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ARTICLE INFO ABSTRACT

Keywords: Rabies virus (RABV) is a highly neurotropic virus and the causative agent of rabies, an encephalitis with an
Rabies virus almost 100% case-fatality rate that remains incurable after the onset of symptoms. Favipiravir (T-705), a broad-
Favipiravir spectrum antiviral drug against RNA viruses, has been shown to be effective against RABV in vitro but ineffective

Red firefly luciferase

in vivo. We hypothesized that favipiravir is effective in infected mice when RABV replicates in the peripheral
In vivo bioluminescence imaging

tissues/nerves but not after virus neuroinvasion. We attempted to clarify this point in this study using in vivo
bioluminescence imaging. We generated a recombinant RABV from the field isolate 1088, which expressed red
firefly luciferase (1088/RFLuc). This allowed semiquantitative detection and monitoring of primary replication
at the inoculation site and viral spread in the central nervous system (CNS) in the same mice. Bioluminescence
imaging revealed that favipiravir (300 mg/kg/day) treatment commencing 1 h after intramuscular inoculation of
RABV efficiently suppressed viral replication at the inoculation site and the subsequent replication in the CNS.
However, virus replication in the CNS was not inhibited when the treatment began 2 days after inoculation. We
also found that higher doses (600 or 900 mg/kg/day) of favipiravir could suppress viral replication in the CNS
even when administration started 2 days after inoculation. These results support our hypothesis and suggest that
a highly effective drug-delivery system into the CNS and/or the enhancement of favipiravir conversion to its
active form are required to improve favipiravir treatment of rabies. Furthermore, the bioluminescence imaging
system established in this study will facilitate the development of treatment for symptomatic rabies.

nervous system (CNS), resulting in the appearance of symptoms (Fooks
et al.,, 2017). Although the development of rabies symptoms is pre-

1. Introduction

Rabies virus (RABV) belongs to the genus Lyssavirus, family
Rhabdoviridae of the order Mononegavirales, which is a group of viruses
with a negative-sense, single-stranded RNA genome. RABV is the cau-
sative agent of rabies, which is an acute encephalitis with a case-fatality
rate of almost 100% that kills approximately 59,000 people annually
worldwide (Hampson et al., 2015). RABV is generally transmitted by
the bite of an infected animal. RABV enters peripheral nerves at the
sites of infection and then disseminates and replicates in the central

ventable when postexposure prophylaxis, a series of repeated vaccina-
tions, is correctly administered during the incubation period (usually
30-90 days), there is still no effective cure for rabies after the onset of
symptoms.

Several attempts to develop a therapy for rabies have been reported
(Banyard et al., 2019; Dufkova et al., 2019; Koraka et al., 2019; Marosi
et al., 2019; Martina et al., 2019; Mechlia et al., 2019; Rogee et al.,
2019; Smreczak et al., 2019; Virojanapirom et al., 2016; Yamada et al.,

Abbreviations: BBB, blood-brain barrier; BSCB, blood-spinal cord barrier; CCD, charge-coupled device; CI, confidence interval; CNS, central nervous system; dpi,
days postinoculation; EM, electron multiplying; EMG, electron-multiplying gain; EXP, exposure time; FCS, fetal calf serum; FFU, focus-forming units; FLuc, firefly
luciferase; hpi, h postinoculation; HPRT, hypoxanthine-guanine phosphoribosyltransferase; ICso, half-maximal inhibitory concentration; i.p., intraperitoneally; MEM,
Eagle's minimal essential medium; MOI, multiplicity of infection; PBS, phosphate-buffered saline; RABV, rabies virus; RFLuc, red firefly luciferase; RIG, rabies

immunoglobulin; ROI, region of interest; RLU, relative light unit; WT, wild type
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Fig. 1. (A) Schematic diagram of genome struc-
ture of recombinant RABVs (the 1088 strain) used
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in this study. The expression cassette for iRFP720
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or RFLuc was inserted into the G-L noncoding,
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fected with 1088/RFLuc or 1088/iRFP720, re-

Bioluminescence imaging

Mock

1 dpi

3 dpi

5 dpi

6 dpi

7 dpl 220000

8 dpi

relative signal intensity

2016), but with limited success. We have also examined the efficacy of
favipiravir (6-fluoro-3-hydroxy-2-pyrazinecarboxamide) against RABV
infection in a mouse model (Yamada et al., 2016). Favipiravir, also
known as T-705, is a purine analog that has been shown to be active
against a broad range of RNA viruses by acting as a chain terminator or
mutagen for the viral RNA-dependent RNA polymerase (Furuta et al.,
2013). In our study, we showed that favipiravir was effective when
administration commenced 1h after inoculation but ineffective if ad-
ministered 2 days or more after inoculation (Yamada et al., 2016).
Hence, we hypothesized that because the blood-brain barrier (BBB) and

Fluorescence imaging

spectively. Groups of four hairless mice (Hos:HR-
1) were inoculated with each virus (5 x 10° FFU)
in the right hindlimb muscle. Then, biolumines-
cence or fluorescence images were obtained daily
using the Lumazone imaging system. The 1088/
RFLuc-inoculated mice were administered D-luci-
ferin (150 mg/kg, i.p.) before bioluminescence
imaging. Pseudocolor bioluminescence images
merged with bright-field images are shown.
Fluorescence images of 1088/iRFP720-inoculated
mice were obtained using the filter set, 710/40 nm
for excitation and 785/62nm for emission, and
shown are as pseudocolor images. The scale bars
indicate relative signal intensity.
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blood-spinal cord barrier (BSCB) are known to limit drug delivery into
the CNS, favipiravir might be ineffective after virus invasion of the CNS.
To clarify when, where, and how drugs work in vivo is important for the
development of an effective treatment for rabies.

In vivo imaging is a noninvasive method that allows tracking of real-
time quantitative temporospatial data for virus replication over time in
individual animals (Mehle, 2015). This method has been shown to be
useful for evaluation of the efficacy of antiviral drugs in small animals
(Fuentes et al., 2017; Guo et al., 2014; Hwang et al., 2008; Luker et al.,
2002; Rameix-Welti et al., 2014; Tran et al., 2015). Recently, we
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showed that the near-infrared fluorescent protein iRFP720
(Shcherbakova and Verkhusha, 2013) is suitable for in vivo fluorescence
imaging of RABV infection (Isomura et al., 2017). Using the RABV
strain 1088, which is a highly neuroinvasive field isolate (street virus)
(Mifune et al., 1979; Yamada et al., 2012), we generated a recombinant
RABV expressing iRFP720 (1088/iRFP720). The replication dynamics
of RABV were tracked in mice infected with 1088/iRFP720; however,
this imaging system exhibited a limited ability to detect the early in-
fection phase because of autofluorescence, suggesting that a more-
sensitive method is needed to test the hypothesis stated above. Biolu-
minescence imaging has a better signal-to-noise ratio because there is
little background luminescence (Troy et al., 2004), although substrate
injection and an ultrasensitive camera are required. Although firefly
luciferase (FLuc), which emits yellow-green light with a peak around
560 nm, is widely used for the live imaging of viral infection (Mehle,
2015), red-shifted FLuc, which is a mutant FLuc with an emission peak
at > 600 nm, is more suitable for the in vivo imaging of pathogen in-
fection compared with the wild-type (WT) FLuc (Dorsaz et al., 2017;
McLatchie et al., 2013). In fact, tissue transparency is higher at longer
wavelengths (> 600nm) than it is in the wavelength range of
500-600 nm (Hong et al., 2017; Rice et al., 2001).

In the present study, we established a method for in vivo biolumi-
nescence imaging of RABV infection using the red-shifted FLuc. This
approach enabled the highly sensitive monitoring of RABV replication
dynamics in mice. Furthermore, we succeeded in using this system to
monitor how favipiravir impacted RABV replication in mice.

2. Materials and methods
2.1. Compound

Favipiravir was synthesized at FUJIFILM Toyama Chemical Co., Ltd.
(Toyama, Japan) and prepared as described previously (Yamada et al.,
2016). For cell culture-based experiments, favipiravir was dissolved in
Eagle's minimal essential medium (MEM) as a 10 mM stock solution.
For animal experiments, favipiravir was suspended in 0.5% methyl-
cellulose (viscosity, 400 cP; Sigma-Aldrich). The favipiravir solutions
were stored at 4 °C and used within 1 week.

2.2. Viruses and cells

Mouse neuroblastoma cell lines, Neuro-2a cells and NA cells, and
human neuroblastoma cell line SK-N-SH cells were maintained in MEM
supplemented with 10% fetal calf serum (FCS). BHK cells that stably
express T7 RNA polymerase (BHK/T7-9 cells) (Ito et al., 2003) were
maintained in MEM supplemented with 5% FCS and 10% tryptose-
phosphate broth solution. The production of the recombinant RABV
derived from the street strain 1088 and encoding the iRFP720 gene
(1088/iRFP720) (Fig. 1A) was described previously (Isomura et al.,
2017). The recombinant virus 1088/RFLuc (Fig. 1A) was generated in
this study as described below.

2.3. Plasmid construction and generation of recombinant RABV 1088/
RFLuc

The genome plasmid for the 1088 strain encoding the Red Firefly
Luciferase gene (1088/RFLuc) was generated as follows. The RFLuc
gene with an Agel site, the Kozak sequence at the 5’ end, and a Pacl site
at the 3’ end was amplified by polymerase chain reaction using pCMV-
Red Firefly Luc vector (Thermo Fisher Scientific) as a template, and
then cloned into a pT7Blue T vector (Novagen, Merck Millipore). After
DNA sequence confirmation, the RFLuc gene was subcloned into the
reporter gene expression cassette of the genome plasmid of the
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recombinant 1088 strain in a swap using the Agel and Pacl sites
(Isomura et al., 2017), resulting in the genome plasmid pCI-1088/
RFLuc.

The recombinant 1088/RFLuc virus was generated and prepared as
described previously (Isomura et al., 2017). pCI-1088/RFluc was
transfected into BHK/T7-9 cells together with helper plasmids. The
culture supernatant was collected after several days of incubation, and
the recovered virus was amplified in SK-N-SH cells. Next, the virus was
prepared in 10% (wt/vol) brain homogenate of suckling mice in
phosphate-buffered saline (PBS) and stored in aliquots at —80 °C until
use.

2.4. Virus titration

The infectious virus titer was determined in NA cells using a focus
assay, as described previously (Yamada et al., 2012). The viral titer was
expressed as focus forming units (FFU).

2.5. Evaluation of the antiviral activity of favipiravir against 1088/RFLuc
in Neuro-2a cells

1088/RFLuc was inoculated into Neuro-2a cells on a 24-well plate
at a multiplicity of infection (MOI) of 0.01. After virus adsorption for
1h, the inoculum was removed and 1 mL of medium (MEM supple-
mented with 5% FCS and various concentrations of favipiravir) was
added to each well. At 96 h postinoculation (hpi), the culture media
were collected and infectious virus titers were determined using the
focus assay. The cells were subjected to a luciferase assay to measure
the relative light units per sec (RLU/sec) using a Pierce Firefly
Luciferase Glow Assay Kit (Thermo Fisher Scientific) and a Gene Light
GL-210 luminometer (Microtech, Chiba, Japan).

2.6. 6. In vivo imaging of mice infected with recombinant RABV

Six-week-old female hairless mice (Hos:HR-1) were purchased from
Hoshino Laboratory Animals, Ibaraki, Japan. The mice were inoculated
in the right hindlimb with 5 x 10°> FFU of 1088/iRFP720 or 1088/
RFLuc and then subjected to in vivo fluorescence or bioluminescence
imaging, respectively. The fluorescence imaging was performed as de-
scribed previously (Isomura et al., 2017). In brief, mice were imaged
under inhalation anesthesia (2% isoflurane) using the Lumazone ima-
ging system (Nippon Roper, Tokyo, Japan) equipped with an illumi-
nation system, an electron-multiplying (EM) charge-coupled device
(CCD) camera, and fluorescence bandpass filters: 710/40 nm for ex-
citation and 785/62 nm for emission. Imaging conditions were as fol-
lows: exposure time (EXP) of 400 msec and EM gain (EMG) of 10
(1-1,000). In addition, mice were fed a chlorophyll-free diet (D10001;
Research Diets) from 1 week before virus inoculation. The biolumi-
nescence imaging was conducted as follows. Mice were injected in-
traperitoneally (i.p.) with 150mg/kg of D-luciferin potassium salt
(Wako Pure Chemical Industries, Osaka, Japan) dissolved in PBS
(0.2mL) and imaged from 15 min after substrate administration under
inhalation anesthesia (2% isoflurane) using the Lumazone imaging
system with EXP of 2 min and EMG of 300. All images were acquired as
16-bit TIFF files and processed and analyzed using ImageJ software
(Schneider et al., 2012).

2.7. Evaluation of the antiviral activity of favipiravir against RABV in mice
using in vivo imaging

Six-week-old female hairless mice were inoculated intramuscularly
(right hindlimb) with 10° FFU of 1088/RFLuc. Then, inoculated mice
were administered favipiravir (300, 600, or 900 mg/kg/day) daily for
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6-7 days, with administration commencing 1 hpi or 2 days post-
inoculation (dpi). These treatments were administered twice daily (in
the morning and in the afternoon) by oral gavage (20 mL/kg) under
isoflurane anesthesia, with a 6-h interval in between doses. Mice were
subjected to bioluminescence imaging as described above.

2.8. Animal ethics

All animal experiments were approved by the Animal Experiment
Committee of Oita University (approval nos. 1610001 and 171001). All
mice were humanely euthanized when they showed severe neurological
signs.

2.9. Statistical analyses

Tukey's multiple comparisons test and the calculation of the half-
maximal inhibitory concentration (ICsy) of favipiravir against 1088/
RFLuc were performed using GraphPad Prism (version 6.0).

3. Results

3.1. 1. Establishing a highly sensitive in vivo imaging system for RABV
infection

First, we compared the performance of the bioluminescence and
fluorescence imaging systems for monitoring RABV infection using
1088/RFLuc and 1088/iRFP720 (Fig. 1A). Since animal fur is known to
interfere with in vivo imaging analysis, we used the hairless mice strain
Hos:HR-1, which is immunocompetent and has been shown to be sui-
table for in vivo imaging analysis (Schaffer et al., 2010; Suzuki et al.,
2013). In addition, mice were inoculated in the right hindlimb with
5 x 10° FFU of each virus, as described in our previous study (Isomura
et al., 2017). Bioluminescence imaging was performed longitudinally in
the 1088/RFLuc-infected mice (Fig. 1B), and a bioluminescent signal
was detected from the right hindlimb (the site of inoculation) at 1 dpi in
two of four mice. At 3 dpi, bioluminescence was clearly observed from
the right hindlimb in three mice, and a faint signal was also detectable
in these mice at the lower end of the spinal cord. At 5 dpi, all mice
showed a clear signal in the spinal cord, and a spot signal was detected
in the brain of one mouse. From 6 to 8 dpi, the signal in the brain
increased as time progressed, while also spreading through the whole
body. No clinical signs of infection were observed until 6 dpi, but mice
showed significant weight loss from 7 dpi and neurological symptoms
from 7 to 8 dpi. In contrast, no obvious fluorescent signal was detect-
able until 5 dpi in mice inoculated with 1088/iRFP720. The signal
began to be detected in the spinal cord at 6 dpi and in the brain from 7
dpi, coincident with the mice showing clinical signs of infection. Unlike
the signal for bioluminescence, the fluorescent signal in other regions
was weak or absent.

Overall, these findings indicated that the bioluminescence imaging
system using 1088/RFLuc was a more sensitive method than fluores-
cence imaging for monitoring RABV infection dynamics.

3.2. The RFLuc reporter is sufficiently reliable to evaluate antiviral
compounds

Next, we validated whether the RFLuc reporter gene of the re-
combinant virus could be used to accurately evaluate the antiviral ac-
tivity of a compound using a cell culture system. Using a previously
described protocol (Yamada et al.,, 2016), Neuro-2a cells were in-
oculated with 1088/RFLuc, and were then incubated with several
concentrations of favipiravir for 96 h, after which both the infectious
virus titer in the supernatant and the luciferase activity in the cells were
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determined and compared. The inhibition-rate curves based on the
virus titer and RLU were similar, and the ICs, values were also almost
identical using both methods (Fig. 2). In addition, the growth activity of
1088/RFLuc was not affected compared with that observed for the WT
virus in Neuro-2a cells (Fig. S1). Hence, the measurement of the RFLuc
activity of the recombinant virus was considered to be a reliable
method of evaluation of the activity of antiviral compounds.

3.3. Evaluation of favipiravir treatment in infected mice using in vivo
bioluminescence imaging

Previously, we had hypothesized that favipiravir (300 mg/kg/day)
was ineffective against viruses located within the CNS, but effective
before neuroinvasion (Yamada et al., 2016). To test this hypothesis, we
conducted bioluminescence imaging of 1088/RFLuc-infected mice
treated with favipiravir. Hairless mice were inoculated in the right
hindlimb with 10° FFU of 1088/RFLuc and administered favipiravir
(300 mg/kg/day) by oral gavage for 7 days, commencing at 1 hpi (0-6
dpi) or 2 dpi (2-8 dpi), as described in our previous report (Yamada
et al., 2016). We confirmed that the pathogenicity of 1088/RFLuc was
not affected compared with that observed in the WT virus at this
challenge dose (Fig. S2). Fig. 3 shows that bioluminescence intensities
at the spinal cord and brain were strongly suppressed in the infected
mice given an immediate (1 hpi) dose of favipiravir compared with
infected mice that were not treated over the indicated period. The
immediate dosage almost completely suppressed bioluminescence at
the inoculation site at 1 dpi (Fig. S3A). In contrast, in infected mice
given the delayed treatment (2 dpi), the signal intensities at the spinal
cord and brain were slightly but not significantly reduced compared
with those in untreated infected mice. Hence, the bioluminescence
imaging analysis supported our hypothesis that favipiravir (300 mg/kg/
day) is ineffective against RABV located within the CNS. In addition, a
survival analysis showed that the immediate dosage prolonged the
survival time significantly, but did not improve the survival rate (Fig.
S3B).

3.4. In vivo bioluminescence imaging revealed that higher dosage of
favipiravir improved the antiviral effect in infected mice given delayed
treatment

Increasing the dose of a compound is one simple way to improve
treatment efficacy, and a dosage of 600 mg/kg/day favipiravir has been
trialed to assess its efficacy against norovirus infection in a mouse
model (Arias et al., 2014). We used bioluminescence imaging to eval-
uate the efficacy of higher doses of favipiravir (600 and 900 mg/kg/
day) in the delayed-treatment model. Hairless mice were inoculated
with 1088/RFLuc in the right hindlimb and orally administered favi-
piravir (300, 600, or 900 mg/kg/day) for 7 days commencing at 2 dpi.
However, because the mice given the dose of 900 mg/kg/day gradually
lost weight, they were treated for only 6 days (2-7 dpi). A summary of
the results is shown in Fig. 4. Bioluminescence signals at the spinal cord
and brain were reduced in a dose-dependent manner in the groups of
infected mice treated with higher doses of favipiravir, and a significant
reduction was observed in the mice given 900 mg/kg/day. However,
higher dosages did not improve the survival time or rate significantly
(Fig. S4). The mice that received a dose of 900 mg/kg/day died or were
euthanized because of severe weight loss accompanied by the side ef-
fects. In addition, one of the untreated infected mice showed slow
progression of the disease, with clinical signs being observed only from
12 dpi; this mouse was euthanized at 15 dpi (Fig. S4).
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Fig. 2. Antiviral activity of favipiravir against
1088/RFLuc in Neuro-2a cells. The cells were in-
oculated with 1088/RFLuc at an MOI of 0.01 and
incubated for 96 h with the indicated concentra-
tion of favipiravir. The virus titer in each super-

10

% of control

RLU
Viral titer

ICs50 (M)

16.34
18.39

natant was determined using the focus assay, and
the cells were lysed and subjected to a luciferase
assay to determine RLU. The data represent the
mean (n = 3) and standard deviation. A sigmoidal
dose response was fitted using GraphPad Prism
software. Mean values obtained from control wells

95% CI (M)

10.10 - 26.43
12.69 - 26.66

0 1 2 3
Favipiravir (log10 uM)

4. Discussion

Because real-time visualization of viral replication dynamics in a
small animal model is clearly useful for studies of virus infection, we
previously established in vivo fluorescence imaging of RABV infection
(Isomura et al., 2017). Although this system is very easy to use (e.g., no
substrate is required and exposure time is under 1s) to monitor virus
replication dynamics in mice, it is limited in its ability to detect the
early phase of infection. Because we expected that the system would
have difficulty in dissecting how favipiravir acts on RABV in mice, we
established the bioluminescence imaging system used in the present
study. For this, we selected RFLuc as a reporter gene, because red-
shifted light (> 600nm) is favorable for deep-tissue imaging (Hong
et al., 2017; Rice et al., 2001) and because its substrate, D-luciferin, can
be administered i.p. NanoLuc, which is a brighter and smaller (19 kDa)
luciferase derived from a deep-sea shrimp, was also a candidate because
it has been used for the bioluminescence imaging of virus infections
(Belarbi et al., 2019; Kanai et al., 2019; Karlsson et al., 2018; Sun et al.,
2014; Tran et al., 2013). However, it emits blue light with a maximum
emission at 460 nm (Hall et al., 2012), which is strongly absorbed and
scattered in tissues (Hong et al., 2017; Rice et al., 2001), and its sub-
strate, coelenterazine or its analog, is recommended to be administered
intravenously. Therefore, we used 1088/RFLuc and succeeded in
monitoring primary replication of RABV at the inoculation site from 1
dpi and its subsequent dissemination to the CNS, even though the
imaging required an extended period (15 min of incubation after sub-
strate injection and 2min of exposure). Our previous im-
munohistochemical study demonstrated that at 3 dpi, viral antigen was
detectable in the muscle of the inoculation site (the right hindlimb), but
not in the lumbosacral dorsal root ganglion and spinal cord of mice
infected with the 1088 strain (Kimitsuki et al., 2017). Thus, the bio-
luminescence imaging system established in this study has a sensitivity
equivalent to or higher than that of the immunohistochemical detec-
tion, because faint bioluminescence was detected around the lower end
of the spinal cord and at the inoculation site at 3 dpi (Fig. 1B). This
highly sensitive imaging method is expected to be useful not only for
evaluation of antiviral treatments but also for analysis of aspects of viral
pathogenesis, such as attenuation, long incubation periods, and vir-
us-host interactions.

The bioluminescence imaging of RABV infection in mice revealed
that RABV also spread systemically concurrently with its ascension of
the spinal cord to the brain, although it is believed that RABV cen-
trifugally spreads from the CNS to the peripheral nerves/tissues at the
end stage of infection (Begeman et al., 2018; Fisher et al., 2018). It is
likely that our imaging system is sufficiently sensitive to detect the
spread at an earlier phase of infection, which is difficult to detect with
immunohistochemical methods because of the low level of viral antigen
expression. Interestingly, bioluminescence signals thought to represent
the centrifugal spread were detected as dots (e.g., as seen at 6 and 7 dpi
in Fig. 1B). Our previous work showed that the 1088 strain prefers to

(favipiravir O uM) were set as 100%. Each IC50
value with its 95% confidence interval (CI) is in-
dicated.

replicate in the sensory nerve path in the spinal cord, rather than in the
motor nerve path (Kimitsuki et al., 2017). Hence, it might be that we
visualized the immediate spread of 1088/RFLuc to peripheral sensory
nerves, some of whose terminals gathered at mechanoreceptors in the
skin, at the sensory nerve-innervating sites in the spinal cord (Begeman
et al., 2018; Owens and Lumpkin, 2014). However, even if so, it is also
possible that viral proteins were trafficked more slowly to the terminal
ends than the RFLuc protein and that therefore the centrifugal spread at
the earlier phase has not been detected. Further analyses are needed to
clarify these points.

Once we had confirmed using cultured cells that the bioluminescent
reporter of 1088/RFLuc was sufficiently reliable to evaluate the anti-
viral efficacy of favipiravir, we evaluated the efficacy of treatment
using bioluminescence imaging. We were able to demonstrate that fa-
vipiravir could suppress RABV replication at the site of inoculation but
not after neuroinvasion, and therefore considered that an immediate
postinoculation dose could reduce the viral load in the CNS (Fig. 3 and
S3A). However, even the immediate dosage ultimately did not prevent
lethal infection (Fig. S3B), indicating that favipiravir remains a lim-
itation in the therapy for rabies. The BBB and BSCB are thought to in-
terfere with the antiviral activity of favipiravir within the CNS. We
found that increasing the dosages of favipiravir improved, although
only partially, its antiviral activity in the CNS (Fig. 4). With higher
doses, more favipiravir might be passively transported from the
bloodstream into the CNS across these barriers, because favipiravir is a
small molecule (MW: 157.1). However, because such an experimental
trial is not practicable (we observed side effects in mice at a dosage of
900 mg/kg/day), we consider that enhancement of BBB permeability is
required to increase the efficacy of favipiravir against RABV in the CNS
and thereby is expected to cure symptomatic rabies. The enhancement
of the BBB permeability is also important for RABV clearance from the
CNS because it allows the entry of immune effectors, but pathogenic
RABV strains do not cause the opening of the BBB during infection
(Garcia et al., 2018; Hooper et al., 2009; Roy and Hooper, 2007, 2008;
Roy et al., 2007). The combination therapy with antiviral drugs (in-
cluding favipiravir) and mannitol, which causes opening of the BBB by
osmotic disruption (Neuwelt et al., 1979), was tried but unable to cure
rabies in a mouse model (Marosi et al., 2019; Martina et al., 2019;
Smreczak et al., 2019). Our finding that infected mice started to show
clinical signs when RABV had amplified strongly in the brain reinforces
the reality that curing symptomatic rabies is highly challenging. Hence,
for successful rabies treatment, it is necessary to find a highly effective
system for drug delivery into the CNS. In addition, favipiravir is con-
verted to its active form by the cellular enzyme, hypoxanthine-guanine
phosphoribosyltransferase (HPRT), but the conversion rate of favipir-
avir is very low compared with those of the authentic substrates, hy-
poxanthine and guanine (Naesens et al., 2013). Therefore, identifying a
way to enhance this conversion might also be promising.

There is no doubt that in vivo bioluminescence imaging is a powerful
tool for evaluating the efficacy of antiviral interventions in rabies. Our
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Fig. 3. In vivo bioluminescence imaging of 1088/
RFLuc-infected mice treated with favipiravir. (A)
Groups of eight hairless mice were inoculated
with 1088/RFLuc (10° FFU) in the right hindlimb
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muscle and orally administered favipiravir
(300 mg/kg/day) daily for 7 days, beginning 1 hpi
(0-6 dpi) or 2 dpi (2-8 dpi). Uninfected control
mice (n = 4) and infected mice without treatment
(n =4) were also included. Bioluminescence
images were obtained as described in Fig. 1. Re-
presentative images of two mice in each group are
shown. One of four infected mice without treat-
ment was euthanized at 8 dpi. (B) Quantitative
analysis of bioluminescence images. Regions of
interest (ROIs) were set at the spinal cord (ROI1)
and brain (ROI2) regions in the images as shown,
and the relative signal intensities within the re-
gions at the indicated time points were measured
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>10000 and plotted. Bars indicate geometric means. P
2 values were determined using Tukey's multiple
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findings show that the imaging system enabled us to better understand
where and how the drug worked in RABV-infected mice. Moreover, the
imaging system is a more humane method: the number of animals used
in experiments can be reduced because semiquantitative data about
viral load can be obtained longitudinally from the same animals; fur-
thermore, our results showed that the imaging system enabled the
evaluation of the anti-RABV efficacy in mice without necessarily re-
cording the survival time and rate; this suggests that the duration of

animal suffering and the experimental costs (time and effort) can be
reduced. Finally, we consent to the recently proposed concept that an
optimized combination therapy with virus-directed drugs (including
their enhancers) and host-directed drugs (immune modulators and the
BBB openers, etc.) is required for the effective treatment of sympto-
matic rabies (Marosi et al., 2019; Martina et al., 2019; Smreczak et al.,
2019). In vivo bioluminescence imaging will be useful to facilitate the
development of such treatment.
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Fig. 4. Monitoring and analysis of higher-dose favipiravir treatment in infected mice. (A) Groups of seven or eight hairless mice were inoculated with 1088/RFLuc
(10° FFU) in the right hindlimb muscle and orally administered favipiravir (300, 600, or 900 mg/kg/day) daily for 6-7 days, beginning at 2 dpi. Uninfected control
mice (n = 4) and infected mice without treatment (n = 4) were also included. Bioluminescence images were obtained as described in Fig. 1. Representative images of
two mice in each group are shown. (B) ROIs were set at the spinal cord (ROI1) and brain (ROI2) regions in the images as shown in Fig. 3, and the relative signal
intensities within the regions at the indicated time points were measured and plotted. Bars indicate geometric means. Tukey's multiple comparison test was con-
ducted to compare the three treatment groups, and significant differences are shown (*P < 0.05, **P < 0.01).
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