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Abstract

Rabies is caused by infection of rabies virus (RABV) and remains a serious threat to the global public health. Except
for the requirement for cold chain and high cost of human rabies immune globulin, no small molecule drugs are currently
available for clinical treatment of rabies. So, it is of great importance to identify novel compounds that can effectively
inhibit RABV infection. Artesunate (ART) and dihydroartemisinin (DHA), two derivatives of artemisinin, are widely used
for treatment of malaria in adults and children, showing high safety. In this study, we found that both ART and DHA were
able to inhibit RABYV replication in host cells at a low concentration (0.1 pmol/L). The antiviral effects of ART and DHA
were independent of viral strains and cell lines. Pre-treatment with ART or DHA for 2 h in vitro did not affect the viral
replication in host cells, implying that ART and DHA neither reduced the viability of RABV directly nor inhibited the
binding and entrance of the virus to host cells. Further studies revealed that ART and DHA inhibited RABV genomic RNA
synthesis and viral gene transcription. Treatment with ART or DHA (5 mg/kg) by intramuscular injection improved, to
some extent, the survival rate of RABV-challenged mice. Combination treatment with derivatives of artemisinin and
mannitol significantly improved the survival rate of RABV-challenged mice. The results suggest that ART and DHA have
a great potential to be explored as new anti-rabies agents for treatment of rabies.
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Introduction 2009). Most of rabies cases of human come from the bite or
scratch by dogs (Fu 1997). Therefore, PrEP is mainly used

Rabies is an acute zoonotic infectious disease caused by the = in individuals who are in close contact with animals.

rabies virus (RABV) that severely impacts the central
nervous system. At present, there is no effective drug for
treating rabies once clinical symptoms emerge. Rabies can
be averted only by effective pre-exposure prophylaxis
(PrEP) or post-exposure prophylaxis (PEP) (Franka et al.
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Though rabies in animals can be prevented effectively by
rabies vaccination, there are still more than 55,000 rabies-
related human deaths annually worldwide (Hampson et al.
2015) because of no effective PEP treatment. PEP of rabies
involves wound cleaning, rabies vaccination and rabies
immune globulin injection. However, rabies immune
globulin used for PEP needs cold-chain for transportation
and is expensive, so many people in developing countries
cannot afford it. In addition, PEP occasionally failed to
prevent rabies-related deaths because of nonstandard and
delayed treatment. Therefore, there is a great need for
development of new cost-effective medications to treat
rabies.

A number of antiviral agents against RABV have been
reported (Du Pont et al. 2019). For instance, favipiravir can
significantly inhibit RABV replication in vitro and improve
the survival rate of RABV-infected mice after treatment
(Yamada et al. 2016). TMR-001, a proprietary bulk drug
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substance solution of ranpirnase, can inhibit RABV release
and cell-to-cell infection in vitro (Smith et al. 2020). Pyr-
imethamine inhibits RABV replication in vitro through the
inhibition of adenosine synthesis (Rogee et al. 2019).
Datura metel has a strong anti-RABV activity in vitro
(Roy et al. 2016). A-carrageenan P32 inhibits RABV
replication through the inhibition of viral internalization
and glycoprotein-mediated cell fusion (Luo efr al. 2015).
Nevertheless, none of them has been approved for clinical
treatment of rabies.

Artemisinin and its derivatives (termed artemisinins),
such as dihydroartemisinin (DHA) and artesunate (ART),
are widely used for treatment of malaria in adults and
children, showing high safety (Efferth 2017). Studies have
demonstrated that artemisinins not only possess anticancer
activity (Odaka et al. 2014; Wang et al. 2017), but also
have antiviral effect (Capci et al. 2020; D’ Alessandro et al.
2020). It has been described that ART inhibits the repli-
cation of human cytomegaloviruses in several cell lines
(Efferth et al. 2002; Schnepf ef al. 2011). In addition, ART
displays a potent antiviral effect against hepatitis B virus
(Romero et al. 2005) and human herpesvirus-6 (Milbradt
et al. 2009). Furthermore, ART can also inhibit the repli-
cation of Epstein-Barr virus and human JC polyomavirus
dose-dependently in cells (Auerochs et al. 2011). It has
been shown that artemisinin and analogs exert their anti-
hepatitis C virus activity by inducing reactive oxygen
species (Obeid et al. 2013), while artemisinin inhibits the
replication of flaviviruses by promoting the type I inter-
feron production (Wang et al. 2020). Therefore, artemisi-
nins act as promising antiviral agents through multiple
mechanisms.

This study was set to determine whether ART and DHA
can act as anti-RABV agents. Here we show that ART and
DHA inhibited RABYV infection in cells independently of
RABYV strains and cell lines. Mechanistically, ART and
DHA inhibited RABV infection by impeding genomic
RNA synthesis and transcription. Treatment with ART or
DHA improved the survival rate of RABV-challenged
mice. The results support that these anti-malarial drugs
may be explored as potential anti-RABV agents.

Material and Methods
Cells, Viruses, Compounds and Animals

Mouse neuroblastoma (NA) cells (Wuhan Institute of
Biological Products, Wuhan, China) were cultured in
RPMI 1640 medium (Gibco, Suzhou, China) supplemented
with 10% fetal bovine serum (FBS) (Gibco, Grand Island,
New York, USA). Baby hamster kidney (BHK-21) cells
(Wuhan Institute of Biological Products, Wuhan, China)

@ Springer

were maintained in Dulbecco’s-modified Eagle’s medium
(DMEM) (Gibco, Suzhou, China) containing 10% FBS
(Gibco). RABV challenge virus standard 11 (CVS-11)
strain (a gift from Dr. Xianzhu Xia, Academy of Military
Medical Sciences, Beijing, China) and rHEP-GFP strain
(Luo et al. 2016b) were propagated in NA cells. Challenge
virus standard 24 (CVS-24) stain (a gift from Dr. Zhenfang
Fu, Huazhong Agricultural University, Wuhan, China) was
propagated in the brains of suckling mice. GD-SH-01 is a
wt RABV strain that was isolated from the brain tissue of
rabid pig in our laboratory and is phylogenetically close to
canine RABV (Luo er al. 2013). Both artesunate (ART)
and dihydroartemisinin (DHA) were purchased from TCI
America (Portland, OR, USA), and were dissolved in
dimethyl sulfoxide (DMSO) for use. Female KM mice
(6-7 weeks old) were provided by the Center for Labora-
tory Animal Science of the Southern Medical University
(Guangzhou, China). Mice were housed in the Laboratory
Animal Center of the South China Agricultural University.

Cell Viability Assay

The cytotoxicity of ART and DHA in NA and BHK-21
cells was evaluated using the methyl thiazolyl tetrazolium
(MTT) assay as described previously (van Tonder er al.
2015). Briefly, cell monolayers cultured in 96-well plates
were treated with 0-50 pmol/L of ART or DHA for 24 h.
Thereafter, MTT assay was performed and the absorbance
at 562 nm with a 620 nm reference wavelength was
recorded using a Ledetect96 Microplate Reader (Labexim
Products, Lengau, Austria). The percentage of cell viability
was calculated by comparing the absorbance values of
compound-treated groups with those of DMSO-treated
groups. The 50% cytotoxic concentration (CCsg) was cal-
culated by nonlinear regression (curve fit) using Prism 6
(GraphPad Software, CA, USA). Each experiment was
performed in triplicate.

Virus Titration

Virus titers were determined by dFA as described previ-
ously (Luo et al. 2016a). Briefly, NA cells grown in
96-well cell-culture plates were inoculated with tenfold
serial dilutions of the indicated virus in RPMI 1640 med-
ium and incubated for 2 days at 37 °C with 5% CO,. Then,
the used culture medium was discarded and cells were
fixed with 80% acetone for 30 min at — 20 °C. Cells were
washed with phosphate-buffered saline (PBS) three times
and then stained with FITC-labeled anti-RABV nucleo-
protein (N) antibodies (Fujirabio Inc., Malvern, PA, USA)
at 37 °C for 60 min. Subsequently, antigen-positive foci
were counted under a fluorescence microscope (AMG,
Washington, USA) and virus titers were calculated as focus
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forming units per milliliter (FFU/mL) using Karber method
(Ramakrishnan 2016).

Infection and Compound Treatment Experiments
In NA and BHK-21 Cells

NA or BHK-21 cell monolayers cultured in 6-well plates
were infected with RABV rHEP-GFP or CVS-11 at a
multiplicity of infection (MOI) of 3. After incubation for
1 hat 37 °C with 5% CO,, supernatants were removed and
cells were washed with PBS three times. Next, fresh
medium containing 10% FBS and 0.1 pmol/L of ART,
DHA or equal volume of DMSO were added. Cells were
then incubated at 37 °C with 5% CO, for 24 h and
supernatants were harvested. Then the cells were stained
with FITC-labeled anti-RABV N antibodies and DAPI and
fluorescent foci were analyzed under a fluorescence
microscope (AMG, Washington, USA). Virus titers of
samples were determined in NA cells by dFA, as described
above. All titrations were carried out in triplicate.

Assay for the Effects of ART and DHA on RABV'’s
Viability and Entrance

RABYV rHEP-GFP and 0.1 pmol/L of ART, DHA or equal
volume of DMSO were mixed completely and incubated at
37 °C for 2 h. Then, NA cells cultured in 6-well plates
were infected with the above pre-treated RABV at an MOI
of 3 as described above. The supernatants were harvested
after incubation for 24 h. Virus titers in the cell culture
supernatants were determined in NA cells by dFA. Green
foci in cells infected with rHEP-GFP were analyzed under
a fluorescence microscope.

Quantitative Real-Time PCR

NA cells cultured in 6-well plates were infected with
RABYV rHEP-GFP at an MOI of 3. After incubation for 1 h
at 37 °C, supernatants were removed and cells were
washed with PBS three times. Then, fresh medium con-
taining 10% FBS and 0.1 umol/L of ART, DHA or equal
volume of DMSO were added followed by incubation for
24 h at 37 °C. Next, cells were harvested and total RNA
was extracted using TRIzol reagent (Invitrogen, Guangzhou,
China) according to the manufacturer’s protocol. Reverse
transcription was performed using the Transcriptor First
Strand ¢cDNA Synthesis Kit (Vazyme Biotech Co., Ltd.,
Nanjing, China). Each reaction was performed in triplicate
using SYBR Green Master Mix (Vazyme Biotech Co., Ltd.).
Quantitative real-time PCR (qPCR) was performed in a CFX
Connect Real-Time Detection System (Bio-Rad, Hercules,
CA, USA). The levels of RABV genomic RNA (gRNA) and
RABV nucleoprotein (N) mRNA were normalized to

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
primers used for qPCR were described previously (Luo ef al.
2017).

Animal Experiment

KM mice (6-7 weeks of age) were inoculated through
intramuscular (i.m.) route with 1.0 x 10° FFU of CVS-11
or GD-SH-01 or 50 MILDs, (mouse intracerebral lethal
doses 50) of CVS-24. At 2 and 3 days post inoculation,
mice were treated with ART, DHA or PBS by i.m. injection
at a dose of 5 mg/kg. The treatment dose referred previous
studies (Tan et al. 2009; Held et al. 2015; Kume et al.
2016; Liu et al. 2017). Each group contained more than 10
mice. Survival rates were recorded daily for 3 weeks.

Mannitol treatment was performed as described previ-
ously (Dufkova et al. 2019; Martina et al. 2019). Briefly,
KM mice (6-7 weeks of age) were inoculated through
intramuscular (i.m.) route with 1.0 x 10° FFU of CVS-11.
At 2 and 3 days post inoculation, two groups of mice were
treated with ART or DHA by i.m. injection at a dose of
5 mg/kg. Two groups of mice were treated with PBS.
Thirty minutes after the treatment with compounds, mice
were treated intraperitoneally with 500 pL. of 25% man-
nitol in PBS in respective groups except one group treated
with PBS. Each group contained 10 mice. Survival rates
were recorded daily for 3 weeks.

Statistical Analysis

Data were presented as mean values & standard deviation
(SD), and analyzed using Prism 6 (GraphPad Software, San
Diego, CA, USA). The statistical significance was deter-
mined using Student’s ¢ test or Logrank Mantel-Cox test.
P < 0.05 was considered to be significantly different.

Results

ART and DHA Reduces the Cell Viability In
A Concentration Dependent Manner

Previous studies have shown that ART and DHA dose-
dependently inhibit the proliferation and induce apoptosis
of human tumor cells (Odaka et al. 2014). Here, we tested
whether ART and DHA are cytotoxic in mouse neurob-
lastoma NA and baby hamster kidney BHK-21 cells. As
shown in Fig. 1, 24 h-treatment with ART or DHA
decreased the viability of NA and BHK-21 cells in a
concentration-dependent manner. The calculated 50% of
cytotoxicity (CCsq) values for ART and DHA were
approximately 64 pmol/L and 10 umol/L in NA cells,
respectively, and both more than 50 umol/L in BHK-21
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Fig. 1 ART and DHA reduce
the cell viability of NA (A) and
BHK-21 (B) cells in a
concentration-dependent
manner. NA and BHK-21 cells
cultured in 96-well plates were
treated with DMSO, or

0-50 pmol/L. of ART or DHA
for 24 h, followed by MTT
assay. Absorbance at 562 nm
with a 620 nm reference
wavelength was recorded. The
percentage of cell viability for
each treatment was calculated
by comparing the absorbance
values of compound-treated
cells with that of DMSO-treated
cells. Each value is expressed as
the mean £ SD. n = 8. The
50% cytotoxic concentration
(CCs0) was calculated by
nonlinear regression (curve fit)
using GraphPad Prism 6
software.
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cells. At 0.1 pmol/L, both ART and DHA showed limited
cytotoxicity in NA and BHK-21 cells. Hence, this con-
centration was selected for our in vitro RABV replication
experiments.

ART and DHA Inhibit the Replication of RABV In
Vitro

To assess the in vitro anti-RABV activity of ART and
DHA, NA and BHK-21 cells were infected with RABV
rHEP-GFP or CVS-11 (MOI = 3) for 1 h, followed by
treatment with DMSO (vehicle control), or 0.1 pmol/L of
ART or DHA for 24 h. As shown in Fig. 2A, treatment
with either ART or DHA was able to significantly inhibit
the release of rHEP-GFP and CVS-11 strains in the culture
media of NA cells and BHK-21 cells. As shown in Fig. 2B,
treatment with either ART or DHA reduced the expression
of RABV N protein in NA cells, indicating inhibition of
RABYV replication in the cells. Taken together, the results
indicate that both ART and DHA were able to inhibit the
replication of RABV in host cells.

ART and DHA Neither Reduce the Viability
of RABV Directly Nor Inhibit the Entrance
of the Virus to Host Cells

Successful replication of RABV in host cells depends on
not only the viability of the virus itself, but also the binding
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and entering of the virus to host cells (Luo et al. 2015). To
understand how ART and DHA inhibit the replication of
RABYV, first of all, we wondered whether ART and DHA
reduce the viability of RABV directly and/or inhibit the
binding and entrance of the virus to host cells. For this,
RABYV rHEP-GFP was mixed with ART or DHA (at a final
concentration of 0.1 pmol/L), or DMSO (vehicle control),
followed by incubation at 37 °C for 2 h. Next, NA cells
were treated with the above pre-treated RABV rHEP-GFP
(MOI =3) for 1 h at 37 °C. Subsequently, the inoculum
was removed, and the cells were washed with PBS three
times and refed with fresh medium. After 24 h-incubation,
the cell culture supernatants were collected, followed by
titration of the virus and analysis of green foci formation.
We found that pre-incubation of rHEP-GFP with 0.1 pmol/
L of ART or DHA for 2 h did not significantly alter the
titer of the virus (Fig. 3A), or the expression of GFP in NA
cells, compared to pre-incubation with DMSO (Fig. 3B).
These results imply that ART and DHA inhibit the repli-
cation of RABV neither through directly reducing the
viability of RABV nor by interfering with the entrance of
the virus to cells.

ART and DHA Inhibit the Synthesis of RABV
Genomic RNA and mRNA In Host Cells

RABYV is an enveloped, negative-sense, and single-stran-
ded RNA virus (Luo et al. 2016b). To understand how
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Fig. 2 ART and DHA inhibit the proliferation of RABV in cells.
A ART and DHA inhibit the release of RABV from cells. NA or
BHK-21 cells cultured in 6-well plates were infected with RABV
rHEP-GFP or CVS-11 (MOI = 3) for 1 h at 37 °C. Then, the infected
cells were treated with DMSO (control), or 0.1 pmol/L. of ART or
DHA for 24 h at 37 °C. The cell culture supernatants were harvested
to determine viral titers in NA cells by dFA, as described above.
Titration value is expressed as the mean &+ SD. n = 3. Asterisks
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Fig. 3 ART and DHA neither reduce the titer of RABV directly nor
interfere with the binding and entrance of RABV to host cells. RABV
rHEP-GFP was completely mixed with DMSO (control), or 0.1 pumol/
L (final concentration) of ART or DHA, followed by incubation at
37 °C for 2 h. Next, NA cells were treated with the above pre-treated
RABV rHEP-GFP (MOI = 3) for 1 h at 37 °C. Then, the inoculum
was removed, and the cells were washed with PBS three times and re-

ART and DHA inhibit RABV replication, firstly we
investigated whether the compounds suppress the synthesis
of RABV genomic RNA (gRNA) in cells. To this end, NA
cells were infected with RABV rHEP-GFP (MOI = 3) for
1 h at 37 °C, followed by 24 h-treatment with ART, DHA
or DMSO (vehicle control). Our qPCR analysis showed
that treatment with ART or DHA significantly decreased
the gRNA level of rHEP-GFP, compared to treatment with
DMSO (Fig. 4A). The results indicate that ART and DHA
inhibit the the synthesis of RABV genomic RNA.

Next, we studied whether ART and DHA inhibit the
transcription of RABV in cells. Nucleoprotein (N) is one of

DMSO

ART

DHA

ART DHA

FITC Merge

indicate significant differences, as calculated by Student’s ¢ test
(*P < 0.05). B ART and DHA inhibit the expression of RABV
nucleoprotein (N). NA cells were infected with RABV rHEP-GFP
(MOI = 3) for 1 h at 37 °C. Then, the infected cells were treated with
DMSO (control), or 0.1 pmol/L. of ART or DHA for 24 h at 37 °C.
Cells were stained with FITC-labeled anti-RABV N antibodies
(green) and DAPI (blue) and fluorescent foci were analyzed under a
fluorescence microscope (Scale bar: 400 pum).

DMSO

fed with fresh medium containing 10% FBS. Following incubation for
24 h, the cell culture supernatants were harvested. A Virus titers of
the supernatants were determined in NA cells by dFA. Titration value
is expressed as the mean £ SD. n = 3. “ns” indicates non-significant
difference, as calculated by Student’s ¢ test (P > 0.05). B Green foci

in treated cells were analyzed under a fluorescence microscope (Scale
bar: 400 pm).

the gene products of RABV (Luo et al. 2016b). By qPCR,
we observed that treatment with ART or DHA significantly
inhibited the expression of N mRNA in NA cells (Fig. 4B).
Decreased transcription might inhibit virus production.
Hence, we further determined the ratio of virus/genomic-
RNA. Of interest, treatment with ART or DHA did
decrease the ratio of virus/genomic-RNA (Fig. 4C). The
results demonstrated that ART and DHA inhibit RABV
replication through repressing its genomic RNA synthesis
and transcription.

@ Springer
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Fig. 4 ART and DHA inhibit the synthesis of RABV genomic RNA
and mRNA in cells. NA cells were infected with RABV rHEP-GFP
(MOI = 3) for 1 h at 37 °C. Then, the infected cells were treated with
DMSO (control), or 0.1 pmol/L of ART or DHA for 24 h at 37 °C.
qPCR was performed to determine the expression of RABV genomic

Treatment with ART or DHA Improves
the Survival Rate of Lethal RABV-Challenged
Mice

To test whether ART or DHA has a therapeutic potential
for rabies, mice were challenged with pathogenic strains
CVS-11,GD-SH-01 and CVS-24, and then treated with
ART or DHA (5 mg/kg), or PBS (control) by i.m. injection
at 2 and 3 days post-infection. We chose the time points of
compound treatment considering two points: one is to wait
for RABV to invade into the CNS, and the second is to
check the efficacy of treatment after 48 h of infection with
RABYV. As shown in Fig. 5, ART treatment modestly (by
25%) but not significantly increased the survival rate of
CVS-11, CVS-24 or GD-SH-01 challenged mice, com-
pared to PBS treatment. DHA treatment also modestly
increased the survival rate of mice infected with CVS-11,
but not that of the animals infected with CVS-24 and GD-
SH-01. The results indicate that i.m. route treatment with
ART or DHA has certain antiviral effect against RABV
in vivo.

RNA (gRNA) and RABV N mRNA. The levels of gRNA (A) and N
mRNA (B) were normalized to GAPDH. C Virus/genomic-RNA ratio
was calculated based on the levels of gRNA and virus titer. The
results represent the mean & SD. n = 3. Asterisks indicate significant
differences as calculated by Student’s 7 test (*P < 0.05).

Combination Treatment with Derivatives
of Artemisinin and Mannitol Significantly
Improves the Survival Rate of Lethal RABV-
Challenged Mice

Intraperitoneal administration of 500 pL of 25% mannitol
was found to represent an effective dose for the enhance-
ment of blood—brain barrier (BBB) permeability and has no
visible effects in mice (Louboutin et al. 2010; Dufkova
et al. 2019). To make compounds preferably passed
through BBB, CVS-11 infected mice were treated with
combination drugs (ART+ mannitol; DHA+ mannitol). As
shown in Fig. 6, mannitol treatment alone modestly but not
significantly increased the survival rate of infected mice.
Combination treatment with ART or DHA and mannitol
significantly improved the survival rate of challenged mice
(Fig. 6).

CVS-11 CVS-24 GD-SH-01
100~ 1007 100+
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Fig. 5 ART and DHA improve the survival rate of lethal RABV-
challenged mice. KM mice were infected with 1.0 x 10° FFU of
CVS-11, GD-SH-01 or 50 MILDs, of CVS-24 through intramuscular
(i.m.) route. At 2 and 3 days post infection, mice were treated with
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Days post infection

Days post infection

PBS (control), or ART or DHA by i.m. injection at a dose of 5 mg/kg.
Survival rates were recorded daily for 3 weeks. The results represent
the mean £ SD. n = 10. Data are analyzed by Logrank Mantel-Cox
test (P > 0.05).
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Fig. 6 Mannitol treatment enhances the inhibitory effect of ART and
DHA on CVS-11. KM mice were infected with 1.0 x 10> FFU of
CVS-11 through i.m. route. At 2 and 3 days post infection, mice were
treated with ART, DHA or PBS. Thirty minutes after the treatment
with compounds, mice were treated intraperitoneally with 25%
mannitol in respective groups. Survival rates were recorded daily for
3 weeks. The results represent the mean £ SD. n = 10. Data are
analyzed by Logrank Mantel-Cox test (*P < 0.05, ns: non-significant
differences).

Discussion

In the present study, for the first time, we present evidence that
anti-malarial drugs ART and DHA possessed antiviral activity
against RABV in vitro (in cells) and in vivo (in mice). In this
study, normal baby hamster kidney fibroblasts (BHK-21) were
found to be highly resistant to DHA or ART (CCsq.

> 50 pumol/L), which is in line with the previous findings
(Odaka et al. 2014), supporting the high safety profiles of
artemisinins (Efferth 2017). Since ART or DHA at(.1 pmol/L
(100 nmol/L) had limited cytotoxicity in both NA and BHK-
21 cells, we selected this concentration for our in vitro studies,
in order to minimize the cytotoxic effect on RABV replication
in the two cell lines. Both ART and DHA at such a nanomolar
concentration were able to inhibit the replication of rHEP-GFP
and CVS-11 strains in NA and BHK-21 cells, indicating that
ART or DHA can potently inhibit RABV replication inde-
pendently of viral strains and cell lines.

Previous studies have described multiple mechanisms of
action of anti-RABV agents, such as inhibition of RABV
internalization (Luo et al. 2015), inhibition of adenosine
synthesis (Rogee et al. 2019), and inhibition of RABV
release (Smith et al. 2020). In addition, ribavirin, a broad-
spectrum guanosine nucleoside analog, inhibits the virus
infection by inhibiting mRNA expression (Kihira et al.
2014; Musser et al. 2015; Aljabr et al. 2016), which may be
due to inhibition of mRNA capping (Kentsis et al. 2004). In
this study, we observed that pre-treatment with 0.1 pmol/L
of ART or DHA for 2 h in vitro did not affect the viral
replication in host cells, implying that ART and DHA nei-
ther reduced the viability of RABV directly nor inhibited the

entrance of the virus to host cells. However, treatment with
ART or DHA profoundly inhibited the genomic RNA syn-
thesis and N mRNA transcription of RABYV, leading to
inhibition of RABV replication. ART-mediated inhibition of
viral gene expression has been documented in human
cytomegaloviruses, herpesviruses and Epstein—Barr virus
(Efferth et al. 2002; Milbradt et al. 2009; Auerochs et al.
2011). Therefore, here we propose that ART and DHA may
execute the antiviral action by blocking the viral gene
expression of RABV, thereby inhibiting the synthesis of
viral proteins and consequently preventing the onset of
subsequent steps of the viral lytic replication cycle.

In this study, we noticed that ART and DHA were able to
potently inhibit RABV infection in cell culture, but only mod-
estly improved the survival rate of RAB V-infected mice. Blood—
brain barrier (BBB) blocks the delivery of some antiviral drugs
and molecules to the central nervous system, which increases the
difficulties to treat clinical rabies (Smith et al. 2019). We spec-
ulate that the weak in vivo anti-RABV effect of ART and DHA
might be due to the fact that only limited amount of the com-
pounds was passing through BBB after i.m. injection. Further-
more, ART can ameliorate BBB breakdown in malaria infection
in mice (Souza et al. 2012; Du et al. 2017), which is not bene-
ficial to RABV clearance (Roy et al. 2007; Roy and Hooper
2007). As a BBB opener, mannitol helped ART or DHA to
improve the survival rate of RABV-infected mice. Therefore,
enhanced BBB permeability boosts the inhibitory effect of ART
or DHA on RABV. Previous studies have shown that artemisinin
can pass through BBB through intranasal administration (Mari-
jon et al. 2014; Long et al. 2020). It is worthy to test whether
intranasal administration of ART or DHA is an effective thera-
peutic route for rabies. In addition, besides BBB permeability,
challenge doses of lethal RABV may also weaken the curative
effect of antiviral drug (Banyard ez al. 2019). Favipiravir shows
different anti-RABV effects in separate studies, which may be
related to different RABV strains, different challenge doses or
different routes of administration used (Yamada et al. 2016;
Banyard et al. 2019). In this study, mice were inoculated (i.m.)
with 1.0 x 10° FFU of CVS-11, GD-SH-01 or 50 MILDs, of
CVS-24. We treated the RABV challenged mice with ART or
DHA at adose of 5 mg/kg by i.m. injection at 2 and 3 days post-
infection. Further studies are required to determine the challenge
doses/strains of RABV and the administration doses/routes/time
points of drugs to improve the therapy effect.

In this study, treatment with ART improved the survival
rate of CVS-11, CVS-24 or GD-SH-01 challenged mice,
whereas treatment with DHA only improved the survival rate
of CVS-11 challenged mice. DHA is an active metabolite of
all artemisinins, including ART (Efferth 2017). It is unclear
why ART displayed better therapeutic effect than DHA.
Recently we have observed that ART could enhance the
immune response of inactivated rabies vaccines (Luo et al.
2019). In addition, artemisinin-induced antiviral effect
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against flaviviruses is associated with enhanced host type I
interferon response (Wang et al. 2020). Our previous studies
have demonstrated that clearance of infected RABV needs
boosted immune response (Luo et al. 2020a, b). In addition,
the molecular weight of ART is 384.43 and the molecular
weight of DHA is 284.35. However, ART is hydrosoluble
while DHA is liposoluble. Likely, the improvement of the
survival rate of GD-SH-01 and CVS-24 challenged mice by
ART may be partly attributed to its better absorption and
enhanced immune response in mice.

Increasing evidence indicates that a combination therapy
with two-to-three drugs can exhibit better anti-RABV effect
than a single drug therapy (Marosi et al. 2019; Smreczak
et al. 2019). In particular, combination of ART with ganci-
clovir, foscarnet or cidofovir can result in moderate syner-
gism in human cytomegalovirus infections (Drouot et al.
2016). To reposition ART or DHA for treatment of rabies, it
would be interesting to assess whether ART or DHA is
synergistic or additive with other antiviral drugs.

In summary, here we have shown that artemisinin
derivatives ART and DHA possess anti-RABV activity
in vitro and in vivo. Both of them can inhibit RABV
genomic RNA synthesis and viral gene transcription. This
study provides the first evidence that these two anti-
malarial drugs have a great potential as anti-RABV agents.
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