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Hantaviruses, such as Hantaan virus (HTNV) and Seoul virus, are the causative agents of Hantavirus cardiopul-
monary syndrome (HCPS) and hemorrhagic fever with renal syndrome (HFRS), and are important zoonotic
pathogens. China has the highest incidence of HFRS, which is mainly caused by HTNV and Seoul virus. No
approved antiviral drugs are available for these hantaviral diseases. Here, a chemiluminescence-based high-
throughput-screening (HTS) assay was developed and used to screen HTNV pseudovirus (HTNV,y) inhibitors in a
library of 1813 approved drugs and 556 small-molecule compounds from traditional Chinese medicine sources.
We identified six compounds with in vitro anti-HTNV,,; activities in the low-micromolar range (ECso values of
0.1-2.2 pmol/L; selectivity index of 40-900). Among the six selected compounds, cepharanthine not only showed
good anti-HTNVp, activity in vitro but also inhibited HTNV,,,-fluc infection in Balb/c mice 5 h after infection by
94% (180 mg/kg/d, P < 0.01), 93% (90 mg/kg/d, P < 0.01), or 92% (45 mg/kg/d, P < 0.01), respectively, in a
bioluminescent imaging mouse model. A time-of-addition analysis suggested that the antiviral mechanism of
cepharanthine involves the membrane fusion and entry phases. Overall, we have established a HTS method for
antiviral drugs screening, and shown that cepharanthine is a candidate for HCPS and HFRS therapy. These

findings may offer a starting point for the treatment of patients infected with hantaviruses.

1. Introduction

Hantaan virus (HTNV) was discovered in the late 1970s (Mon-
toya-Ruiz et al., 2014), and belongs to the genus Orthohantavirus of the
family Hantaviridae. It is an important zoonotic pathogen that infects
humans and small rodents. HTNV is an enveloped negative-stranded RNA
virus with a genome that includes three fragments: L, M, and S, which
encode the L polymerase, Gn and Gc glycoproteins, and nuclear proteins,
respectively. It can cause both Hantavirus cardiopulmonary syndrome
(HCPS) and hemorrhagic fever with renal syndrome (HFRS) (Milholland
et al., 2018; Tian and Stenseth, 2019). In some outbreaks, the mortality
rate of HCPS has been as high as 50%. Hantavirus infection is a global
disease, with more than 150,000 HFRS patients worldwide each year,
and about 90% of reported cases occurred in China (Jonsson et al., 2010).
Hantaviruses can be divided into more than 30 genotypes or serotypes,
among which Hantaan virus (HTNV) and Dobrava-Belgrade virus have
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the highest mortality rates in the HFRS-affected population of up to 15%
(Kariwa et al., 2007; Avsic-Zupanc et al., 2019). Patients with HTNV are
predominantly found in East Asia (Llah et al., 2018). Its pathogenesis
may be a complex multifactorial process. There is currently only sup-
portive, but not specific treatment for HFRS caused by HTNV. Studies
have shown that ribavirin can inhibit the replication of HTNV in vitro, and
it has shown some effects in mouse experiments. But when the disease
progresses to the cardiopulmonary phase, ribavirin has no inhibitory
effect (Brocato and Hooper, 2019). Therefore, there is an urgent need to
develop or discover highly effective and low-toxicity anti-HTNV drugs.
The development of new antiviral drugs is time-consuming and
expensive, with low returns. Therefore, investigating the antiviral func-
tions of approved drugs, i.e., drug repurposing, may be more effective
than the development of new drugs. Advantage can be taken of the
known pharmacological and toxicity profiles of approved drugs, their
established safety in humans, and the proven feasibility of their
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manufacture and formulation. This strategy also has other advantages,
such as the low risk of failure, short development time, and low cost etc
(Mercorelli et al., 2018; Pushpakom et al., 2019; Sohraby et al., 2017).

Hantaviruses belong to the class of highly pathogenic microorganisms
that must be studied in a biosafety level 3 (BSL-3) laboratory. This entails
great inconvenience for the researcher. To address this restriction, we
previously developed a replication-defective, vesicular stomatitis virus
(VSV)-based pseudovirus expressing HTNV glycoprotein (GP), and
demonstrated the utility of this pseudovirus in both high-throughput
screening (HTS) in vitro and in a bioluminescent imaging (BLI) mouse
model (Zhang et al., 2017). Importantly, this pseudoviral system can be
safely used in BSL-2 laboratories.

In this study, a chemiluminescence-based HTS assay was developed to
identify antiviral inhibitors of the HTNV pseudovirus (HTNV,,). We
screened a library of 1813 U.S. Food and Drug Administration (FDA)-
approved drugs and 556 small-molecule compounds from traditional
Chinese medicine sources. Six compounds were identified as having
antiviral effects against HTNV),, (half-maximal effective concentration
[ECs] values of 0.1-2.2 pmol/L and selectivity index [SI] of 40-900).
Cepharanthine (CEP) not only showed good anti-HTNV activity in vitro,
but also inhibited HTNV-fluc infection in Balb/c mice 5 h after infection,
by 94% (180 mg/kg/d, P < 0.01), 93% (90 mg/kg/d, P < 0.01), or 92%
(45 mg/kg/d, P < 0.01), respectively, in the BLI mouse model.

2. Materials and methods
2.1. Cell lines, pseudovirus and authentic virus

Vero E6 cells (ATCC® CRL-1586) were cultured under 5% CO- at 37
°C in high-glucose Dulbecco's modified Eagle's medium (DMEM,
HyClone, South Logan, UT) supplemented with 10% fetal bovine serum
(Gibco, Carlsbad, CA), 1% penicillin-streptomycin solution (Gibco), and
2% 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Gibco). The
cells were passaged every 2-3 days.

The ORF of codon-optimized versions of HTNV (76-118 strain),
including Gn and Gc genes was added to the pcDNA3.1(+) vector. The
glycoprotein was autocleaved to Gn and Gc after expression. The detailed
procedure was described in our previously published paper (Ning et al.,
2021).

The VSV-based HTNV pseudovirus (HTNV),,) expressing HTNV GP
and the firefly luciferase reporter protein (Fluc) was constructed and
stored in our laboratory. Briefly, HEK293T cells were plated one day
before transfection. When cells reached 70%-90% confluence, the cul-
ture medium was discarded. 48 pg (for T150 flask) of the GP expression
plasmid was transfected according to the instructions of Lipofectamine
3000 (Invitrogen). Cells were infected with 5.1 x 10® median tissue
culture infective doses (TCIDsg) G*AG-VSV virus (VSV G pseudotyped
virus, Kerafast) at the same time. The cell medium was discarded 6-8 h
after transfection and infection. The cells were gently washed three times
with PBS and cultured in fresh complete DMEM at 37 °C with 5% COx.
Twenty-four hours later, the culture supernatant containing HTNV,,, was
harvested, filtered, aliquoted, and frozen at —70 °C for further use.

Authentic virus HTNV (76-118 strain) was from the Department of
Arboviral Vaccine, Institute for Biological Product Control, National In-
stitutes for Food and Drug Control.

2.2. Compound library

The 1813 FDA-approved drug compounds were purchased from
TargetMol (Shanghai, China). The 556 small-molecule compounds from
traditional Chinese medicine sources were provided by the National
Standard Chemical Control Library of NIFDC (National institutes for Food
and Drug Control, Beijing, China). These compounds were dissolved in
dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO) at a concen-
tration of 10 mmol/L and stored at —80 °C until use.
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2.3. Screening assay with pseudovirus

In the first round of HTS, Vero E6 cells were seeded in 96-well plates
(Corning, Inc., Corning, NY) at a density of 3 x 10* cells/well. After
incubation overnight, the cells were treated in duplicate with 10 pmol/L
compounds. The cells were then incubated at 37 °C under 5% CO; for 1 h,
and 50 pL of HTNV,, was added to each well. The luciferase activity was
measured 23 h later. In short, 100 pL of culture medium was aspirated
gently from the cells and 100 pL of Bright-Glo® Luciferase reagent
(Promega, Madison, WI) was added to each well and allowed to react
with the cells for 2 min at room temperature. The luminescence was
measured with a GloMax® 96 Microplate Luminometer (Promega). The
percentage inhibition was calculated as (1 - relative light units [RLU] in
the presence of compound —RLU of negative control)/(RLU of positive
control — RLU of negative control) x 100. The primary positive com-
pounds were identified by their apparent lack of cytotoxicity and their
reduction of adenoviral replication by > 50% in duplicate wells at a
concentration of 10 pmol/L. The ECsq of each compound was determined
from a dose-response curve of HTNVp, at eight serially diluted doses (30
pmol/L, 10 pmol/L, 3.3 pmol/L, and 1.1 pmol/L, 0.4 pmol/L, 0.1 pmol/L,
0.03 pmol/L and 0.01 pmol/L) in the second screening.

2.4. Cytotoxicity assay

Cytotoxicity was tested with the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega) to determine the 50% cytotoxic concentration
(CCsp) of each test compound in the absence of pseudovirus. Serial di-
lutions of the drugs (90-0.04 pmol/L) were mixed with Vero E6 cells in
96-well plates, and 50 pL of complete medium was added instead of
virus. After incubation at 37 °C under 5% COx3, for 24 h, cell viability was
measured with the GloMax® 96 Microplate Luminometer.

2.5. Animal experiments

The mice were handled in accordance with the institutional (NIFDC)
guidelines for laboratory animal care and use, and the Animal Care and
Use Committee at NIFDC approved the study protocol. Female Balb/c
mice (4-5 weeks old; n = 5 per group) were obtained from the Institute
for Laboratory Animal Resources of NIFDC. Compounds were dissolved
in 0.5% methylcellulose (Sigma-Aldrich). To challenge the mice, 4.2 x
10° TCIDsq of p/VSV/HVGP/Fluc was delivered by intraperitoneal (IP)
injection to the groups of five mice. Different CEP doses (180, 90, or 45
mg/kg) were administered to each group. The times of administration
were 6 h before infection and 2 h after infection.

The BLI analysis was performed with the IVIS Lumina Series III Im-
aging System (PerkinElmer, Baltimore, MD), as previously described
(Zhang et al., 2017). The Living Image software (Caliper Life Sciences,
Baltimore, MD) was used to analyze the regions of interest. The data are
presented as the total fluxes in photons/s.

2.6. Time of addition

A time-of-addition experiment was performed to evaluate the anti-
viral mechanism of CEP (Basu et al., 2011). Vero E6 cells were seeded in
96-well plates 1 day in advance of virus infection. The cells were incu-
bated with 30 pmol/L CEP for 1 h before infection (-1 h, 4 °C), during
infection (0 h, 37 °C), and 1 h after infection (1 h, 37 °C). Six duplicate
wells were assigned to each time point. The control infected-cell cultures
were treated with the drug vehicle (DMSO) only. At 24 h post infection,
the cells were harvested and the infectivity was measured as described
above.

2.7. Authentic HTNV infection and nucleic acid detection

Vero E6 cells were pre-seeded into 24 well plates (2 x 10°/well) one
day before the infection. HTNV (76-118 strain) was added to the culture
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supernatant at the MOI of 0.3, 0.003 or 0.00075. The same amount of
diluted CEP was added to the experiment and mock cells at a concen-
tration of 20 pmol/L or serially diluted (20 pmol/L, 6.66 pmol/L, and
2.22 pmol/L). After 36 h, the medium was discarded. Cells were washed
with PBS for three times. The nucleic acid was extracted with Qiagen kit
(QIAamp Viral RNA Mini Kit, 52904). The fluorescence quantitative PCR
amplification was performed with nucleic acid detection kit for hemor-
rhagic fever with renal syndrome virus (Beijing BGI-GBI-biotech Co.,
China). Inhibition efficacy was calculated as the following formula: 100
x [1 — (RLU in the presence of compound — RLU of cells control)/(RLU
of virus control — RLU of cells control)].

2.8. Statistical analysis

GraphPad Prism 6 (San Diego, CA) was used to analyze the ECsy and
CCsq values of the compounds and the BLI data. Statistical comparisons
were made with a t-test. P values of <0.05 were considered statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001, ns,
P > 0.05.

3. Results

3.1. Identification of HTNV),, entry inhibitors with an in vitro pseudovirus
screen

A pseudovirus containing a firefly luciferase reporter gene enveloped
by HTNV glycoprotein G was used for HTS to select inhibitors of viral
entry from a library of 1813 approved drugs and 556 small-molecule
compounds derived from traditional Chinese medicine sources. This
system can be safely used in BSL-2 environments to generate high titers of
replication-incompetent pseudovirus, which can then be used in combi-
nation with highly sensitive luciferase reporter assays for HTS. The HTS
schema is shown in Fig. 1A. The HTS conditions, including the cell-
seeding density and HTNV),, dose, were optimized to 30,000 cells/well
and 2000 TCIDso/well, respectively. Under these conditions, the signal-
to-basal (S/B) ratio, the coefficient of variation (CV), and the Z' factor
were 826, 10%, and 0.69, respectively (Fig. 1B). These data indicate that
the experiment met the HTS requirements (Zhang et al., 1999; Zhang
et al., 2006). The plate layout for the HTS screening was shown in Fig. 1C.
The primary screen was performed with a single dose (10 pmol/L) of
each compound to identify those with activity against HTNV,. The re-
sults indicated that 74 hit compounds had >50% inhibitory activity, thus
necessitating a second round of screening.

Because compounds inhibiting VSV replication or luciferase activity
will also inhibit HTNV,,, VSV, expressing an unrelated VSV envelope
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glycoprotein was tested in parallel in the second round of screening. Each
of the 74 compounds was diluted in a 1:3 ratio to generate four con-
centrations, ranging from 30 pmol/L to 0.01 pmol/L, to confirm their
activity against HTNVp,, and VSV, and to determine their ECsg values.
When the ECs5o VSV,y/ECso HTNV),, ratio was >3, the compound was
deemed to be positive. As a result, 12 compounds were confirmed to
block HTNV,,-mediated infection, with little effect on VSVp, infection.
The evaluation of both the antiviral activity and the cytotoxicity of the
compounds was critical because cytotoxic compounds can appear to exert
antiviral activity when the cellular inhibition assay is largely dependent
on cell viability.

The 12 hit compounds identified in the counterscreen were further
evaluated in parallel for their cytotoxicity in uninfected Vero E6 cells,
using eight-point dose-response curves (starting from 90 pmol/L) to
determine their ECsq values for HTNV,, and their CCsg values. The ratio
of CCsg to ECso for HTNV),, was calculated as SI. Many compounds were
not tested at high enough concentrations to accurately determine their SI
values, but compounds with anti-HTNV,,, activities < 3-fold greater than
their cytotoxicities were much less likely to be useful antiviral com-
pounds in vivo.

After the final confirmatory screening, six hit compounds were
identified as efficacious against HTNV},, with low cytotoxicity, with SI
values of >40 (Table 1, Fig. 2). Among the six hit drugs, mycophenolate
mofetil (MMF) with the highest SI value, and mycophenolic acid are
immunosuppressants. MMF is also reported to have broad-spectrum
antiviral activity (Ye et al., 2012; Cho et al., 2017). Whereas MLN9708
and MLN2238 are proteasome inhibitors, cepharanthine is a SARS
coronavirus (SARS-CoV) inhibitor and toosendanin is an influenza virus
inhibitor (Wang et al., 2016; Augello et al., 2018; Jin et al., 2019).

3.2. Confirmation of HTNVp, inhibitors with an in vivo BLI model

To test whether the antiviral activity of the active compounds
observed in vitro can be translated to enhanced activity against HTNV,y
infection in vivo, we evaluated the treatment effects of the six compounds
identified with HTS. Because MMF is a derivative of MPA, only MPA but
not MMF was selected for the experiment. Totally five compounds were
used in the experiment. First, the five compounds (90 mg/kg/day) were
delivered by IP injection to Balb/c mice before infection (—6 h). The mice
were then infected intraperitoneally with 4.2 x 10° TCIDso HTNV,,y, (0
h). The five compounds were then re-administered 2 h after infection.
The BLI analysis showed that one of the five compounds (CEP) reduced
HTNV),, infection. The inhibitory effect is presented as the percentage
reduction in the BLI signal compared with that in the control group
(Fig. 3A). The mice in the groups treated with other three drugs

A B C
| 556+1813 compounds | 1.2 3 45 6 7 8 9 101112
Primary screen A
Jinhibition>50% g B| |cclvc|p1|p2|p3|p4|ps5|p6[D7|D8
( 74 hits ] = c| |cclvc|p1|p2|p3|p4|Ds|D6|D7|D8
=71
Secondary screen S eeccegseeceescebaae O CC|VC| D9|D10|D11|D12|D13|D14|D15|D16
ECyo VSVL/ECLHTNV, >3 = 64 e[ |cc|vc|pe|propr|pr2prpralpisipts
Y 5
( 12 hits ] es S/B=826 CV=10% Z'=0.69 F| [cclve|p17|pispiolp2ojp21|p2z|pes]pas
Reconfirmed screen % 4 G CC|VC |D17|D18|D19|D20|D21|D22|D23|D24|
SI>10  [§2%g%8sgeee®lgs8cgas| y
L/ A ML A S B
( 6 hits ) 13 5 7 9 11 13 15 17 19
Column number

Fig. 1. High-throughput screening (HTS) for inhibitors of HTNV in vitro. A Flow chart of HTS assay using HTNV/,,. B Scatterplot of the results of DMSO plate screening.
The 96-well assay plates contained Vero E6 cells in one column was divided into two groups, half with only cells as the cell control (0% response), the other half was
cells added with HTNV,,, as the Virus control (positive control, 100% response). 20 columns of data were summarized here. The signal-to-basal (S/B) ratio = mean
signal/mean background, Z' factor = 1- 3SD of sample + 3SD of control/(mean of sample - mean of control). C Layout of in vitro screening. CC, cell control (0%

response), VC, virus control (positive control, 100% response), D1-D24, Drugl-

24.
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Table 1

In vitro anti-HTNVpv activity of six hit compounds.
Compound Name ECs0"-HTNV,,, (pmol/L) ECs0-VSV (pmol/L) CCso” (pmol/L) SI°=CCs0/1Cs0 VSV/HTNV,,, Pharmacological classes
Mycophenolate 0.1 0.6 >90 >900 6.0 Immunosuppressant (Hong et al. 2022)

Mofetil
MLN9708 0.2 2.4 >90 >450 12.0 Proteasome inhibitor (Engur-Ozturk and
Dikmen, 2022)

Mycophenolic acid 0.2 0.6 >90 >450 3.0 Immunosuppressant (Yap et al. 2022)
MLN2238 0.2 1.7 >90 >450 8.5 proteasome inhibitor (Grad et al. 2021)
cepharanthine 0.9 7.0 49.5 50 7.8 SARS inhibitor (Zhang et al. 2005)
toosendanin 2.2 7.7 >90 >40 3.5 Influenza virus inhibitor (Jin et al. 2019)

HTNVpv, Pseudotyped Hantaan virus.

# ECso: 50% effective concentration. It was determined with an inhibition assay in Vero E6 cells infected with HTNVp,,. The values presented are the averages of three

experiments.

b CCs0: 50% cytotoxic concentration. It was determined with the CellTiter-Glo Luminescent Cell Viability Assay.

¢ SL: Selectivity index: CCso/ECso.
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Fig. 2. Effect of six compounds on HTNV,, in vitro. A MMF, B MLN9708, C MPA, D MLN2238, E CEP, F TSD. The chemical structural formulas of compounds are
presented. Antiviral activities of HTNV,,, and cytotoxicity to Vero E6 cells of each compound are analyzed. Data represents mean + SEM. The experiments were
repeated three times. Abbreviations: CEP, cepharanthine; MPA, mycophenolic acid; MMF, mycophenolate mofetil; TSD, toosendanin; HTNV, hantaan virus.

(MLN9708, MLN2238, and toosendanin) were not shown due to pre-
mature mortality, which caused the death of the mice. The experiment
with CEP was repeated with three different doses, 180, 90, or 45 mg/kg/
day (totally equivalent to 3.0, 1.5 or 0.75 mg/mice in this study), which
produced obvious inhibitory effects, with inhibitory rates of 94% (P <
0.01), 93% (P < 0.01), and 92% (P < 0.01), respectively (Fig. 3B and C).

3.3. CEP inhibits HTNV),, infection in the entry and membrane fusion
phases

The entry process can be divided into receptor binding, receptor-
mediated endocytosis and membrane fusion (Basu et al., 2011). To
identify the phase of viral infection in which CEP acts, a time-of-addition
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Fig. 3. Effect of Compounds on HTNV,, in vivo. A The BLI of CEP and mycophenolic acid treated mice. B The BLI of different concentrations of CEP treated mice. C The
statistical analysis of the total flux of Fig. 3B. Female Balb/c mice (4-5 weeks old) were infected intraperitoneally with 4.2 x 10° TCIDso HTNV),, (0 h). Compounds
were delivered by IP injection to the Balb/c mice before infection (—6 h) and again 2 h after infection. Bioluminescence data were collected at 5 h after infection. Total
flux (photons/s) due to luciferase expression in HTNV,,, was measured with the bioluminescence imaging method. Statistical comparisons were made with a t-test. *P
< 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001. Abbreviation: CEP, cepharanthine; MPA, Mycophenolic acid.

experiment was performed (Fig. 4A). Four stages of entry were examined
as indicated. In this assay, a decrease of fluorescence in stage (a) suggests
that the drug is a cell receptor antagonist, a decrease in stage (b) suggests
that it is an inhibitor of viral entry, a decrease in stage (c) suggests that it
is a membrane fusion inhibitor, and a decrease of fluorescence in stage
(d) suggests that the drug is an inhibitor of viral replication after cell
entry. Since replication cannot be tested using HTNV),, stage (d) was
used as a negative control. It was therefore unclear whether the drug acts
during the viral replication stage. The results shown in Fig. 4B indicate
that CEP displayed only 33% inhibition of HTNV),, infection in stage (a),
suggesting it is not a cell receptor antagonist. However, CEP inhibited
HTNV,,, infection by more than 70% during stages (b) and (c), suggesting
that it may act during the entry phase and membrane fusion phase.

3.4. CEP inhibits authentic HTNV infection in vitro

When Vero E6 cells were infected with different titers of authentic
HTNV, the nucleic acid copy number of HTNV was reduced by 73% in the
cells treated with 20 pmol/L CEP compared to the control group
(Fig. 5A). Different concentrations of CEP were then tested (Fig. 5B), and
there was no inhibition below 6.6 pmol/L CEP. These results suggested

that the pseudotyped virus system is more sensitive to CEP than the
authentic virus, since higher concentrations of CEP are needed in the
latter.

4. Discussion

In this study, we screened 1813 approved drugs and 556 small-
molecule compounds derived from traditional Chinese medicine sour-
ces, and identified one hit compound, CEP, that is effective against HTNV
pseudovirus infection both in vivo and in vitro. CEP is a small-molecule
compound from a traditional Chinese medicine source, mainly isolated
from the plant Stephania cephalantha Hayata. CEP has been used to treat a
variety of acute and chronic diseases for more than 70 years in Japan. It
can be used to treat several acute and chronic diseases with few side
effects (Bailly, 2019; Hong et al., 2015). We have demonstrated that CEP
exerts activity against HTNV (ECsg = 0.99 pmol/L, SI = 50). CEP not only
displayed anti-HTNV activity in vitro but also inhibited HTNV-fluc
infection in Balb/c mice. This compound has been reported to exert a
broad spectrum of antiviral effects against human immunodeficiency
virus 1 (HIV-1), SARS-CoV, Hepatitis B virus, and HSV-1 (Liu et al., 2004;
Baba et al., 2001; Zhang et al., 2005; Zhou et al., 2012). The antiviral
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Fig. 4. Effects of CEP on different stages of HTNV,, entry. A Diagram of the time-of-addition experiment. This experiment determined the phase of infection in which
the compound exerts its antiviral effect. Blue arrows show the period in which the compound was present. Red arrows show the periods in which HTNV,,, was present.
Vero E6 cells were infected with HTNV,,, at different temperatures (4 °C or 37 °C) at time point 0 h for 1 h, and then washed three times with phosphate-buffered
saline. CEP (30 pmol/L) was active at the indicated time points. Inhibition of HTNV,,, infection was detected as the reduction in luciferase activity. B Inhibition rates of
HTNV), infection are presented as the means + standard deviations of three independent experiments. CEP, cepharanthine; HTNV,,,, HTNV pseudovirus; DMSO,

dimethyl sulfoxide.
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Fig. 5. Effects of CEP on authentic HTNV. A Vero E6 cells were infected with
authentic HTNV(76-118 strain) at an MOI of 0.3 or 0.00075. The diluted CEP
was added as indicated at a concentration of 20 pmol/L. B Vero E6 cells were
infected with authentic HTNV at an MOI of 0.003. Different concentrations of
CEP (20 pmol/L, 6.66 pmol/L, and 2.22 pmol/L) were added to the intervention
group. The relative copy number of HTNV nucleic acid in the cells compared to
the authentic HTNV group is shown. The data represent the means + standard
deviations from three independent experiments. VC: virus control group infected
with authentic HTNV.

activity of CEP may be related to its inhibition of inflammatory cytokines
and chemokines in cells.

In animal experiment, the compound was administered to Balb/c
mice at 6 h before infection and 2 h after infection, and it inhibited
HTNV,,, infection by more than 90%. Therefore, CEP can be used as a
preventive medication for HTNV infection. The other five compounds did
not inhibit HTNV infection in vivo. Interestingly, MMF is a broad-
spectrum antiviral drug (Diamond et al., 2002; Cho et al., 2017) that
showed the highest anti-HTNV potency in vitro (SI > 900), but it did not
show the expected efficacy in vivo. Factors such as the type of formula-
tion, drug-enzyme interactions, or even interspecies differences in
gastrointestinal absorption may explain this discrepancy. As Geisbert
noted, many drugs act in cells but have no effect in rodents, or exert
effects in rodents but not in monkeys (Enserink, 2014). These differences
between species require further exploration. Ribavirin was also found to
inhibit HTNV replication in vitro with an ECsy of 70 pmol/L (Huggins
et al., 1984). More importantly, it was also shown to reduce the viral load
and lethality in laboratory animals (Huggins et al., 1986). Nevertheless,
clinical trials using ribavirin to treat hantavirus pulmonary syndrome
failed to demonstrate sufficient efficacy compared to placebo-treated
patients (Mertz et al., 2004). In our preliminary experiments, ribavirin
was excluded because its EC50 against VSV/HTNVpv was over 10
pmol/L, which is much higher than the ECsg of CEP.

In a previous study, CEP was shown to inhibit the entry of HIV-1 by
reducing the fluidity of the plasma membrane (Matsuda et al., 2014). To
better understand the anti-HTNV mechanism of CEP, we performed a
time-of-addition experiment (Fig. 4A), which showed that CEP affects the
entry and membrane fusion phase of infection. In this study, we used
HTNV),, which cannot replicate in cells. Therefore, CEP cannot inhibit
stage (d), which would indicate the inhibition of replication after entry,
and was used as a negative control group. It is also unclear whether the
drug acts during the viral replication stage.

CEP was further tested against authentic HTNV infection in vitro with
classical plaque reduction assay. However, no obvious inhibition of virus
infection was observed (data not shown). We then analyzed the viral
nucleic acid content of HTNV in infected cells. Treatment with 20 pmol/L
CEP reduced the nucleic acid copy number of authentic HTNV infection
at different MOIs (Fig. 5A), which suggested the drug is effective against
authentic HTNV. And there was no inhibition effect below 6.6 pmol/L
CEP (Fig. 5B). Interestingly, it seems that CEP may enhance the infection
of HTNV at the low concentration of 2.22 pmol/L. Pseudovirus can only
be used to examine the entry step of the infection, but more complicated
steps are involved in the authentic virus infection. Further studies using
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authentic HTNV in animal models are needed to evaluate the effects of
CEP in vivo.

Here, we used HTNV,,, to evaluate the antiviral effects of CEP in vitro
and in vivo, and have presented a preliminary discussion of its antiviral
mechanism. Another study reported that CEP interferes with the AMP-
activated protein kinase (AMPK) and NF-kB signaling pathways (Bailly,
2019). This may indicate directions for our future research, to determine
whether CEP inhibits HTNV by acting on these metabolic axes.

5. Conclusions

To identify anti-HTNV inhibitors, we established a high-throughput
envelope-protein chimeric pseudoviral cell screening method, and used
it to screen 1813 approved drugs and 556 small-molecule compounds
derived from traditional Chinese medicine sources under BSL-2 condi-
tions. Finally, six compounds were selected as anti-HTNV candidates at
the cellular level, but only CEP was effective both in vitro and in vivo. The
efficacy of CEP against HTNV has not been reported until now. It should
be noted that the HTS performed in this study targeted the viral entry and
membrane fusion phases rather than viral replication, because the
pseudovirus is replication-deficient. Therefore, CEP is a candidate anti-
HTNV drug, and our findings should lead to the development of new
antiviral drugs that are efficacious against hantaviruses.
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