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Abstract

Flaviviruses are considered to be major emergingaru pathogens globally. Currently
available anti-flavivirus approaches are ineffegtithus there is a desperate need for
broad-spectrum drugs that can be active againsitiegi and emerging flaviviruses.
Artemisinin has been found to cause an antiviredatfagainst several viruses; however, its
antiviral effect against flaviviruses remains unlexgd. Here the antiviral activity of
artemisinin against flaviviruses such as JEV, DEN¥d ZIKV was evaluated by measuring
the hallmark features of virus replication bathvitro and in vivo. Mechanistically, the
artemisinin-induced antiviral effect was associateith enhanced host type | interferon
response. The blocking of interferon signaling Miied the artemisinin-induced
interferon-stimulated genes expression and rescted artemisinin-suppressed virus
replication. This study demonstrated for the fiigte the antiviral activity of artemisinin
against flaviviruses with a novel antiviral meclami The therapeutic application of
artemisinin may constitute a broad-spectrum apgproéx cure infections caused by

flaviviruses.

KEYWORDS: artemisinin; flavivirus; antiviral; therapy; typanterferon



1. Introduction

The genus Flavivirus, belonging to tl@aviviridae family, comprises many important
pathogens that pose a serious threat to the huoargtion annually (Bradley et al., 2017;
Carlo et al., 2014). Some flaviviruses, such aadepe encephalitis virus (JEV) and West Nile
virus (WNV), have the potential to infect the hosnhtral nervous system (CNS), deemed as
neurotropic viruses (E A Gould, 2008; Gregoriuslet2012). In addition, Zika virus (ZIKV)
has recently become a public health concern duigstassociation with microcephaly in
infants and Guillain-Barré syndrome (GBS) in ad{fapasso et al., 2019; Hirsch et al.,
2018). Dengue virus (DENV), a causative agent ofyde fever and dengue shock syndrome,
also exhibits a potential of being a neurotroprasi(Amorim et al., 2019; Calderén-Pelaez et
al., 2019).

The pathogenesis of flaviviruses is complex anoharily classified into three distinct phases
that include initial infection, viremia, and seveggnptoms (Ye et al., 2013). Initial infection
and viremia are associated with the replicationinfses in dendritic cells and macrophages
(Diamond, 2003; Imran et al., 2019). Then, the meay exhibit various clinical symptoms
and even death (Chen et al., 2018). Some flaviegusuch as JEV and WNV breach the
blood-brain barrier, and subsequently infect the SCWherein they trigger the host
inflammatory response (Maximova et al., 2018; Midst al., 2019) characterized by gliosis,
rampant production of inflammatory cytokines, andrgually neuronal cell damage (Ashraf
et al., 2016; Zhang et al., 2015). The interplagMeen flavivirus pathogenicity and the host
innate and adaptive immune responses governs tlrepehogenesis and resultant effect of
the flavivirus infection (Ngono et al., 2018; Olagnet al., 2016).

Natural products serve as beneficial chemical etmdf for the development of effective

therapeutics (Wohlfarth et al., 2009). Artemisirfior, instance, is not only known to be active



against malaria, but also to other diseases, ingudancer (Wong et al., 2017) and some
fungal (Denny et al., 2019), parasitic (Idowu et 2018), and viral (Efferth et al., 2008)
infections. Several studies provided strong eviddocthe antiviral activity of artemisinin and
its synthetic analogues against herpesvirusestitisgavirus, and human immunodeficiency
virus, whereas the pieces of evidence are weakepdpillomaviruses and polyomaviruses
(Efferth, 2018; Sharma et al., 2014). However, rtmechanisms of antiviral activity are
largely unknown. Despite all these research pregieshe antiviral roles of artemisinin and its
derivatives against flaviviruses have not yet begastigated. At present, there are no distinct
antiviral therapies available to treat patientdesuig from infections caused by flaviviruses
(Boldescu et al., 2017). Consequently, the quesadtve and safe antiviral agents showing a
broad-spectrum activity against emerging and hifieedatening flaviviruses is urgently needed.
Herein, we demonstrated the antiviral activity démisinin against flaviviruses such as JEV,
ZIKV, and DENV. Treatment with artemisinin reduceghortality and ameliorated
JEV-mediated brain damage in a mouse model. Theret$ anti-flaviviral activity of
artemisinin was associated with an enhanced hadstl IFesponse. These data suggest a
broad-spectrum therapeutic potential of artemisagainst flaviviruses.

2. Methods

2.1 Cell cultures and viruses

Adenocarcinomic human alveolar epithelial (A549)man histiocytic lymphoma (U937),
mouse microglia (BV2), and African green monkeynag (VERO) cells were cultured and
maintained in Dulbecco’s Modified Eagle’s Medium MEM) supplemented with
heat-inactivated 10% fetal bovine serum (Nactof0 hg/ml PMA (Sigma) was used to
induce adherence of U937 cells. The JEV P3 st@anBank: U47032.1) was stored in our

laboratory, while ZIKV H/PF/2013 strain (GenBankJK/6791) and DENV type-2 strain



(GenBank: AF038403.1) were kindly provided by Dro Ehang, Wuhan Institute of
Virology, Chinese Academy of Sciences. JEV was agaped in BHK cells, and DENV,
ZIKV was propated in C6/36.

2.2 JEV infection and drug treatment

Artemisinin and artesunate (Selleck) were dissoiveDMSO at a concentration of 50 mM
for storage and usage. Adult 6-week-old C57BL6Jkmiere randomly assigned to six groups,
15 each: DMSO; Artemisinin; Artesunate; JEV; JEVtehnisinin; and JEV+Artesunate.
Mice were intraperitoneally injected withIRFU of the JEV P3 strain in 200DMEM (JEV,
JEV+Artemisinin, and JEV+Artesunate groups) or ;A00OMEM (DMSO, Artemisinin, and
Artesunate groups) on day 0. Artemisinin (10 mdiady weight), artesunate (10 mg/kg body
weight), or an equal volume of DMSO was intravempasiministered in mice on day 3 and 4
post-infection. On day 5, five mice from each grauere euthanized, and samples were
collected for subsequent experiments. The remaimiog from each group were monitored
daily to record behavioral signs and mortality. Athimal experiments were performed
according to the National Institutes of HeaBhide for the Care and Use of Laboratory
Animals, and the experimental protocols were approvedbyResearch Ethics Committee of
the College of Veterinary Medicine, Huazhong Agltietal University, Hubei, Wuhan, China
(HZAUMO-2018-012).

2.3 Cell viability assay

The viability of cultured cells was examined usihg CellTiter-Glo® One Solution Assay kit
(Promega) according to the manufacturer’s instouctAfter treatments, luminescence signals
were recorded by a multimode plate reader.

2.4 Western Blotting



Equivalent amounts of proteins were separated dipsododecyl sulfate-polyacrylamide gel
electrophoresis and electroblotted onto a polywigyle fluoride membrane (Millipore) using
a Mini Trans-Blot Cell (Bio-Rad). Membranes wererntblocked by incubating in the blocking
buffer for 1h and probed with relevant antibodiBse blots were detected using the enhanced
chemiluminescent (ECL) reagent (Thermo Fisher 3iéien Monoclonal antibodies against
JEV E and NS5 proteins were prepared by our laborafChen et al.,, 2012). Antibodies
against IRF3, STATL1, p-STAT1-Y701, and p-STAT2-Y886re purchased from ABclonal
Technology. Anti-STAT2 and anti-p-IRF3-S386 antilesd were purchased from Cell
Signaling Technology. Other antibodies used incladé-GAPDH antibody (Proteintech)
and horseradish peroxidase-conjugated goat antsenantibody (Boster).

2.5 Plaque assay

Cell supernatants were harvested, serially diludéed, then used to inoculate monolayers of
VERO cells. After the removal of unbound viral pelgs, cells were incubated with DMEM
containing 2% fetal bovine serum and 1.5% sodiumbaaymethyl cellulose (Sigma) for 4
days. Subsequently, cells were fixed with 10% fddelayde and stained with crystal violet
solution to count visible plaques.

2.6 Quantitative reverse-transcription PCR (qRT-PCR

Total cellular RNAs were extracted using TRIZOL Beat (Invitrogen). The cDNA was
synthesized by reverse transcription using a ReaeAte RT kit (Toyobo). gRT-PCR was
performed using the QuantStudio 6 Flex PCR systsppl(ed Biosystems) and SYBR green
PCR master mix (Toyobo). The results were normdliice the endogenous expression of

B-actin in each sample. The primers are listed ippBamentary Table 1.



2.7 Hematoxylin and eosin (H&E) staining, immunohisochemistry (IHC) analysis, and
terminal deoxynucleotidyl transferase-mediated dUTPnick end labelling (TUNEL)
assay

All mice were anesthetized with ketamine-xylazifel(ml per 10 g of body weight). Brain
tissues were collected and embedded in parafficdoonal sections. The sections were used
for H&E staining, IHC, and TUNEL assay. For IHC etlprimary antibodies were glial
fibrillary acidic protein (GFAP, Servicebio), iomd calcium binding adapter molecule-1
(IBA-1, Servicebio), or neuronal nuclei (NeuN, Seebio). For TUNEL assay, an In Situ Cell
Death Detection Kit (Roche) was used accordindgp¢onbanufacturer’s instructions (Huang et
al., 2019).

2.8 Statistical analysis

All experiments were performed at least three tiomeger similar conditions. Analyses were
conducted using GraphPad Prism Software (versionS#tistical differences among the
experimental groups were determined using the tag-analysis of variance (ANOVA) with
subsequent Student’s teBtvalue of <0.05 was considered significant.

3. Results

3.1 Artemisinin and artesunate reduce mouse lethdi caused by JEV infection

Since artemisinin has previously been reportethtéovsantiviral effects against several viruses
(Liu et al., 2019), it is interesting to know whetht has a protective role against flavivirus
infection. We chose a JEV-infected mouse modelxtmrene the effect of artemisinin and
artesunate (Figure l1a). A high mortality rate o0%0was observed in DMSO-treated mice
challenged to JEV infection (Figure 1b). In contraieatment with artemisinin or artesunate
protected the mice from JEV-caused lethality, wathsurvival rate of 50% and 60%,

respectively (Figure 1b). Also, treatment with art&nin or artesunate caused no significant



reduction in body weight (Figure 1c) and improvedhdévioral signs (Figure 1d) in
JEV-infected mice. Furthermore, body organs cadiécn day 5 showed a marked decrease in
viral load upon artemisinin or artesunate treatnvémtn compared with non-treated infected
mice (Figure 1e). No virus was detected in bodyansgof surviving mice collected on day 23
post-infection (Figure 1f). Overall, these resultemonstrate that both artemisinin and
artesunate protect mice from the JEV-induced lgthal

3.2 Artemisinin and artesunate abrogate JEV-inducednflammatory response in mouse
brain tissues

Given the role of artemisinin and artesunate inucaty the JEV-induced mouse lethality, we
asked whether these drugs abrogate the neuroin@idonyn response triggered by JEV
infection. Both drugs were found to completely lihthe JEV replication in mice brain tissues
as determined by Western blot analysis and plagsaya(Supplementary Figure la-b). As
shown in Figure 2a, on day 5 post-infection, JEYédtion induced a massive release of
inflammatory cytokines, whereas the artemisinin atesunate treatment significantly
abolished the production of JEV-induced inflammgtoytokines. The histopathological
analysis of mice brain tissues displayed charattefieatures of acute encephalitis: meningitis
and perivascular cuffing. However, artemisinin ortesunate treatment ameliorated
JEV-infected encephalitis in mice (Figure 2b). Amomalous upsurge in the number of
activated glia (astrocytes and microglia) and deseein the number of neuronal cells were
detected on day 5 post-infection, whereas artemigsinartesunate treatment diminished the
astrogliosis, microgliosis, and neuronal cell deatinfected mice (Figure 2c—e and 2g). When
compared with the JEV-infected mice, the numbérldNEL-positive cells were significantly
reduced upon the treatment of infected mice witbraisinin or artesunate (Figure 2f—g). All

surviving mice exhibited normal inflammatory cytoki levels and histological features at



23 days post-infection (Figure 2a—g). Taken togethese results showed that artemisinin and
artesunate attenuated the neuroinflammatory respioiggered by JEV infection.

3.3 Artemisinin inhibits the replication of flavivirusesin vitro

To determine whether artemisinin causes a diretivieal effect against JEV and other
mosquito-borne flaviviruses, a series iof vitro experiments were performed. First, we
examined the effect of artemisinin on the viabilipf cultured A549 cells using a
luminescence-based cell viability assay (Figure J&e highest non-toxic concentration of
artemisinin (200 pM) was used for subsequent ewparis. The treatment of infected cells
with artemisinin reduced the production of infeasoviral particles: ~100-fold at 24h and
>10-fold at 36 and 48h post-infection (Figure 3k§ determined by plagque assay.
Consistently, the viral RNA expression levels wals found to be decreased significantly
upon artemisinin treatment at 24, 36, and 48hpiguE 3c). Furthermore, the
immunofluorescence analysis revealed that artemiséd to ~10, 40, and 20% reduction of
the JEV-E protein expression at 24, 36, and 48kbppectively (Figure 3d—e), and the detected
JEV-E protein fluorescence intensity was ~30% desad at 36 and 48hpi as assessed by high
content screening (Figure 3e). To determine theéI@bartemisinin, the effect on the viral
titers was examined upon the increasing conceatraif the drug. Artemisinin inhibited
the JEV particle production in a concentration-ael@at manner (Figure 3f, left panel) with
an IC50 of 18.5 uM (Figure 3f, right panel). To lkexsde whether the artemisinin-induced
anti-JEV effect is cell type-dependent or not, effect of highest non-toxic concentration of
artemisinin (Figure 3g) on JEV replication in cuétd U937 (200 uM), BV2 (100 uM), and
VERO (200 uM) cells was tested. The anti-JEV agtiof artemisinin in U937 and BV2 cells
was analogous to that as observed in A549 cellgreds no antiviral effect was observed in

VERO cells (Figure 3h—i). These results suggestexdantiviral effect of artemisinin against



JEV. Since VERO is an interferon (IFN)-deficientlickne, we speculated that the
artemisinin-induced antiviral effect might be asated with the type | IFN (IFN-I) response
of the host.
We next evaluated the antiviral activity of arteimis against other flaviviruses such as DENV
and ZIKV. Akin to JEV, artemisinin significantly peessed the replication of DENV (Figure
4a—c) and ZIKV (Figure 4d—f) in A549 cells at 24, and 48hpi, and in a drug-dose-dependent
manner as determined by plague assay and gRT-PI@&RCBO of artemisinin for DENV and
ZIKV was determined as 21.71 pM and 56.42 uM, retspaly (Figure 4c and 4f, right panel).
However, artemisinin caused no anti-DENV and amki\Zactivities in VERO cells (Figure
4g-j). These data suggest that artemisinin exedadsspectrum anti-flavivirus activity and
that IFN-I response might be essential for thenaig@in-mediated antiviral activity.
3.4 Artemisinin exerts antiviral effect after virus entry into the host cells

To delineate the potential antiviral mechanism érisinin against flaviviruses, we
examined whether artemisinin is impeding a prezast-entry phase of the virus life cycle. To
this end, cultured A549 cells were subjected tedhtypes of treatments: JEV infection
followed by artemisinin treatment, artemisinin treant followed by JEV infection, and
co-administration of artemisinin and JEV particl&@seatment of artemisinin before and after
JEV infection impaired the production of viral pele¢s and the expression of viral proteins;
however, these effects were found to be less sigmif upon co-administration of artemisinin
with JEV (Figure 5a—b). Next, we examined the @fté@rtemisinin on the cellular adsorption
and invasion phases of the viral life cycle. Asvghan figure 5¢ and 5d, virus attachment to the
cell surface and the subsequent cell entry procesgmined unchanged upon artemisinin
treatment. These findings suggest that artemislogs not disrupt the cell-binding and entry

capability of the virus.
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3.5 Artemisinin promotes IFN-I production and respase after flavivirus infection
Considering our observation that IFN-I responsehinizg related to the artemisinin-induced
antiviral activity, we determined the impact ofeamtisinin on the production of IFN-I and the
expression of downstream ISGs. Our data reveakgdthle treatment of JEV-infected A549
cells with artemisinin significantly promoted theRMA expression and secretion of IFN-
(Figure 6a) and the transcription of ISGs (Figub@ when compared with the non-treated
JEV-infected cells. The levels of IFpland ISGs were also found to be significantly iasel
upon artemisinin treatment of DENV (Figure 6c—dy&{V (Figure 6e—f) infected A549 cells.
Similar to A549 cells, artemisinin treatment proetthe IFNB production in both U937 and
BV2 cells after JEV infection (Figure 6g). Furthemm, significantly increased levels of
IFN-B in blood and spleen samples of artemisinin orsariate-treated mice were observed
when compared with untreated mice during JEV indec{Supplement Figure 2a-b). Thus,
these data indicate that artemisinin promotesamgéar IFN-I production and response upon
flavivirus infection bothn vitro andin vivo.

To further verify the conclusion, the activation key signaling molecules associated with
IFN-I was analyzed. Our results showed that JEVedtnbn markedly increased the
phosphorylation of IRF3, a key transcriptional taodf IFN-I (Jefferies, 2019), and STAT1
and STAT2, the signal transducers activated by If@rcia-Diaz et al., 2019). The
phosphorylation levels of these signaling molecuese further enhanced upon artemisinin
treatment, whereas no obvious difference in thapression was observed (Supplement
Figure 3a-b). These findings suggest that artemigieatment promotes the activation of
both upstream and downstream signaling of IFN-I.

3.6 Artemisinin inhibits flavivirus infection throu gh promoting the host IFN-I response

11



To further elucidate the artemisinin-induced af#iAvirus activity through stimulation of the
host IFN-I response, we used IFNAR polyclonal aodyp (IFNAR pAb) to block the IFN-I
pathway triggered by artemisinin treatment of itdelccells. To this end, cultured cells were
pre-incubated with IFNAR pAb followed by JEV infem and artemisinin treatment. It was
observed that IFNAR pAb markedly inhibited the amgnin-stimulated expression of
interferon-stimulated genes (ISGs) in JEV-infeatells in a dose-dependent manner, whereas
the control IgG had no effect on ISGs expressiaele (Figure 7a). In addition, we also
evaluated the effect of IFNAR blocking on the art@mn-induced antiviral activity. Our data
revealed that the incubation of cells with IFNAR IpAut not with 1gG, rescued the JEV
replication halted by artemisinin, determined bwgqule assay (Figure 7b) and qRT-PCR
(Figure 7c). Hence, these findings suggest thathtdst IFN response plays a crucial role in
mediating the artemisinin-induced antiviral actvit

4. Discussion

Previous studies have described artemisinin astarral and a potential therapeutic agent for
some RNA viruses (Lu et al., 2019; O’Flaherty et a019). Considering this, we examined
the effects of artemisinin and its derivative, su@ate, on viral replication and JEV-induced
neuropathogenesis using a mouse model. It was \@gbdhat artemisinin or artesunate
treatment inhibited viral replication in JEV-infect mice and abrogated the hallmark features
of encephalitis in mouse brain tissues. These rigglisuggest that both artemisinin and
artesunate exert therapeutic activity against JB\s therapeutic activity might be mediated
by the antiviral effects of artemisinin, since fewgruses entering the brain would lead to
lower neuroinflammatory response; conversely, #aiced viral load could be a beneficial
result of attenuated inflammation. The direct dlativiral activity of artemisinin was further

verified by in vitro analysis of higher innate immune response, whiaildcpotentially
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attenuate the progression of events leading to idioykand mortality due to JEV infection,
and thus, seems to be a novel remedy against Japaneephalitis (Zheng et al., 2019).
Artemisinin was reported to ameliorate inflammatioia inflammatory-related signaling
pathway (Long et al., 2016; Wu et al., 2016), the protective effect of these drugs against
Japanese encephalitis may engage other host pescibsd need to be investigated in future
studies.

The antiviral mechanism of artemisinin and its daive compounds is largely unknown. A
previous study suggests that artesunate inhibitsianucytomegalovirus replication by
interfering with the NFR<B pathway (Flobinus et al., 2014). In eawitro study, we discovered
that artemisinin inhibits viral replication in A549937, and BV2 cells, but not in VERO cells,
indicating the possible role of the host IFN in ma¢idg the artemisinin-induced antiviral
effects. Specifically, artemisinin was found torgase the levels of IFR-and downstream
ISGs in JEV-, DENV-, or ZIKV-infected cells. Simildindings were also observed in the
spleen and blood samples of JEV-infected mice. [B@&s such as ISG56, MxA and OAS-1,
are important downstream IFN pathway signaling muakes that exert a direct antiviral effect
(Goodwin et al., 2019). Additionally, IRF3 is onétbe most vital transcriptional factors of
IFN-1: the activation of IRF3 is symbolized withetlinduction of IFN-I (Tsuchiya et al., 2019;
Wei et al., 2019). Similarly, the phosphorylatidnSTAT1/STAT2 is widely recognized as a
sign of activation of IFN-I signaling (Ramanan &t a@011; Szelag et al., 2016). Here, the
increased phosphorylation of IRF3 and STAT1/STAT®lies that both upstream and
downstream signaling pathways of IFN-I1 were stimedaby artemisinin. Moreover, the
blocking of the IFN-I pathway using IFNAR antiboglieescued the JEV replication in infected
cells. These findings suggest a novel IFN-mediatgtviral mechanism of artemisinin against

flaviviruses. However, the precise molecular medranby which artemisinin induces the
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expression of IFN remains unclear. The observechar@sm could be associated either with
the overstimulation of innate immune signaling necales or with the inhibitory effect on
IFN-antagonizing strategies of flaviviruses. Thesgble involvement of these two
hypothetical mechanisms requires further explonatio

5. Conclusion

In summary, ourn vitro andin vivo study provides the first evidence that artemisinimbits
the replication of flaviviruses by enhancing thestid-N-1 response upon viral infection. The
observed antiviral activity was found to be asdecda with reduced viremia,
neuroinflammation, and mortality in JEV-infected ceni Therefore, artemisinin could be
employed as a therapeutic option to inhibit thelicapon of multiple mosquito-borne

flaviviruses and to halt neuroinflammation causgahburotropic flaviviruses.
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Figure Legends

Figure 1: Artemisinin and artesunate reduce mouseethality induced by JEV infection.

(a) Schematic ofn vivo experimental model. Mice were intraperitonealljeated with 16
PFU of the JEV P3 strain in 2@0DMEM or 200ul DMEM on day 0. Artemisinin (10 mg/kg
body weight), artesunate (10 mg/kg body weight),aor equal volume of DMSO was
intravenously administered in mice on day 3 anagtiinfection. Mice were euthanized, and
samples were collected for subsequent experimentday 5 and 23 post-infectiofb—d)
Survival rate (b), body weight (c), and behavi@@re (d) of mice in each experimental group
were monitored for 23 days after JEV infection. \8wal rate is shown as Kaplan-Meier
survival curves. The behavioral score from 0O tefresents the mice behavioral changes from
normal to severen = 10 mice.(e and f) Detection of viral loads in the mice body organs,
collected on day 5 (e) and 23 (f) after JEV infectiby gRT-PCR. Figures are representative of
five mice with similar results.P < 0.05, ***P < 0.0001.

Figure 2. Artemisinin and artesunate reduce the JEMnduced neuroinflammatory
responsdan vivo. (a) The mRNA expression levels of inflammatory cyt@s{TNFe, CCL-2,

CCL-5, IL6, and IL-B) in brain tissue lysates were quantified by gRTRP(h—e) H&E
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staining (b) and IHC () of mice brain tissues were performed to obs#regrathological
changes (b), astrogliosis (c), microgliosis (d)x] aeuronal cell death (e). Scale bar = 50 pum.
() Neuronal apoptosis (green) was detected by theHIUa§say. Scale bar = 2(n. (g) The
guantification of GFAP, IBA-1, and TUNEL positivelts in mice brain detected in figure c, d,
and f, respectively. Figures are representativéivef mice with similar results. **P <
0.0001.

Figure 3: Artemisinin inhibits JEV replication in vitro. (a) Cell viability assay at indicated
concentrations of artemisinin in A549 cel{b—d) Effect of artemisinin on JEV replication.
A549 cells were infected with JEV at MOI of 1. Aftéh incubation, cells were washed and
treated with 200 uM artemisinin. Viral titers (Wwjral RNA levels (c), and viral E protein
expression (d) at indicated time points were meabwy plaque assay, gRT-PCR, and
immunofluorescence analysis, respectively. Scale=l&#0 um. (e) The quantification of JEV
positive cells and fluorescence intensity in figdrevas detected by high content screening
instrument.(f) A549 cells were infected with 1MOI of JEV followdny treatment with
indicated concentration of artemisinin. The virérs in the medium were determined by
plague assay at 24h post-infection (left panek), @50 was calculated (right pane{y) Cell
viability assay at indicated concentrations of migenin in U937, BV2, and VERO cellgh

and i) U937, BV2, or VERO cells were infected with JEMWDI of 1, followed by treatment
with 200 uM artemisinin. Viral titers (h) and vilBNA levels (i) at indicated time points were
measured by plaque assay and gRT-PCR, respectyatg. are expressed as means £+ SEM
from three independent experimentB.< 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
Figure 4: Artemisinin inhibits the replication of DENV and ZIKV in vitro. A549 (a—f) or
VERO (g—-j) cells were infected at MOI of 5 with either DENVY dIKV. Subsequently,

infected cells were treated with artemisinin (20@){or a period of 48h. DENV (a and g) or
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ZIKV (d and i) titers and DENV (b and h) or ZIKV @nd j) mMRNAs levels at indicated time
points were quantified by plaque assay and gRT-P@BRpectively.(c) A549 cells were
infected with 5 MOI of DENV followed by treatmentitw indicated concentration of
artemisinin. The viral titer in the medium was detmed by focus forming assay at 24h
post-infection (left panel), and IC50 was calcullatieght panel).(f) A549 cells were infected
with 5 MOI of ZIKV followed by treatment with indated concentration of artemisinin. The
viral titer in the medium was determined by plagssay at 24h post-infection (left panel), and
IC50 was calculated (right panel). Data are exgess means + SEM from three independent
experiments. *P < 0.01, *P < 0.001, **P < 0.0001.

Figure 5: Artemisinin exerts antiviral effect after virus entry into the host cells.(a and b)
Drug treatment was performed in three differentsvay follows. 1) JEVArtemisinin: A549
cells were infected with 1 MOI JEV. After incubatiat 37°C for 1h, cells were washed with
DMEM, and then treated with 200 uM artemisinin.A2Jemisinin—>~JEV: A549 cells were
incubated with 200 uM artemisinin at 37°C for 2HteA washing with DMEM, cells were
infected with 1 MOI JEV. After 1 h, cells were washand incubated with fresh medium. 3)
Artemisinin+JEV~: 1 MOI JEV and artemisinin (200 uM) were mixed andubated at
37° C for 1h. The mixture was added to A549 cells fokol by incubation at 37°C for 1h.
Cells were then washed with DMEM and incubated wish medium. Samples were
collected and subjected to subsequent experime@hpi. Viral titers and the expression of
JEV NS5 and E proteins were determined by plagsaya&) and Western blot analysis (b),
respectively(c) A549 cells were treated with artemisinin and iretell at 37°C for 2h, and
then cells were infected with 1 MOI JEV. After if@ation at 4°C for 1h, cells were washed and
samples were harvested to detect the expressiomabRNAs by gRT-PCR(d) A549 cells

were treated with artemisinin and incubated at 3f0t@h, followed by 1 MOI JEV infection
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and incubation for 1h at 4°C. Cells were then wesied incubated at 37°C for another 1h.
Samples were collected to detect the expressiomiraf RNAs by gRT-PCR. Data are
expressed as means + SEM from three independeatiments. < 0.05, ***P < 0.0001.
Figure 6: Artemisinin promotes host IFN-I responseafter flavivirus infection. (a—f) A549
cells were infected with JEV (1 MOI), DENV (5 MOlyr ZIKV (5 MOI), followed by
artemisinin treatment (200 uM). The mRNA leveldfEN-B, MxA, ISG56, and OAS-1 were
measured by gRT-PCR. The secretion of [FFiNas detected by ELISAg) U937 or BV2 cells
were treated with artemisinin (U937: 200 uM, BVA0LM) following JEV infection at 1
MOI. The IFN mRNA expression and secretion was tested by gRR-REGd ELISA,
respectively. Data are expressed as means + SEMthree independent experimentB. &
0.05, *P < 0.01, ***P < 0.001, ***P < 0.0001.

Figure 7: Artemisinin halts flavivirus infection through promoting the host type | IFN
response.A549 cells were pre-incubated with IFNAR pAb at ihdicated concentrations
followed by JEV infection (1 MOI) and artemisinireatment (200 uM) for 24Ka) The
MRNA expression levels of ISG56, MxA, and OAS-1 evareasured by gRT-PCRx and c)
Viral titers (b) and mRNA levels (c) were deterndnby plaque assay and gRT-PCR,
respectively. Data are expressed as means + SENthree independent experimentB. ¢
0.05, *P < 0.01, ***P < 0.001, ***P < 0.0001.

Supplementary Figure 1: Artemisinin and artesunatereduce JEV replication in mouse
brain tissues. Mice were subjected to JEV infection and artennisor artesunate treatment
as described in figure 1a. Brain samples were ciglitton day 5 and 23 post-infecti¢a) The
expression levels of JEV NS5 and E proteins weaamaxed by Western blogb) Viral titers

were determined by plaque assay 5 mice. ***P < 0.0001.
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Supplementary Figure 2: Artemisinin and artesunateenhance the IFNB expression in
blood and spleen of JEV-infected miceMice were subjected to JEV infection and
artemisinin or artesunate treatment as describdayiume la. The blood and spleen samples
were collected on day 5 post-infectigia) IFN-f mRNA expression in blood and spleen of
mice was determined by qRT-PCf®) IFN-B production in blood and spleen of mice was
measured by ELISA =5 mice. P < 0.05, * < 0.01, **P < 0.001, ***P < 0.0001.
Supplementary Figure 3: Artemisinin promotes the ativation of [IFN-I
pathway-associated signaling moleculeg@) A549, U937, or BV2 cells were infected with 1
MOI JEV followed by treatment with artemisinin (300). Cells were collected at 24hpi and
subjected to Western blot analysis by using inédantibodies(b) The protein levels were
quantified by immunoblot scanning and normalizedtite amount of GAPDH. Data are
expressed as means + SEM from three independeatiments. P < 0.05, **P < 0.01, **P

< 0.001.
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Highlights:

1. Artemisinin reduces lethality and brain damageBN-infected mice.

2. Artemisinin inhibits flavivirus replication botim vitro andin vivo.

3. Artemisinin inhibits flaviviruses’ replication byrpmoting the host type |

interferon production.



