caused attenuation of virulence in mice,
although the precise mechanism of the attenuation was not fully elucidated. In this study,
we showed that Oshima-A4, A9 and B11 viruses exhibited small plaque size and
attenuated virulence in mice. Attenuated virus replications of Oshima-A4, A9 and B11
might also be affected by HS binding [26] .

In this study, twelve nucleotide substitutions including the nucleotide that resulted in
Glu;,—Gly were detected. It is noteworthy that Oshima-E3 exhibited attenuated
virulence and one nucleotide change in E protein but that the change did not result in
amino acid change. However, at this stage of our knowledge, it is difficult to explain how
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these substitutions affect viral biology and virulence. Information on these substitutions
has not been reported previously. Thus, investigations regarding the role of these
nucleotide substitutions may provide important information in understanding the biology
and pathogenesis of TBEV.

The laboratory mouse model has been commonly employed to study the pathology
of encephalitic flaviviruses. Using the mouse model, we previously showed that the
Oshima strain of FE-TBEV caused variation of fatal outcomes and we suggested that the
immunopathogenetic process contributes to severe disease and mortality [19].
Furthermore, we showed that specific T-cell receptor (TCR) repertoires were present in
dying mice during TBEV infection [41]. These data raise the possibility that there may be
a variety of specific T-cell clones affecting either protective or pathogenetic functions in
dying and recovering mice, indicating that the differentiation of specific T-cell clones is
one of the key factors of the disease. However, the mechanism by which the differentiated
T-cell clones appeared and developed remained unclear. Therefore, the variant amino acid
of the variant clones found in this study might exert an effect on the various T-cell
epitopes and on the differentiated T-cell clones in individual mice. Thus, the data from the
present study could provide an important clue for understanding the variations of T cells
affecting pathogenesis. Further investigations regarding the immunopathogenic T-cells is
an important priority in the development of an effective vaccine and treatment strategies
for TBE.
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