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Abstract

Rabies is a fatal neurological disorder caused by rabies virus (RABV) infection.
Approximately 60,000 patients die from rabies annually, and there are no effective
treatments for this disease. Nucleoside analogs are employed as antiviral drugs based on
their broad antiviral spectrum, and certain nucleoside analogs have been reported to exhibit
anti-RABYV activity. The nucleoside analog B-D-N*-hydroxycytidine (NHC) has antiviral
effects against a range of RNA viruses. Molnupiravir (MPV), a prodrug of NHC, is
clinically used as an oral antiviral drug for coronavirus infections. Despite its broad-
spectrum activity, the antiviral activity of NHC against RABV remains unclear. In this
study, we reveal that NHC exhibits comparable in vitro anti-RABYV activity as ribavirin and
favipiravir (also known as T-705) with a 90% effective concentration of 6 uM in mouse
neuroblastoma cells. NHC reduced viral loads in neuronal and nonneuronal cells in a dose-
dependent manner. Both laboratory and field RABVs (fixed and street strains, respectively)

were susceptible to NHC. However, no increase in survival or reduction in viral titers in the
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brain was observed in RABV-infected mice treated prophylactically with MPV. These

findings highlight the potential and challenges of NHC in the treatment of RABV infection.

Keywords (a maximum of 6 keywords)

Rabies virus, antiviral, p-D-N*-hydroxycytidine, Molnupiravir, Nucleoside analog

Abbreviations: RABV, rabies virus; SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; COVID-19, coronavirus disease 2019; NHC, p-D-N*-hydroxycytidine; MPV,

molnupiravir; RBV, ribavirin; T-705, favipiravir; PEP, post-exposure prophylaxis

Highlights

* B-D-N*-hydroxycytidine (NHC) exhibited antiviral activity and inhibited rabies virus
(RABYV) infection in cultured cells.

* NHC had a comparable 90% effective concentration as ribavirin and T-705 in cultured
cells.

* No therapeutic effect was observed for oral molnupiravir, a prodrug of NHC, in RABV-

infected mice.

1. Introduction
Rabies virus (RABV) is an RNA virus belonging to the order Mononegavirales, family
Rhabdoviridae, and genus Lyssavirus. RABV is transmitted to humans through biting by

RABV-infected animals. Following the establishment of infection, RABV invades the
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central nervous system (CNS), and the fatality rate of rabies is almost 100% once
neurological symptoms develop. It is estimated that approximately 60,000 individuals
succumb to this disease annually(Fooks et al., 2017) . The standard treatment of rabies is
post-exposure prophylaxis (PEP), involving the administration of a vaccine against RABV
and human RABYV immunoglobulin. However, the accessibility of PEP is often limited in
areas with a high prevalence of rabies (Henry et al., 2022; Sreenivasan et al., 2019) because
of high costs and hurdles both in distribution and storage. It has been reported that one
patient recovered from rabies by receiving a therapeutic coma and a combination treatment
with ketamine, midazolam, ribavirin (RBV), and amantadine, known as the Milwaukee
Protocol (Willoughby et al., 2005). However, the effect of treatment has rarely been
reproduced and remains to be doubtful since only one of ten patients who received the
Milwaukee Protocol survived from 2015 to 2022 (Arslan and Vahaboglu, 2023; Zeiler and
Jackson, 2016). In conclusion, there is no established treatment for patients who develop
symptoms of rabies. Given these constraints, further treatment options against infection are
urgently required.

Nucleoside analogs comprise a class of small-molecule antiviral drugs. These antiviral
drugs mimic host nucleosides and interfere with the activity of the viral RNA-dependent
RNA polymerase (RdRp), a key enzyme in viral replication. Because RdRp is highly
conserved across viral species, nucleoside analogs are known to exhibit broad-spectrum
antiviral activity (Geraghty et al., 2021; Venkataraman et al., 2018). Certain nucleoside
analogs are clinically used as antiviral drugs for infectious diseases, such as remdesivir for

coronavirus disease 2019 (COVID-19) and sofosbuvir for hepatitis C (Beigel et al., 2020;
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Lawitz et al., 2013). Within the context of rabies, the nucleoside analogs RBV and
favipiravir (also called T-705) have been reported to exhibit anti-RABV activity(Du Pont et
al., 2019). Although RBV inhibited RABYV infection in vitro, efficacy in vivo has not been
proven (Anindita et al., 2018; Bussereau et al., 1988). Indeed, despite its clinical usage, the
effectiveness of RBV remains controversial (Appolinario and Jackson, 2015). Monotherapy
with T-705 was effective but insufficient to ameliorate the disease conditions of rabies in
preclinical studies (Banyard et al., 2019; Kimitsuki et al., 2023; Yamada et al., 2016).
These findings highlight the need for more effective nucleoside analogs for rabies virus
treatment.

B-D-N*-hydroxycytidine (NHC), an active metabolite of molnupiravir (MPV), is a
nucleoside analog, and MPV was originally developed for treatment of seasonal influenza.
With the emergence of the COVID-19 pandemic, MPV was instead approved as the first
oral antiviral agent for COVID-19 (Imran et al., 2021; Jayk Bernal et al., 2022). MPV is
authorized for use in more than 25 countries, however, it has relatively low efficacy in
COVID-19, and there are concerns about its risk for mutagenesis, which could lead to the
production of mutant viruses (Butler et al., 2023; Sanderson et al., 2023). In addition to its
activity against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and
influenza virus, NHC has also displayed antiviral activity against a variety of RNA viruses,
including Chikungunya virus, Venezuelan equine encephalitis virus (VEEV), Ebola virus,
and Respiratory Syncytial virus, indicating a broad antiviral spectrum (Bluemling et al.,
2023; Downs et al., 2023; Ehteshami et al., 2017; Painter et al., 2019; Urakova et al., 2018;

Yoon et al., 2018). However, there have been no studies on the efficacy of NHC against
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RABV. In this study, we have investigated the anti-RABV activity of NHC in both in vitro

and in vivo models.

2  Materials and Methods

2.1

Cells and viruses

The mouse neuroblastoma cell line N2a (IFO50081) and hamster kidney
fibroblast line BHK-21/C-13 (JCRB9020) were obtained from the JCRB Cell
Bank (Osaka, Japan). SK-N-SH human neuroblastoma cells (RCB0426) were
obtained from the Riken BioResource Research Center. NA mouse
neuroblastoma cells were as described previously (Sugiyama et al., 2002). All
cell lines were maintained in Eagle’s Minimum Essential Medium (EMEM)
containing 10% fetal bovine serum (FBS).
The fixed RABV strains CVS and HEP and the street RABV strain Toyohashi
(Nosaki et al., 2021) were propagated in NA cells. Viral titers were determined
by a focus-forming assay as described previously (Anindita et al., 2018). The
mouse-adapted SARS-CoV-2 strain (MA-P10) was established from the SARS-
CoV-2 WK-521 strain (lineage A, GISAID ID: EPI _ISL 408667) and viral titers
were determined using the 50% tissue culture infectious dose (TCIDs) assay as
described previously (Uemura et al., 2023). All viruses were stocked at —80°C

until experimental use.



133

134

135

136

137

138

139

140

141

142

143
144
145
146
147
148
149
150

151
152

1583

154

155

2.2

23

24

Compounds

NHC was purchased from the Tokyo Chemical Industry Co., Ltd. (H1803).
MPV was purchased from Angene (AN-AGO01V2KZ). T-705 was also purchased
from Angene (AG002R9Q). RBV was purchased from Wako Chemical
Industries, Ltd. (188-02333). GRP-60367, a RABV entry inhibitor, was
purchased from MedChemExpress (HY-133735A). All compounds were initially
dissolved in dimethyl sulfoxide (DMSO) for the in vitro experiments. For in vivo
experiments, compounds were prepared as described in the animal experimental

section.

Cell viability assay

Cells seeded into 96-well plates were incubated with NHC, T-705, or RBV. All
compounds were serially diluted twofold in EMEM containing 2% FBS. After 2
days of culture, cells were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) and lysed with 2-propanol containing 10%
Triton X and 0.28% HCI. Cell viability was then calculated according to the
percent absorbance of cells treated with the compounds. The absorbance of cells

treated with 0.4% (v/v) DMSO served as the baseline for 100% cell viability.

Evaluation of antiviral efficacy in various cell lines by viral titer
Cells seeded in 24-well plates were inoculated with RABV-HEP or RABV-
CVS at a multiplicity of infection (MOI) of 0.01 or RABV-Toyohashi at a MOI

of 0.1. After incubation with the viral inoculum for 1 h at 37°C, cells were
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cultured with compound-containing medium. Culture supernatants were collected
at 48 h post infection (hpi) and subjected to virus titration by the focus-forming
assays. The 90% effective concentrations (ECoos) were calculated as the
concentration at which the viral titer was reduced by 90% relative to the non-

treated control.

Quantitative RT-PCR

NA cells were infected with RABV-CVS at a MOI of 0.01 for 1 h, and the viral
inoculum was replaced with EMEM supplemented with 2% FBS and NHC. At
48 hpi, total RNA was extracted using a Direct-Zol RNA MiniPrep kit (Zymo
Research). qRT-PCR was conducted using a Thunderbird Probe One-step qRT-
PCR Kit (Toyobo) and StepOnePlus Real-Time PCR Systems (Applied
Biosystems). The viral copy number was measured by the standard curve
method. The primers and probes for the RABV-CVS N gene used were as

previously described (Itakura et al., 2023).

Immunofluorescence assay

NA cells were infected with RABV-CVS at a MOI of 0.01. Following 1 h of
incubation, cells were cultured in the presence of NHC. NA cells at 48 hpi were
fixed with 3.7% formaldehyde in PBS and incubated with staining solution (PBS
containing 0.2% Triton X-100, 25% Block Ace, 0.4% FITC-conjugated anti-

RABYV N antibody [Fujirebio Diagnostics, Inc], and 1% Hoechst 33342
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[Invitrogen]). Fluorescent images were captured using an IX73 fluorescence

microscope (Olympus).

Time-of-addition assay

RABV-CVS was preincubated with or without compounds at 37°C for 1 h.
Each virus—compound mixture or virus alone was then inoculated into N2a cells
at a MOI of 0.01. At 1 hpi, the cells were washed twice with EMEM containing
2% FBS and cultured in the presence (post-entry treatment) or absence (pre-entry
treatment) of each compound. Viral RNA was extracted at 16 hpi, and the
relative viral RNA expression was analyzed by qRT-PCR using the AACt
method. Mouse Actb was used as an endogenous control. The primer and probe
sequences of mouse Actb were designed using a PrimeTime qPCR assay
(Integrated DNA Technologies). The primers and probes for RABV-CVS were

as described above.

In vitro combination assay of NHC and T-705

BHK-21 cells were seeded together with RABV-HEP (MOI = 0.01) into
serially diluted NHC and T-705 in 96-well plates. After 4 days post-infection,
cells were stained with MTT and lysed with 2-propanol containing 10% Triton X
and 0.28% HCI. Cell viabilities in each well were then calculated based on the
absorbance at 570 nm. The absorbance of infected cells without antiviral

treatment and uninfected cells without antiviral treatment served as the baseline
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for 0% and 100% cell viability, respectively. Combination index (CI) values,
isobologram plots and criteria of combination effect were analyzed as previously
described (Chou and Talalay, 1984; Fukao et al., 2018). In brief, CI values were
calculated using the following formula: CI = (Da/a+8)/Da + (Dp/a +B)/DB +
(Da/a+ BXDg/a +B)/(DaxDg). Da is the ECso of NHC, Dg is the ECso of T-705,
Dasa+B is the concentration of NHC producing 50% inhibition in combination
with T-705, and Dg/a+B is the concentration of T-705 producing 50% inhibition
in combination with NHC. In isobologram plots, (Da/a +B)/Da was plotted on the
x-axis and (Dg/a +B)/DB was plotted on the y-axis. The combination effect was

determined by the following criteria: CI=0.8, synergy; 0.8 < CI < 1.2, additive;

CI= 1.2 antagonism.

Evaluation of the antiviral efficacy of MPV in mice

All animal experiments were approved by the Institutional Animal Care and
Use Committee of Hokkaido University (approval no. 19-0014, 20-0060). For
RABYV experiments, 6-week-old male Slc:ddY mice (Japan SLC) were infected
intramuscularly with the RABV-CVS strain (5.0 x 10° FFU/head). MPV and T-
705 were suspended in 0.5% (w/v) methylcellulose containing 5% (v/v) DMSO.
Mice were orally administered a vehicle, MPV (500 mg/kg), T-705 (500 mg/kg)
or T-705 (500 mg/kg) + MPV (500 mg/kg) suspensions 1 day before infection
(q.d.). These compounds were administered 4 h before infection and then twice a

day until 5- or 7-days post infection (dpi; b.i.d.). For SARS-CoV-2 experiments,

10
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30-50-week-old female BALB/c mice (CLEA Japan) were infected intranasally
with the SARS-CoV-2 MA-P10 strain (2.3 x 10? TCIDso/head). Both the vehicle
control and MPV were administered b.i.d. for 5 days at 1,000 mg/kg/day. The
humane endpoint was applied when body weight loss exceeded 20% compared to
that on the day of infection or if severe paralysis occurred. All procedures were
performed under anesthesia with three types of mixed agents (0.03 mg/mL
medetomidine hydrochloride, 3 mg/mL alfaxalone, 0.5 mg/mL butorphanol

tartrate in PBS) or isoflurane.

Viral load titration in the mouse brain
The brains of RABV-CVS—infected mice collected at 5 dpi were homogenized
(10% w/v) in PBS. Following centrifugation, the viral titers in the supernatants

were measured using the focus-forming assay.

Statistical analyses

All statistical tests were performed using Prism version 9.5.1 (GraphPad, La
Jolla, CA, USA). Statistical significance was determined by one-way analysis of
variance (ANOVA) with Dunnett’s post hoc test, one-way ANOVA with
Tukey’s test, the log-rank (Mantel-Cox) test, Fisher’s exact test and Student’s ¢-

test.

3 Results

11
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NHC inhibits RABYV infection in neuronal cells

To examine the anti-RABV activity of NHC, NA cells were infected with
RABV-CVS and treated with NHC. RABV-CVS, a laboratory fixed strain,
exhibits in vivo pathogenicity and propagates efficiently in cell lines (Takahashi
et al., 2020) and this strain is frequently used in antiviral drug research (Anindita
et al., 2018; Xie et al., 2023; Yamada et al., 2016). As such we intentionally and
primarily used the RABV-CVS strain in our studies. Treatment with NHC
decreased viral titers in the culture supernatants and intracellular viral RNA
levels at 48 hpi in a dose-dependent manner (Fig. 1A, B). Immunofluorescence
images also revealed that treatment with NHC reduced RABV N protein
production (Fig. 1C). Next, we investigated the antiviral effects of NHC against
other RABV strains. Treatment with NHC also reduced the viral titers of both the
attenuated fixed strain RABV-HEP and the street strain RABV-Toyohashi (Fig.
1D, E). These findings suggest that NHC suppresses RABV propagation in

mouse neuroblastoma cells independent of viral strain.

NHC exhibits comparable anti-RABYV activity as RBV and T-70S in vitro

It has been reported that the nucleoside analogs RBV and T-705 have antiviral
activity against RABV (Du Pont et al., 2019) . We compared the anti-RABV-
CVS activity of NHC, RBV, and T-705 based on viral titer reduction in various
cell lines. Treatment with NHC, RBV, and T-705 decreased viral titers in a dose-

dependent manner, and the ECoos of these compounds were closely comparable

12
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in N2a and BHK-21 cells (Fig. 2A, B, Table 1). NHC and RBV, but not T-705,
displayed antiviral activity against RABV in NA cells, which lack the metabolic
enzyme HPRT required for T-705 activation (Fig. S1A, Table 1) (Yamada et al.,
2016). Among the nucleoside analogs examined, NHC exhibited the lowest ECoo
and decreased viral titers in a dose dependent manner in SK-N-SH cells (Fig. 2C,
Table 1). We also confirmed the low cytotoxicity of these compounds using the
MTT assay (Table 1). Collectively, these results indicated that the antiviral
activity of NHC against RABV infection is comparable to those of RBV and T-

705 in neuronal and nonneuronal cell lines.

NHC inhibits RABYV replication at the post-entry stage

To determine which stage in the viral life cycle is targeted by NHC, we
performed a time-of-addition assay (Fig. 3A). GRP-60367, a RABV entry
inhibitor (Du Pont et al., 2020), was employed as a control in this assay. GRP-
60367 suppressed viral RNA expression more strongly when administered as
treatment at pre-entry than after virus inoculation (Fig. 3B). The antiviral effect
of RBV was higher in the post-entry treatment compared to the pre-entry
treatment, as has been reported previously (Fig. 3B)(Anindita et al., 2018). In
addition, post-entry treatment with T-705 significantly reduced viral RNA levels
compared to both the pre-entry treatment and the non-treated condition (Fig. 3B).
Similarly, the addition of NHC at 1 hpi significantly decreased viral RNA levels,

whereas NHC treatment prior to infection had no inhibitory effect on RABV

13
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infection (Fig. 3B). These results indicated that NHC inhibited RABV replication

at a post-entry stage.

MPYV exhibits no efficacy against RABV-infected mice in a prophylactic
model

To assess the in vivo efficacy of NHC, we used MPV, an orally bioavailable
prodrug of NHC, to treat RABV-infected mice. Mice prophylactically received a
vehicle, T-705, or MPV orally 1 day prior to infection. The following day, mice
were infected with RABV-CVS intramuscularly and orally treated b.i.d. with
each compound for 5 days (Fig. 4A). In the survival analysis, all mice in the
vehicle group developed lethal infection by 7 dpi, but four of six mice (67%)
survived in the T-705 treatment group (Fig. 4B). In contrast, all mice treated with
MPV succumbed and survival was not prolonged (Fig. 4B). Brain viral titers at 5
dpi were lower in the T-705 group than in the vehicle group. However, the titers
in the MPV group were comparable to those in the vehicle group (Fig. 4C). To
examine whether MPV was metabolized to its active form for the antiviral effect
in mice, we administered MPV to mice infected with mouse-adapted SARS-
CoV-2 (Fig. S2A). Mice treated with MPV exhibited reduced body weight loss
and protection against lethal infection by SARS-CoV-2 (Fig. S2B, C). Since the
efficacy of MPV monotherapy was limited, we investigated the possibility of
combination therapy of MPV with T-705. First, we examined the in vitro

combination effect of NHC with T-705 using a CPE-based assay previously

14
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reported (Uemura et al., 2023). The isobologram resulted in CI of 1.1, indicating
that the in vitro combination effect of NHC and T-705 was additive (Fig. S3A).
Next, we examined the effect of combination treatment with T-705 and MPV on
mice infected with RABV-CVS. There was no significant difference in survival
between mice receiving T-705 monotherapy and combination therapy with T-705
and MPV (Fig. S3B). Taken together, no antiviral effects of MPV against RABV

infection were observed in our in vivo experiments.

Discussion

Rabies is a fatal neurological disorder with no established treatment. Therefore, the
development of antiviral drugs with anti-RABYV activity are urgently required. NHC
has displayed effectiveness against certain viruses of the order Mononegavirales.
However, no reports have described its efficacy against Rhabdoviridae viruses. In the
present study, we found for the first time that NHC exhibited anti-RABV activity in
vitro. Given reports that NHC is converted into its active 5'-triphosphate form in the
brain (Painter et al., 2019), NHC would be expected to exert antiviral effects in
neuronal cell lines. Treatment with NHC inhibited RABV-CVS infection in neuronal
and nonneuronal cells in a dose-dependent manner. To confirm that clinically isolated
RABV is susceptible to NHC, we also included the RABV Toyohashi strain in this
study(Nosaki et al., 2021) , demonstrating that NHC has antiviral activity against both
fixed and street strains. These results indicate that NHC exhibits antiviral activity

against RABV infection in vitro regardless of the viral strain.
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Previous studies indicated that NHC primarily inhibits virus replication through
mutagenesis within viral genomes (Kabinger et al., 2021; Urakova et al., 2018). The
result of the time-of-addition assay illustrated that NHC inhibits the RABV replication
at the post-entry stage. In animal experiments, prophylactic treatment with T-705
improved the survival rate and reduced the viral titer in the brains of RABV-infected
mice, confirming its effectiveness. Conversely, prophylactic administration of MPV
did not prolong survival in mice or reduce viral titers in the brain. Although 1000
mg/kg/day is the maximum MPYV concentration that can be administered continuously
without body weight loss (Painter et al., 2019), high-dose MPV treatment did not result
in comparable efficacy as that of T-705 in vivo. In addition, the therapeutic effect of
combined treatment with T-705 and MPV was comparable to that of T-705 alone in
RABV-CVS—infected mice. Previous reports revealed that the concentration of NHC in
the brain is approximately 10-fold lower than in the spleen and lungs in both mice and
hamsters (Lieber et al., 2022; Painter et al., 2019). In contrast, T-705 has been reported
to accumulate in the brain to the same extent as that observed in other tissues in
hamsters (Gowen et al., 2015). The lower delivery of MPV to the CNS would seem to
be related to the poor outcome of MPV treatment in RABV-infected mice. Indeed,
treatment with MPV also failed to improve the survival rate or decrease viral titers in
mice infected with La Crosse virus, which directly invades the CNS(Ojha et al., 2023) .
Conversely, MPV reduced viral titers in the brain and prolonged survival in a VEEV
infection mouse model (Painter et al., 2019). Treatment with 10 uM NHC reduced the

viral titer by approximately one million-fold in VEEV infected cells (Urakova et al.,
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2018). The in vitro efficacy of NHC against VEEV is stronger than that against RABYV,
which might be one reason why NHC is effective in the VEEV infection model.
Collectively, the potential of NHC in the treatment of viral encephalitis requires further
investigation.

In summary, NHC displayed efficacy against RABV in vitro, but not in vivo. The
limitations for rabies treatment have constrained drug development, making the pursuit
of new treatments challenging. Nucleoside analogs, known for their broad-spectrum
antiviral activities, present promising treatment options for addressing such neglected
diseases as rabies (Klug et al., 2016) . We conclude that NHC has potential for the
initial treatment of RABYV, but additional therapeutics which might be used both singly
and/or in combination therapy are required to ensure clinical effectiveness once

infection has involved the central nervous system.
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Figure legends

Fig. 1. Antiviral efficacy of NHC against RABYV infection in mouse neuroblastoma
cells

(A—C) NA cells were inoculated with RABV-CVS at a MOI of 0.01 for 1 h and then
cultured with NHC-containing medium. Viral titers in supernatants (A) were determined by
the focus-forming assay, and viral RNA (B) was analyzed by qRT-PCR. Images of
immunofluorescence staining present RABV N protein (green) and nuclei (blue)(C). Scale
bars, 100 um. (D-E) NA cells were inoculated with RABV-HEP at a MOI of 0.01 (D) or
RABV-Toyohashi at a MOI of 0.1 (E) for 1 h and cultured with NHC-containing medium
for 48 h. Viral titers in supernatants were determined by focus-forming assays. Experiments
(A, B, D, and E) were performed in triplicate, and the data are representative of two
independent experiments. Data are presented as the mean + SD. Statistical analysis was
performed by one-way ANOVA with Dunnett’s post hoc test to compare with non-treated

cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 2. Comparison of the effects of antiviral nucleoside analogs against RABV
infection in neuronal and nonneuronal cells

(A-C) N2a (A), BHK-21 (B), and SK-N-SH (C) cells were inoculated with RABV-CVS at
a MOI of 0.01 for 1 h and then cultured with medium containing NHC (left), RBV
(middle), or T-705 (right). Each compound was evaluated in two-fold serial dilutions from
25 uM to 0.781 uM in N2a and BHK-21 cells, and from 50 uM to 3.13 uM in SK-N-SH
cells. Viral titers in supernatants were determined by the focus-forming assay. Experiments
were performed in triplicate, and the data are representative of two independent
experiments. Data are presented as the mean + SD. Statistical analysis was performed by
one-way ANOVA with Dunnett’s post hoc test to compare with non-treated cells. *p <

0.05, **p < 0.01, **%p < 0.001, ***%p < 0.0001.

Fig. 3. Time-of-addition assay for NHC

(A) Schematic representation of the experimental design of the time-of-addition assay. The
virus inocula was preincubated with or without compounds for 1 h. For the entry
conditions, the virus was inoculated into N2a cells in the presence of the compounds and
thereafter cultured without the compounds. For the post entry conditions, the virus was
initially inoculated into N2a cells for 1 h without any compounds and subsequently cultured
in the presence of the compounds. Intracellular RNA was extracted at 16 hpi, and qRT-PCR
was conducted. (B) The relative viral RNA levels of RABV-CVS—infected N2a cells
treated with 25 pM NHC, 20 uM GRP-60367, 5 uM RBV or 50 uM T-705 are shown. Data

were normalized to those for mouse Actb. Experiments were performed in triplicate, and
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the data are representative of two independent experiments. Data are presented as the mean
+ SD. Statistical analysis was performed by one-way ANOVA with Tukey’s test. *p <0.05,

5%y < 0,001, *#*%p < 0.0001.

Fig. 4. In vivo efficacy of MPV in RABV-CVS-infected mice

(A) Schematic representation of the experimental design of the prophylactic administration
model. Administration of vehicle, MPV, or T-705 to mice commenced 1 day prior to
infection (q.d., 500 mg/kg/day). On the day of infection, the compounds were administered
4 h before infection and daily thereafter until 5 dpi (b.i.d., 1,000 mg/kg/day). Mice were
infected intramuscularly with RABV-CVS (5 x 10° FFU/head). Infected mice were
observed daily until 14 dpi; im, intramuscularly. mpk, milligram per kilogram. po, oral
administration. (B, C) Survival rates (B) and viral titers in the brain at 5 dpi (C) in RABV-
CVS-infected mice treated with vehicle, MPV, or T-705 (n = 6 for survival rate analysis, n
= 8 for viral titer analysis). Each plot indicates the individual viral titers of infected mice.
The dashed line indicates the lower limit of detection, and gray dots denote data that were
below the lower limit of detection. Bar, median. Statistical analysis was performed by the
log-rank (Mantel-Cox) test (B) or Fisher’s exact test (C). p values were adjusted by the

Bonferroni correction. *p < 0.05, **p < 0.01.
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Table 1

Antiviral activity, cytotoxicity, and selective index (Sloo) of NHC, RBV and T-705 against
RABV-CVS strain. ECoo (LM), the concentration of antiviral compound that reduced the
virus titer by 90% relative to non-treated control. CCso (uLM), the concentration that reduced
cell viability by 50% relative to the DMSO-treated control. Sloo is the ratio of CCsoto ECoo
(CCs0/ECo0). Experiments were performed in triplicate and these data are representative of

two independent experiments. n.d. : not determined

NHC RBV T-705

ECyo CCso Sloo ECoy CCso Sloo ECyo CCso Sloo

NA 7.4 165.9 22.4 24 69.7 29.0 >100.0 >200 n.d.

N2a 6.4 >200 >31.3 11.3 174.2 15.4 9.6 >200 >20.8
BHK-21 9.2 171.0 18.6 8.6 >200 >23.2 9.3 >200 >21.5
SK-N-SH 18.1 >200 >11 >100.0  >200 n.d. >100.0  >200 n.d.
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