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Abstract

Flavivirus includes a large group of human pathogens with medical importance. Especially,
neurotropic flaviviruses capable of invading central and peripheral nervous system, e.g. Japanese
encephalitis virus (JEV) and Zika virus (ZIKV), are highly pathogenic to human and constitute major
global health problems. However, the dynamic dissemination and pathogenesis of neurotropic
flavivirus infections remain largely unknown. Here, using JEV as a model, we rationally designed and
constructed a recombinant reporter virus that stably expressed Renilla luciferase (Rluc). The
resulting JEV reporter virus (named Rluc-JEV) and parental JEV exhibited similar replication and
infection characteristics, and the magnitude of Rluc activity correlated well with progeny viral
production in vitro and in vivo. By using in vivo bioluminescence imaging (BLI) technology, we
dissected the replication and dissemination dynamics of JEV infection in mice upon different
inoculation routes. Interestingly, besides replicating in mouse brain, Rluc-JEV predominantly
invaded the abdominal organs in mice with typical viscerotropism. Further tests in mice deficient in
type | interferon (IFN) receptors demonstrated robust and prolonged viral replication in the
intestine, spleen, liver, kidney and other abdominal organs. Combined with histopathological and
immunohistochemical results, the host type | IFN signaling was evidenced as the major barrier to
the viscerotropism and pathogenicity of this neurotropic flavivirus. Additionally, the Rluc-JEV
platform was readily adapted for efficacy assay of known antiviral compounds and a live JE vaccine.
Collectively, our study revealed abdominal organs as important targets of JEV infection in mice and
profiled the unique viscerotropism trait controlled by the host type | IFN signaling. This in vivo
visualization technology described here provides a powerful tool for testing antiviral agents and
vaccine candidates for flaviviral infection.
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Introduction

Neurotropic flavivirus includes a large family of  encephalitis virus (SLEV), Murray Valley encephalitis
important human pathogens such as Japanese virus (MVEV) and tick-borne encephalitis virus
encephalitis virus (JEV), Zika virus (ZIKV), yellow  (TBEV). These pathogens are maintained in a
fever virus (YFV), West Nile virus (WNV), St Louis  transmission cycle in a zoonotic cycle between vectors
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and vertebrates, and humans get infected by bites of
infected vectors. These neurotropic flaviviruses have
been the most important causative agents of viral
encephalitis in the world [1]. For example,
approximately 50,000-175,000 cases of JEV infection
are reported annually with a high fatality rate of 30%
[2], and up to 50% of survivors live with severe
residual neurological sequelae [3-5]. Over the past
decades, JEV has extended its geographic range to
Australia [6], Pakistan [7], and Saipan [8]. JEV is now
recognized as the most significant cause of
mosquito-borne encephalitis worldwide, with over 3
billion people at risk of infection [9]. WNV, first
introduced into the Western hemisphere in 1999, has
caused over 41,700 cases, with more than 1,700 death
in the USA alone [10]. Recently, WNV has
disseminated broadly in the Western hemisphere and
now poses a significant public health risk in the USA,
Europe, the Middle East and Africa. The ongoing
ZIKV outbreak in the Americas has aroused global
concerns due to its unexpected association with birth
defects and Guillain-Barre” syndrome [11].

The clinical manifestations of neurotropic
flavivirus infections varied, ranging from non-specific

mild symptoms to severe forms, including
microcephaly, Guillain-Barre syndrome,
meningoencephalitis, aseptic meningitis, and a

polio-like acute flaccid paralysis [12-14]. Following a
subcutaneous bite of a mosquito, the neurotropic
flavivirus is believed to firstly replicate in resident
dendritic cells [15, 16] or epidermal keratinocytes [17],
and disseminate to local lymph nodes where further
replication in monocyte lineage cells takes place. Then
viremia occurs followed by transport of the virus to
the brain and hosts develop central nervous system
(CNS) disease [18, 19]. The neuroinvasion mechanism
of JEV remains largely unknown, and is likely
preceded by viral replication in peripheral tissues.
Innate cellular antiviral mechanisms mediated by
type I interferon (IFN) are potentially the most
important pathways of the host defense against initial
viral replication. Small animal models infected with
JEV or WNV have been established and the viruses
could be isolated from the kidney, liver and spleen,
indicating that these pathogens were capable of
infecting peripheral tissues in wvivo [20-22]. Mice
deficient in type I IFN receptor (IFNAR”-) infected
with JEV or WNV showed sustained high viremia and
fulminant disease [23, 24]. However, the kinetics of
neurotropic flavivirus dissemination and
pathogenesis in mouse parenchymal organs have not
been characterized.

The bioluminescence imaging (BLI) technique
has emerged as a powerful tool for studying of both
viral and bacterial pathogenesis in animal models

[25-30]. Using engineered viruses carrying specific
reporter genes, this technology permits the real-time
monitoring of the spatial and temporal progression of
viral infection within the same animal. The time
course of viral infection can be easily visualized, and
the relative magnitude of bioluminescence correlates
well with viral replication. Besides, BLI has the
potential to detect viral spread without a priori
knowledge of tissue tropism. BLI models for many
viral infections, including herpes simplex virus,
vaccinia virus, adenovirus, human hepatitis C virus,
influenza virus and respiratory syncytial virus have
been described [29, 31-35]. Recently, BLI results of a
non-neurotropic flavivirus dengue virus (DENV)
infection in mice have been reported by Schoggins et
al and our group [36, 37].

Like other flaviviruses, JEV has an
approximately 11 kb single-stranded positive-sense
RNA genome containing a single open reading frame
(ORF) flanked by untranslated regions (UTRs) at both
terminals. The ORF encodes three structural proteins
(capsid [C], the membrane [prM/M], and envelope
[E]) and seven nonstructural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5) that are required
for the complete viral life cycle. Here, we rationally
designed and constructed a recombinant JEV carrying
Renilla (Renilla reniformis) luciferase (Rluc) gene. The
stable reporter virus (named Rluc-JEV) replicated well
in various cells with similar properties to the parental
JEV, and Rluc activity had a good correlation with
viral infectious titer in vitro and in vivo. BLI results in
wild type (WT) and IFNAR/- mice upon various
injection routes were characterized in details.
Furthermore, Rluc-JEV was used to test known
antiviral compounds in vitro and protective efficiency
of a live JEV vaccine in mice. To our knowledge, this is
the first real time noninvasive detection of
neurotropic flavivirus infection in vivo. The novel
reporter virus Rluc-JEV described here provide a
powerful tool for studying pathogenesis of
neurotropic flavivirus and this technology can be
easily expanded to other important viruses.

Materials and Methods

Cells and virus

BHK-21 (baby hamster kidney) and C6/36
(Aedes albopictus) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 units/mL of
penicillin and 100 pg/mL of streptomycin. BHK-21
and C6/36 cells were maintained in 5% CO, at 37 °C
and 28 °C, respectively. The parental JEV was
produced by electroporation of BHK-21 cells with
transcribed RNA from the full-length cDNA clone,
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PACYC-JEV-5A14, as previously described [38].

Plasmid construction

As shown in Fig. 1A and Fig. S1, the full-length
cDNA clone pACYC-JEV-SA14 was used as a
backbone to construct the cDNA clone of the reporter
virus Rluc-JEV. First, three fragments covering
“Kpnl-T7pro-5'UTR-C34”, “Rluc-2A” and “C-prM-
E-BsrGl” were amplified with the indicated primer
pairs in Table S1 using pACYC-JEV-SA14 and
WNV-Rluc-2A  replicon [39] as a template,
respectively. The two fragments, “Kpnl-T7pro-
5UTR-C34” and “Rluc-2A” were fused together by
overlap PCR, resulting in the cassette containing
“Kpnl-T7pro-5UTR-C34-Rluc-2A”. The purified
product was then fused with “C-prM-E-BsrGl” by a
second-step overlap PCR, generating the fragment of
“Kpnl-T7pro-5UTR-C4-Rluc-2A-C-prM-E-BsrGI”.
Finally, the fragment from Kpnl to BsrGl was
engineered at the corresponding site into pACYC-
JEV-SA14 to generate the full-length cDNA clone of
Rluc-JEV. Bacterial strain HB101 (Promega) was used
as the host to propagate the above-mentioned cDNA
clones. The complete sequence of the cDNA clone of
Rluc-JEV was validated by DNA sequencing analysis
before the subsequent experiments. All restriction
endonucleases were purchased from New England
Biolabs.

In vitro transcription and RNA transfection

The genome-length RNAs of parental JEV and
Rluc-JEV were transcribed from the corresponding
Xhol-linearized =~ ¢cDNA  plasmids using T7
mMESSAGE mMACHINE Kit (Ambion). The
transcription reactions were performed according to
the manufacturer's protocols. For transfection,
approximately 5 pg RNA was electroporated into 8 x
106 BHK-21 cells in 0.8 ml of ice cold PBS buffer (pH
7.5) in a 0.4 cm cuvette with the GenePulser apparatus
(Bio-Rad) at 0.85 kV and 25 pF, pulsing three times at
3s intervals. After a 10-min recovery at room
temperature, the transfected cells were mixed with 25
ml pre-warmed DMEM supplemented with 10% FBS,
and were transferred into a T-75 flask and incubated
at 37 °C with 5% COs..

Virus titer and plaque morphology were
determined by plaque assay. Briefly, a series of 1:10
dilutions were prepared, and 1 ml of viruses for each
dilution were seeded onto each well of 6-well plates
containing confluent BHK-21 cells (5% 10° cells/well,
plated 1 day in advance). The plates were incubated at
37 °C with 5% COz for 1 h before the first layer of agar
was added. After 3 days of incubation at 37 °C with
5% COz, a second layer of agar containing neutral red
was added. Plaques were photographed and counted

after incubation of the plates for another 12 to 24 h.

Immunofluorescence Assay (IFA)

BHK-21 cells transfected with genome-length
RNAs of the parental JEV or Rluc-JEV were seeded on
a Chamber Slide (Nalge Nunc). At 24, 48, and 72 h
post-transfection, the cells were fixed by 5% cold
acetic acid in methanol for 10 min at room
temperature. The fixed cells were washed three times
with PBS and then incubated with mouse anti-JEV
envelope protein monoclonal antibody (1:250 dilution
with PBS, Chemicon, USA) for 1 h. After washing
with PBS for three times, the cells were incubated
with goat anti-mouse IgG conjugated with Texas-Red
(ProteinTech Group Inc., USA) at room temperature
for 1 h. After three times of washing with PBS, the
slide was mounted with 95% glycerol and examined
under a fluorescent microscope. Cell images were
taken at 200% magnification.

Luciferase assay

BHK-21 cells were infected with the Rluc-JEV
reporter virus or transfected with the Rluc-JEV viral
RNA, and cell lysis were reclaimed at indicated time
points and stored at -80°C for subsequent luciferase
assay. Luciferase activity was measured in a
Microplate Reader (Varioskan Flash, Thermo Fisher,
Finland) by mixing 20 pl lysates with 50 pl substrate
(Promega).

Antiviral assay

BHK-21 cells were seeded into 12-well plates at a
density of 1x10° cells/well. After 24 h incubation, the
cells were infected with Rluc-JEV at an MOI of 0.01
and incubated with various concentrations of
Ribavirin (0 to 16 pg/ml, Sigma) or NITD008 (0 to 27
PM) [40]. Each assay was done in triplicate. The Rluc
activity was measured by Multimode Microplate
Reader (Varioskan Flash, Thermo Fisher, Finland) at
48 h post infection (h.p.i.). The ICo was calculated by
using GraphPad Prism software 5.0.

BLI

BLI imaging in mice was performed using a
charge-coupled device camera (Xenogen Corp.,
Alameda, CA, USA) as described previously [36].
Briefly, = ViviRen substrate  (Promega) was
administered intraperitoneally (i.p.) or intracranially
(i.c.) to each animal 5 min before the imaging, and
images were acquired for 90 s. Anesthesia was
maintained during the imaging through nose-cone
delivery of an anesthetic. To quantify the amount of
light emitted from different organs, regions of interest
(ROIs) were manually defined around specific organs,
and photon flux (photons/second/square
centimeter/steradian) was calculated using Living
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Image 3.0 (Caliper Life Sciences, Alameda, CA, USA).

Animal experiments

All animal experiments were performed in strict
accordance with the guidelines of the Chinese
Regulations of Laboratory Animals (Ministry of
Science and Technology of People's Republic of
China) and Laboratory Animal-Requirements of

Environment and Housing Facilities (National
Laboratory = Animal Standardization Technical
Committee). The experimental protocols were

approved by the Animal Experiment Committee of
Beijing Institute of Microbiology and Epidemiology,
Beijing, China. Mouse strains used in this study
included 3 to 4-week-old wild type 129/Sv/Ev mice
(Beijing Vital River Co. Ltd, China) and 129/Sv/Ev
mice deficient in type I IFN receptors (IFNAR7/")
which were kindly provided by Prof. Qi-Bin Leng
(Shanghai Institute for Pasteur, CAS, China).

For correlation studies, the animals were i.c.
inoculated with 102> PFU of Rluc-JEV. At 24 and 72
h.p.i., the infected animals were euthanized by CO»
asphyxiation immediately after imaging, and the
brains were collected, homogenized, and subjected to
virus titration by quantitative reverse transcriptase
PCR (qRT-PCR) or plaque assay. For the survival
study, groups of WT and IFNAR~/- mice were infected
via the footpad with 107 PFU of the WT JEV or
Rluc-JEV, and monitored daily for 15 days to assess
morbidity and mortality. For the tissue distribution
study, the animals were inoculated with 10 PFU of
Rluc-JEV via footpad. At 72 h.p.i., the infected animals
were euthanized by CO:. asphyxiation immediately
after imaging. Then the brain, liver, spleen, kidney,
intestine, heart and lung were collected for in vitro
BLI. All the tissues were stored at -80 °C for viral RNA
detection.

For evaluation of efficacy of a live attenuated JE
vaccine, groups of 3 to 4-week-old BALB/c and
IFNAR-/-mice were immunized s.c. with 10°> PFU of a
live JE vaccine strain SA14-14-2 or PBS as control. On
day 21 post immunization, the immunized mice were
challenged i.p. with 107 PFU of Rluc-JEV. Imaging was
performed for 90 s at the indicated times shown in
Fig. 8B.

Titration of virus from tissue samples

All the tested tissue samples were snap frozen
for JEV-RNA detection or PFU assay. In brief, each
tissue was weighted and homogenized in 1ml of
DMEM with 2% FBS and penicillin/streptomycin in
an Eppendorf tube for 30 s. The homogenate was
clarified by centrifugation for 5 min at 5000 rpm. The
supernatants of tissues were collected for RNA
extraction and virus titration. Viral RNA in tested

tissues homogenates was determined by qRT-PCR as
described previously [41]. Briefly, viral genomic RNA
was extracted from 200 pl of the supernatant of tissue
by using the PureLink™ RNA minikit (Invitrogen,
USA) according to the manufacturer’s instructions.
RNA was eluted in 60 pl of RNase-free water,
aliquoted, and stored at -80°C until use. qRT-PCR was
performed by using a One Step PrimeScript RT-PCR
kit (TaKaRa, Japan). The 20 pl reaction mixtures were
set up with a 0.5 pM concentration of each primer
(qJEVEF: AGAGCACCAAGGGAATGAAATAGT;
qJEVR: AATAGGTTGTAGTTGGGCACTCTG), 0.25
pM probe (FAM-CCACGCCACTCGACCCATAGA
CTG-TAMRA), and 2 pl of RNA. Thermocycling
programs consisted of 42°C for 5 min, 95°C for 10 s,
and 40 cycles of 95°C for 5 s and 60 °C for 20 s.

Histology and immunohistochemistry assay

Mice were inoculated with 107 PFU of Rluc-JEV
via the footpad. At 120 h.p.i., the brain, liver, kidney,
spleen and intestine were collected, fixed in 4% (v/v)
phosphate-buffered paraformaldehyde overnight.
After fixation, the tissues were embedded in paraffin,
sectioned, and stained with hematoxylin and eosin
(H&E) for the examination of histological changes by
light microscopy.

For immunohistochemistry, sections were
deparaffinized with xylene, rehydrated through
successive bathes of ethanol/water (from 100%
ethanol successively to 50% ethanol till pure water)
and incubated in 3% H>O» at room temperature. The
sections were then put in 10 mM sodium citrate buffer
for 1 h at 96 °C for antigen retrieval and blocked with
BSA at saturation for 20 min. For detection of JEV
antigen, JEV E-specific monoclonal antibody JE1
(ab41671, Abcam) was used. Horse radish peroxidase-
conjugated anti-rabbit polyclonal antibody was used
as a secondary antibody.

Statistical analysis

For survival analysis, Kaplan-Meier survival
curves were analyzed by log-rank test using standard
GraphPad Prism software 5.0. The results of
bioluminescence level were expressed with error bars
representing the standard deviation. Statistical
analysis was completed using a two-way analysis of
variance (ANOVA) *, P<0.05; ****, ’<0.0001.

Results

Construction and characterization of the JEV
reporter virus

To design and generate a recombinant JEV
reporter virus, the bioluminescence gene Rluc was
rationally engineered into the full-length infectious
cDNA clone of JEV [38]. As shown in Fig. 1A, the
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cDNA clone of Rluc-JEV encompasses the 5’UTR, the
N terminal 34 amino acids of C protein (named C34),
the Rluc gene followed by an FMDV-2A sequence, the
structural protein genes, the nonstructural protein
genes and the 3’'UTR. The C34 that contains cis-acting
elements required for viral genome cyclization and
replication was duplicated and placed in frame
preceding the Rluc gene. The FMDV-2A
autoproteolytic cleavage sequence in the downstream
of the reporter gene was engineered to ensure proper
processing of the Rluc protein from the genome
translated polyprotein.

Following standard virus recovery procedure,
we examined viral envelope protein synthesis, plaque
morphology and viral replication dynamics of the
recovered Rluc-JEV. IFA showed the reporter virus
was capable of expressing JEV-specific E protein,
although the percentage of IFA-positive cells
transfected with Rluc-JEV RNA was slightly less than
that of the parental JEV at each time point (Fig. 1B).
We also found Rluc-JEV produced a smaller plaque in

BHK-21 cells than that of the parental virus (Fig. 1C),
and exhibited patterns of replication in BHK-21 or
C6/36 cells similar to that of parental JEV (Fig. 1D).
These results demonstrate the successful recovery of
replication-competent JEV reporter virus, which
exhibits similar infectivity with a minor reduction in
replication efficacy in comparison with the parental
JEV.

We then determined whether Rluc-JEV
expressed Rluc and further whether the Rluc activity
correlated with viral replication in vitro. As shown in
Fig. 1E, the luciferase signal increased in proportion to
virus titer in culture. Linear regression analysis
showed a good correlation between luciferase values
and viral titers (Fig. 1E). Additionally, the Rluc signal
correlated well with the MOI in the Rluc-JEV-infected
BHK-21 cells (Fig. 1F). Collectively, these observations
validate that the presence of Rluc gene is not likely to
significantly affect the virus replication in culture, and
the luciferase activity accurately reflects the
proliferation of Rluc-JEV in vitro.
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Figure 1. Construction and characterization of Rluc-JEV. (A) Strategy for the construction of the infectious cDNA clone of Rluc-JEV. The Rluc gene
preceded by N-terminal 34 amino acids of capsid protein (C34) of JEV is inserted at 5’UTR-C junction of JEV genome. Rluc gene fused with the FDMV-2A sequence
(designated as “Rluc-2A”) is shown in red box. (B) IFA analysis of viral protein expression in BHK-21 cells transfected with in vitro transcribed genome-length RNAs
of the parental JEV and Rluc-JEV. (C) Plaque morphology of JEV and Rluc-JEV in BHK-21 cells. (D) Growth curve of Rluc-JEV and the parental JEV in BHK-21 and
C6/36 cells. Cells were infected with viruses at an MOI of 1, and viral titer in the culture supernatant was determined by plaque assay on BHK-21 cells. (E) Luciferase
activity of Rluc-JEV in BHK-21 cells and correlation of viral titer to Rluc activity. BHK-21 cells were infected Rluc-JEV at an MOI of 0.01. Viral titers in the culture
supernatant and luciferase activity in the cells at indicated time points were determined by plaque assay and luciferase assay, respectively. (F) Luciferase signals derived

from virus-infected cells at MOI of 0.01, 0.1 or 1.
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To test stability of the recovered Rluc-JEV, we
passaged Rluc-JEV in BHK-21 cells for five rounds.
Viruses from each passage (P0-P5) were used to infect
BHK-21 cells, and the infected cells were assayed for
luciferase activities. As shown in Fig. 2A, comparable
Rluc activity was maintained for the first two rounds
of passage, while luciferase signals decreased from P3
to P5. RT-PCR assay confirmed that different length of
sequences deletion within Rluc gene occurred during
the passaging history (Fig. 2B). To improve the genetic
stability of Rluc-JEV, the recovered Rluc-JEV (P0) was
plaque-purified for six times in BHK-21 cells. Then the
resulted plaque purified virus (P6) was serially
passaged in BHK-21 cells for three times (P7-P9),
followed by evaluation of the Rluc activity of each
passaged virus. Comparable luciferase signals were
observed in the cells infected with P7 to P9 viruses
(Fig. 2C). The full length Rluc gene from viral RNA at
difference passages were detectable by RT-PCR (Fig.
2D), and full genome sequencing of the P6 virus
identified a point nucleotide mutation (T142C) at the
full C protein coding region, which leads to an amino
acid substitution M16T of C protein. This kind of
mutation has been demonstrated to enhance the
stability of other reporter flavivivruses [37, 42]. Since
the plaque-purified Rluc-JEV virus (P6) showed a
superior stability in cell culture, we used this viral
stock for the following experiments.

Noninvasive imaging of JEV infection in mouse

To determine the feasibility of Rluc-JEV for
monitoring viral replication dynamics and spread in
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vivo with BLI, we inoculated BALB/c mice
intraperitoneally (i.p.) with 107 PFU of Rluc-JEV, and
monitored the luminescent signal over time via the
Xenogen IVIS200 imaging system. Animals infected
with the parental JEV were used as controls. As
shown in Fig. 3A, 3B and Fig. S2A, photon flux was
readily seen in the brain of infected mice as early as 24
h.p.i., peaked at 72 h.p.i., and decreased at 120 h.p.i..
Meanwhile, strong bioluminescence signal was also
detected in the abdomen of infected mice, suggesting
visceral organs may be potential targets of Rluc-JEV.
No bioluminescence could be detected above
background levels in mice infected with parental JEV
(Fig. S2B).

Next, to determine whether luminescence signal
in vivo directly correlated to the amount of virus
replicating in vivo, mice inoculated intracranially (i.c.)
with 1025 PFU of Rluc-JEV were subjected to BLI. Viral
RNA and viral titers in mouse brains were measured
by gRT-PCR and plaque assay, respectively. As
shown in Fig. 4A, obvious luminescence signal could
be detected in infected mice at 24 h.p.i., and level of
the signal elevated at 72 h.p.i.. Linear regression
analyses showed the viral RNA and infectious viral
particles measured in vitro directly correlated with the
amount of light emitted in vivo (Fig. 4B, R?=0.9740 and
0.9558, respectively). The good correlation between
Rluc activity and viral load in tissues validates that
the luminescent signal can reliably represent the
replication of Rluc-JEV in vivo.

Figure 2. Genetic stability of Rluc-JEV in BHK-21
cells. (A) The Rluc-JEV virus (P0) was blindly passaged on
BHK-21 cells for five rounds (P1-P5). Luciferase activity of
each passaged viruses was detected as described in
Materials and methods. Error bars represent the standard
deviation of triplicate measurement. *, P<0.05; *¥¥
P<0.001; *¥#*k P<0.0001. (B) Detection of the Rluc gene
during blind passage. Viral RNA was extracted from the
supernatants of BHK-21 cells infected with each passaged
virus, and RT-PCR assay was performed to amplify the
region from 5’UTR to prM which includes the Rluc gene.
(€) Individual Rluc-JEV viruses were isolated by six rounds
of plaque purification, designated as P6é viruses. Pé viruses
were then serially passaged on BHK-21 cells for another
three rounds (P7-P9). Luciferase activity in the cells
infected with P7-P9 viruses was detected. Error bars
represent the standard deviation of triplicate
measurement. (D) Detection of the Rluc gene of P7-P9
viruses by RT-PCR using the same primers in (B). The
expected band, corresponding to 1.6 kb, indicates the
presence of the Rluc gene in the passaged plaque-purified
reporter viruses.
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Figure 4. Correlation between fluorescence signal and viral replication. (A) IFNAR-- mice were infected i.c. with 1025 PFU of Rluc-JEV and subjected to
imaging at 24 and 72 h.p.i.. BLI was performed for 90 s, and fluorescence signals were quantified using Living Image software 3.0. (B) Viral RNA and viral titers in
excised brains were quantified by real time RT-PCR and plaque assay, respectively. The photon flux determined as described in the legend to Fig. 3 was plotted against

the RNA copies or viral titer (PFU/g).

Type | IFN is critical for viral dissemination to
visceral organs

Our preliminary BLI results suggested abdomen
organs were potential targets for JEV infection. This
unexpected observation urged us to characterize the
viscerotropism of JEV in vivo, and examine the role of
type I IEN in controlling JEV infection. To this end,
WT and IFNAR~- mice were infected via footpad with
106 PFU of Rluc-JEV or the parental JEV as control,
and BLI of infected mice was performed at 24, 48 and

72 h.p.i.. In infected IFNAR~/- mice, following footpad
injection, the signals were primarily detected at the
local site of inoculation and the brain at 24 h.p.i., and
further disseminated to the peritoneal cavity at 48
h.p.i,, and finally peaked in the brain and peritoneal
cavity at 72 h.p.i. (Fig. 5A), suggesting the Rluc-JEV
may target the brain and various abdominal organs.
In contrast, only slight Rluc activity were observed in
the injection site and peritoneal cavity of the
Rluc-JEV-infected WT mice at indicated time points
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(Fig. 5A), and no signal was detected in mice infected
with the parental JEV (Fig. S3A). Overall, the
bioluminescence in the dorsal and ventral sides of
IFNAR"/- mice was significantly greater than that of
the WT mice by ROI analysis (Fig. 5B and Fig. S3B).
To further clarify the potential target organs of
Rluc-JEV infection, in vitro BLI of the harvested tissues
from the IFNAR~/- and WT mice infected with 106 PFU
of Rluc-JEV were performed at 72 h.p.i. The results
showed that strong luminescence signals could be
detected in the abdominal organs of the infected
IFNAR”/- mice, including the heart, liver, spleen,
kidney and intestine (Fig. 5C). By comparison, albeit
slight Rluc activity could be detected in abdominal
organs of Rluc-JEV infected WT mice (Fig. 5A),
luciferase signal was undetectable in all tested organs,
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and only weak signal was seen in the intestines (Fig.
5C). These results indicate the critical role of type I
IEN for the viscera dissemination of Rluc-JEV in mice.

Then, to make sure Rluc-JEV retained the same
virulence phenotype to the parental virus JEV, we
compared the mortality and organ tropism of
Rluc-JEV and JEV in both WT and IFNAR~- mice. As
shown in Fig. 6A, Rluc-JEV was slightly attenuated in
both WT and IFNAR”/- mice compared with the
parental JEV, yet there was no significant difference
based on survival curves. Especially, viral RNA could
be detected in brains and intestines in both JEV and
Rluc-JEV infected WT mice (Fig. 6B). These results
indicate Rluc-JEV exhibited similar viscerotropism to
the wild type virus, whereas with a slightly
attenuated phenotype.

72 h.p.i

Radiance
(p/sec/cm?/sr)

Color Scale
Min = 1.00e5
Max = 3.49e7

Figure 5. Type | IFN plays a critical role in control of viral dissemination in mice. (A) BLI of Rluc-JEV-infected WT or IFNAR-- mice. The mice were
inoculated via the footpad with 106 PFU of Rluc-JEV. Imaging was performed for 90 s at the indicated times. Representative images from three or two mice are shown.
(B) The photon flux was quantified from ROI analysis of the dorsal and ventral side. The data are representative of three independent experiments, and error bars
indicate the standard deviation. *, P<0.05; **** P<0.0001. (C) WT or IFNAR-- mice were inoculated via the footpad with 106 PFU of Rluc-JEV. At 72 h.p.i,, the
infected mice was subjected to BLI. Immediately after being imaged, the animals were sacrificed and parenchymal organs including brain(B), liver (L1), kidney (K),
spleen (S), intestine (I), heat (H) and lung(L2) were isolated for in vitro BLI.
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Figure 7. Histology and immunohistochemistry of tissue sections from mice infected with Rluc-JEV. WT or IFNAR-- mice were inoculated via the
footpad with 107 PFU of Rluc-JEV. At 5 days p.i., parenchymal organs including brain, liver, kidney, spleen and intestine were collected for histology (A) and

immunohistochemistry (B).

Furthermore, we performed histopathological
and immunohistochemistrical analyses to validate our
BLI results. In the spleen section from the Rluc-JEV
infected IFNAR~”/- mice, we observed the red pulp
expansion with white pulp reduction and severe
necrosis with markedly reduced numbers of small
lymphocytes in the mantle and marginal zones (Fig.
7A). Liver tissues from the Rluc-JEV infected IFNAR-/-
mice were injured as evidenced by lymphocytic

infiltrate, sinusoidal congestion, hyperplasia of
Kupffer cells and abundant extramedullary
erythropoiesis foci. (Fig. 7A). While the spleen and
liver section from Rluc-JEV infected WT mice and the
uninfected mice showed normal. Notably, excessive
amounts of epithelial cell debris and heavy cellular
infiltration of lamina propria were observed in the
lumen and mucosa of the ileum from the intestine
section from both IFNAR-/- and WT mice infected
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with Rluc-JEV (Fig. 7A). As expected, immunohisto-
chemistrical analyses using JEV specific antibody
revealed that JEV E protein were present in spleens,
livers and intestines of the infected IFNAR-/- mice,
while viral antigens were only detected in intestines
in WT mice infected with Rluc-JEV (Fig. 7B). No viral
antigen was detected in any of the tested tissues from
the uninfected mice (Fig. 7B). Together, these
combined results highlight the protective role of type
I IEN in controlling JEV viscerotropism and virulence
in mice.

BLI application of Rluc-JEV

Next, we utilized Rluc-JEV to test known
antiviral compounds. Two known flavivirus
inhibitors Ribavirin and NITD008 were used here,
former of which is a competitive inhibitor of inosine
monophosphate (IMP) dehydrogenase [43, 44], latter
of which is an adenosine analogue inhibitor of DENV
[40, 45]. BHK-21 cells were infected with Rluc-JEV and
treated with different concentrations of the inhibitors.
As shown in Fig. 8A, the ICy of Ribavirin and
NITDO008 was 1.134 pg/ml and 0.778 pM, respectively.

To adapt the BLI platform for vaccine efficacy in
living mice, BALB/c or IFNAR”/- mice were s.c.
immunized with 105 PFU of the live JE vaccine

NITD008

SA14-14-2 (Fig. 8B). Mice immunized with PBS were
used as control. Upon i.p. challenge with 10”7 PFU of
Rluc-JEV, a strong signal was observed in both the
peritoneal cavity and brains of the PBS-immunized
mice at 72 h.p.i., and became subdued at 120 h.p.i.,
whereas only a slight signal was emitted from the
peritoneal cavity in the vaccine-immunized BALB/c
mice (Fig. 8C). In the PBS-immunized IFNAR~- mice,
strong luminescence signals were emitted from the
peritoneal cavity at 24 h.p.i., followed by a
significantly increased signal at 48 h.p.i. (Fig. 8D). By
comparison, only weak luminescence signal was
detected in the peritoneal cavity of the
vaccine-immunized mice at 24 h.p.i, and became
undetectable at 48 h.p.i. (Fig. 8D and Fig. S4).
Additionally, vaccine-immunized IFNAR~- mice were
resistant to infection of Rluc-JEV, as indicated by the
observation that all the mice survived during the
observation period, while all PBS-immunized
IFNAR”/- mice succumbed to Rluc-JEV challenge
within 7-8 days post infection (Fig. 8E). Overall, these
results show that Rluc-JEV can be used to evaluate
antiviral compounds in vitro and monitor vaccine
efficacy in living mice.
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JE vaccine SA14-14-2. On 21 days p.i., the immunized mice were challenged with 107 PFU of Rluc-JEV by the i.p. route. BLI of the challenged mice was performed at
indicated time points. (E) Survival curve of the immunized IFNAR-- mice challenged with Rluc-JEV described in (D).
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Discussion

Here, we report the generation of a novel
replication-competent ~ Rluc-reporter JEV. The
luciferase activity produced by the reporter virus can
well serve as a readout of viral replication in culture
and viral load in mice, which makes possible
detection of real-time JEV infection in living mice.
Importantly, by using BLI of the Rluc-JEV, we reveal
the critical role of type I IFN in control of viscerotropic
infection of JEV in mice, and identify the intestine as
an important target visceral organ of JEV infection.
Finally, we confirm the feasibility of the reporter virus
for efficacy assays for antivirals and vaccine
candidates.

Although multiple versions of reporter viruses
have been previously described, no neurotropic
flavivirus reporter virus has ever been developed and
used for in vivo BLI. We obtained the Rluc-JEV by
insertion of the Rluc gene appended to the first 34
amino acids of C protein at the 5’UTR-C junction of
JEV genome. This strategy for construction of
Rluc-JEV is based on the findings that the 5" end of the
flavivirus genome harbors RNA elements essential for
viral replication such as stem-loop A [46], C-coding
region hairpin [47] and downstream of 5" cyclization
sequence (CS) pseudoknot [48]. A similar strategy has
been applied to successfully generate DENV reporter
viruses, in which the coding region for the first 25 or
38 amino acids of C protein was duplicated upstream
of the reporter gene [37, 45]. As expected, Rluc-JEV is
infectious in cell culture illustrated by the expression
of viral protein, formation of plaque in cells and
replication in mammalian and mosquito cells. The
reporter virus has a slower growth rate and smaller
plaque than that of the parental JEV, indicating some
levels of attenuation of Rluc-JEV in cell culture. This
observation is unsurprising because previous studies
showed that insertion of a reporter gene into the viral
genome always attenuates virus replication in cell
culture [32, 45, 49, 50]. Despite this, Rluc-JEV achieves
robust expression of Rluc whose activity attains a
peak value of 108 light unit, about over 30-fold greater
than that of DENV reporter virus [45]. Importantly,
the magnitude of Rluc activity produced by Rluc-JEV
correlates directly with increasing titer of virus in cell
culture and in vivo. Notably, consistent with previous
study on dengue reporter virus [37], the Rluc gene
was found unstable in the Rluc-JEV genome during
virus passage. We obtained a new Rluc-JEV virus
strain stably expressing Rluc gene after six rounds of
plaque purification. The plaque-purified Rluc-JEV
virus displayed a high stability and full genome
sequencing identified a single nucleotide mutation
(T142C), leading to a M16T mutation in the full C

protein. This mutation locates within the 5" CS, and is
supposed to facilitate the genome cyclization between
3’CS and 5" CS in the C34 coding region, not with the
full C protein coding region. Such mutation has been
observed in WNV and DENV reporter viruses [37, 42],
and well demonstrated to contribute to the stability of
the flaviviral reporter viruses. Overall, these
phenotypes allow us to further characterize the
dynamics of JEV infection in living mice by using BLI
of the stable Rluc-JEV reporter virus.

A major finding reported here by utilizing BLI
system of the reporter virus is that JEV spreads to a set
of parenchymal tissues in IFNAR~- mice that are not
normally infected in WT mice, demonstrating an
essential function for type I IFN in preventing
systemic infection with JEV. To our knowledge, this is
the first study that characterizes the real-time JEV
infection in the absence of type I IFN response in
living mice. Type I IFN comprises an important innate
immune system against viral infections. By studying
genetically deficient animals, type I IFN has been
shown to play a protective role for flaviviruses with
different degree. For example, Lee et al found that
IFN-aR~/- mice infected with JEV showed early and
high viremia, rising virus titers in examined
parenchymal tissues, and 100% mortality by day 6 p.i.,
which confirms the importance of IFN-a/f in the
resistance of mice to JEV infection [24]. Additionally,
IFN-a/p receptor pathway plays a role in controlling
initial viral replication and/or spread during primary
DENV infection [51]. In contrast, mice absolutely
require functional type I IFN response for survival
following WNV or MVEV infection [52, 53]. It is
believed that neurotropic viruses entry CNS following
virus replication in extraneural tissues. Type I IFN
inhibits JEV growth in primary infected tissues, which
probably plays an important role in preventing virus
entry into the CNS. It still remains unclear how type I
IFN restricts tissue tropism in JEV infection. Our
study found that significantly increased viral burden
in the spleen of infected IFNAR~- mice compared to
infected WT mice. This finding is consistent to
previous studies in which absence of the IFN-a/p
receptor resulted in colocalization of viral antigen
with macrophage and/or dendritic cells in the spleen
[53, 54]. We propose that IFN-a/p may modulate
tropism by restricting infection in myeloid-derived
cells. Further studies are needed to identify infected
cell types in IFNAR~- mice and distinguish between
these non-mutually exclusive functions of IFNs.

An important finding of this study is that the
intestine might be a novel target of JEV infection in
mice. Intestines could be infected with DENYV in the
absence of type I and type II IFN. For example,
DENV-infected mice deficient in type I and II IFN
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showed viral RNA could be detected in the small
intestines of infected animals, and DENV prM protein
was detected in a fraction of isolated laminar propria
macrophages [55]. Schoggins et al also found the

presence of luciferase in the intestines of IFN-a 8 y

R/~ mice infected with reporter virus DENV-Fluc,
suggesting DENV can localize to gut-associated
lymphoid tissues [37]. The encephalitis is the most
common presentation in syndrome caused by JEV
infection. Status epilepticus, brain hypoxia and
increased intracranial pressure are the most common
complications associated with poor outcome and
death [56]. However, little evidence of the intestine as
a target tissue of neurotropic JEV infection in
immunocompetent mice exists. Our data in this study
showed Rluc signal and viral RNA as well as viral
antigen could be detected in the intestine of mice
infected with either Rluc-JEV or JEV, suggesting the
intestine as an important potential target organ of JEV
infection, which further expanded our understanding
of JEV pathogenesis. A previous study found that
mice inoculated in the footpad with JEV showed
viremia and presence of infectious virus the brain and
liver [24]. Recently, yellow fever vaccine-associated
viscerotropic and neurotropic diseases have been
reported [57, 58], resulting in deaths in Brazil [59] and
Australia [60]. Our finding of this novel target tissue
of JEV infection may give insight into the contribution
of tissue distribution to eventual neuronal
dysfunction of the neurotropic flavivirus infection.

Finally, we used the BLI system based on the
reporter virus to evaluate two antiviral compounds in
cell culture as well as efficacy of the known live JE
vaccine in mice. Similar to other reporter viruses,
Rluc-JEV is sensitive to treatment with antiviral
drugs, allowing us to screen for anti-JEV compounds.
As expected, BLI of the immunized mice challenged
with Rluc-JEV showed significant decrease in
magnitude of Rluc signal compared with
PBS-immunized mice, suggesting a good efficacy of
the JE live vaccine in protecting against JEV infection.
Conventional studies of viral pathogenesis need to
have sufficient animals to generate statistically
significant data. Noninvasive imaging allows the
same group of animals to be studied over time, which
reduces the number of animals used in experiments
and minimizes the impact of individual differences.
Additionally, BLI has been validated to be substitute
for lethality as an endpoint in testing the efficacies of
new vaccines and prophylactic interventions against
poxvirus infections in the mouse model [35]. Based on
these findings, the BLI system of the reporter virus
Rluc-JEV will be optimized to be a substitute for
conventional measures for vaccine evaluation.

In summary, by using a novel JEV reporter virus

suitable for in vivo imaging, we observe the in vivo
replication kinetics and viral dissemination model in
real-time. Importantly, the intestine, besides the brain,
is identified as a potential target organ of JEV
infection, and host type I interferon plays critical roles
in controlling the viscerotropism of a neurotropic
flavivirus. Recently, another neurotropic flavivirus
ZIKV reporter virus has been developed which would
also facilitate the tracking of viral replication in vivo
[61]. The well-established BLI system of reporter virus
will enhance greatly the pathogenesis studies of
neurotropic flavivirus and facilitate evaluation of
candidate vaccines and antiviral compounds in vivo.

Supplementary Material

Figures S1-54 and Table S1.
http:/ /www.thno.org/v07p0912s1.pdf
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