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ABSTRACT: Arenaviruses are a large family of enveloped
negative-strand RNA viruses that include several causative agents
of severe hemorrhagic fevers. Currently, there are no FDA-licensed
drugs to treat arenavirus infection except for the off-labeled use of
ribavirin. Here, we performed antiviral drug screening against the
Old World arenavirus lymphocytic choriomeningitis virus
(LCMV) using an FDA-approved drug library. Five drug
candidates were identified, including mycophenolic acid, benidi-
pine hydrochloride, clofazimine, dabrafenib, and apatinib, for
having strong anti-LCMV effects. Further analysis indicated that
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benidipine hydrochloride inhibited LCMV membrane fusion, and an adaptive mutation on the LCMV glycoprotein D414 site was
found to antagonize the anti-LCMV activity of benidipine hydrochloride. Mycophenolic acid inhibited LCMV replication by
depleting GTP production. We also found mycophenolic acid, clofazimine, dabrafenib, and apatinib can inhibit the newly emerged
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Owing to their FDA-approved status, these drug
candidates can potentially be used rapidly in the clinical treatment of arenavirus and SARS-CoV-2 infection.
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Arenaviruses are enveloped viruses with bisegmented,
negative-stranded RNA genomes comprising a large (L)
and a small (S) segment. Both RNA segments use an
ambisense coding strategy to encode two open reading frames
(ORFs) in opposite orientations, and they are separated by a
stable hairpin structure called the intergenic region (IGR),
which mediates the transcription termination.”” The L
segment encodes the RNA-dependent RNA polymerase L
protein and zinc finger matrix protein Z, whereas the S
segment encodes the nucleoprotein (NP) and the envelope
glycoprotein complex (GPC).>* GPC is post-translationally
processed by the signal peptidase and the SKI-1/S1P cellular
proteases to produce the mature surface virion glycoproteins
GP1 and GP2.>° GPC also has a cotranslationally processed
stable signal peptide (SSP) with a transmembrane hairpin
structure, and its ectodomain loop triggers membrane
fusion.””” These three polypeptides form the mature GP1/
GP2/SSP complex present at the surface of mature virions,
while they also mediate receptor recognition and cell entry.'”"!

The family Arenaviridae can be divided into two genera:
Mammarenavirus and Reptarenavirus."> Mammarenavirus mem-
bers are classified into two groups, mainly based on antigenic
properties and geographical distribution: Old World (OW)
and New World (NW) arenaviruses.” The OW arenaviruses
include Lassa virus (LASV) and lymphocytic choriomeningitis
virus (LCMV), whereas the NW arenaviruses include Junin
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virus (JUNV) and Machupo virus (MACV). While mammar-
enaviruses generally cause chronic and asymptomatic infections
in their natural host rodents, several arenaviruses such as
LASV, JUNV, and MACV can cause severe hemorrhagic fever
in infected humans, posing serious threats to public health.'>"*
It was reported that 100 000—300 000 LASV infections occur
in West Africa annually, with an estimated 1—2% mortality
rate.”” The case fatality rate of Argentine hemorrhagic fever
caused by JUNV infection without treatment is between 15%
and 30%."

LCMV is also a neglected human pathogen with clinical
significance carried by its natural host, Mus musculus and other
rodents worldwide."’ ™" In immunocompetent individuals,
LCMYV usually causes asymptomatic or mild infection with flu-
like symptoms; however, severe cases have central nervous
system clinical manifestations, including aseptic meningitis,
meningoencephalitis, abortion, hydrocephalus, and chorior-
etinitis.””*' Moreover, the virus is fatal to people with immune
deficiency, especially organ transplantation patients.””** In
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Figure 1. Cell-based high-throughput screening (HTS) using LCMV-P2A-eGFP to identify inhibitors of LCMYV replication. (A) Construction of
the eGFP-expressed recombinant virus LCMV-P2A-eGFP. Self-splicing sequence P2A and eGFP were inserted between NP and UTR to get the
recombinant virus LCMV-P2A-eGFP. Vero cells were infected with LCMV and LCMV-P2A-eGFP (MOI = 0.1). At 6, 12, 24, 36, 48, and 72 h
postinfection, the supernatant was collected, and viral titers were tested and growth curves of the two viruses were generated. Viral plaque was
observed using an immunological plaque assay and a fluorescence microscope. (B) Flowchart of cell-based HTS using LCMV-P2A-eGFP to
identify inhibitors of LCMV replication. (C) HTS for primary candidates of inhibiting LCMV infection from a 1018 FDA-approved drugs library.
Inhibition ratios of all drugs from the primary screen were represented by scattered points. The red color points indicated the 63 drugs with

inhibition rates >50% that were selected for the secondary screening.

addition, LCMV can be vertically transmitted from infected
pregnant women to their fetus, which would cause congenital
LCMYV infection of the infant, resulting in severe damage to
the brain and eyes.”*** The lack of FDA-approved vaccines or
specific drugs limited the options to treat arenaviruses
infection, besides the off-label use of ribavirin.’°">° Thus,
there is an urgent need for an innovative and effective
therapeutic approach to mitigate arenavirus infections.

The coronavirus disease 2019 (COVID-19) caused by the
novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has now spread to more than 200 countries, posing a
global public health concern. As of 23 October 2020, over 41
million COVID-19 cases and over 1.1 million deaths have been
reported, globally.”® The development of effective antiviral
drugs to treat COVID-19 patients is of great urgency.
Screening FDA-approved drugs for antiviral compounds
provides a promising potential for repurposed drug application,
as the clinical safety of the identified drug candidate was
already extensively evaluated. Here, by screening an FDA-
approved drug library, we found that mycophenolic acid,
benidipine hydrochloride, clofazimine, dabrafenib, and apatinib
can inhibit LCMV and SARS-CoV-2 infection in vitro. These

drugs have the potential to be used rapidly in the clinical
treatment of arenavirus and SARS-CoV-2.

B RESULTS

Screening of the FDA-Approved Drug Library to
Identify Compounds with Anti-LCMV Activity. To screen
the anti-LCMV drugs, recombinant virus LCMV-P2A-eGFP,
which expresses eGFP as an indicator for LCMV replication,
was used for large-scale screening analysis for anti-LCMV
drugs.’’ No significant changes in the growth curves were
observed between LCMV-P2A-eGFP and wild-type LCMV
(Figure 1A). A library containing 1018 FDA-approved drugs
(Selleck) was employed to screen the anti-LCMV drugs. For
the primary screen, Vero cells preseeded in 96-well plates were
treated with 10 yM of the drugs and then infected with
LCMV-P2A-eGFP at a multiplicity of infection (MOI) of 0.1.
At 36 h postinfection (p.i.), cells were fixed and its eGFP
intensity was detected using the high content imaging system
(Figure 1B). The percentage of infected cells in each well was
calculated through automated imaging and quantitative
analysis. The statistical reliability was determined by
calculating the Z’ factor, as previously described;*” a Z' factor
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Figure 2. Dose-dependent effects of mycophenolic acid, clofazimine, apatinib, benidipine hydrochloride, and dabrafenib on LCMV replication in
Vero and BHK-21 cells. (A) Dose-dependent effects of mycophenolic acid, clofazimine, apatinib, benidipine hydrochloride, and dabrafenib on
LCMYV replication in Vero cells. A series of concentrations of indicated drugs or DMSO pretreated Vero cells were infected with LCMV (MOI =
0.1). At 36 h p.i, total RNA was extracted and intracellular viral RNA level was detected by qRT-PCR, and cell viability was detected by MTT
assay. The inhibition rate and cell viability were normalized by the value of the DMSO-treated cells. The ICg, and CCjs, values were calculated
using Graphpad Prism 6 software. (B) Dose-dependent effects of mycophenolic acid, clofazimine, apatinib, benidipine hydrochloride, and

dabrafenib on LCMYV replication in BHK-21 cells.

of 0.65 in our experiment indicated that the primary screening
was reliable. Ribavirin was also used as a positive control for
this screening, and the viral inhibition rate and cell cytotoxicity
of ribavirin were calculated (Figure S1A). To this end, 63
drugs were selected for secondary screening based on >50%
viral inhibition rate and <50% cell cytotoxicity (Figure 1C).

Of these 63 drugs, five drugs (mycophenolic acid,
clofazimine, apatinib, benidipine hydrochloride, and dabrafe-
nib) have been shown to inhibit LCMYV replication in a dose-
dependent manner. The half maximal inhibitory concentration
(ICyp) and half maximal cytotoxic concentration (CCs,) values
of these drugs were determined using Vero and BHK-21 cells,
respectively. Briefly, cells were pretreated at indicated
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Figure 3. The effects of mycophenolic acid, clofazimine, apatinib, benidipine hydrochloride, and dabrafenib on the life cycle stages of LCMV. (A)
The effects of indicated drugs on viral entry stage. The drugs were added 1 h preinfection, and at 3 h p.i,, cells were washed and fresh medium was
added to remove the uninfected virus and drugs. The cells were lysed and viral RNA level was detected by qRT-PCR at 16 h p.i. (B) The effects of
indicated drugs on viral replication stage. These drugs were added 3 h p.i. and preserved until the cells were collected. The cells were lysed and viral
RNA level was detected at 16 h p.i. (C) The effects of these drugs on LCMV GPC-coated pseudotype VSV. The drug- or DMSO-treated cells were
infected with LCMV GPC- and VSV G-coated pseudotype VSV. At 24 h p.i, the replication level of pseudotype VSV was measured. (D) The
effects of these drugs on viral minigenome activity. BSR-T7 cells were transfected with LCMV MG plasmids, and then treated with indicated drugs
or DMSO. The luciferase activity (representing MG activity) was acquired at 36 h post-transfection.

concentrations of mycophenolic acid, clofazimine, apatinib,
benidipine hydrochloride, and dabrafenib for 1 h prior to
LCMYV infection at MOI of 0.1. Next, the cells were collected,
and the virus RNA level was analyzed by quantitative Real-time
PCR (qRT-PCR) at 36 h p.i. to calculate the inhibition ratio.
Furthermore, cell viability was measured using the MTT assay.
The ICy,, CCqp, and selectivity index (SI) values of these five
drugs on Vero and BHK-21 cells were calculated (Figure
2A,B), with benidipine hydrochloride and mycophenolic acid
exhibiting strong antiviral activity with low cytotoxicity (SIs >
50) in both Vero and BHK-21 cells. We also tested all these
compounds in A549 and primary mouse spleen cells, and
found mycophenolic acid, clofazimine, benidipine hydro-
chloride, and dabrafenib can inhibit LCMV replication, while
apatinib showed low anti-LCMYV activity (Figure S2 and S3).

The Selected Drugs Inhibited Different Viral Life-
Cycle Stages. Our preliminary data indicated that LCMV
initiated its genome replication but not budding in the BHK-
21 cells at 16 h p.i. To dissect the stages of the viral life-cycle at
which these drugs are implicated, BHK-21 cells were
pretreated with each of the five drugs for 1 h prior to
LCMYV infection to 3 h p.i. and also post-treated with these S
drugs from 3 to 16 h p.. to represent the virus entry and
replication stages, respectively. At the end of 16 h p.i,, the cells
were lysed, and the relative virus RNA level was analyzed by

gRT-PCR. As shown in Figure 3A and 3B, clofazimine and
benidipine hydrochloride exert an antiviral effect during the
entry phase, suggesting that clofazimine and benidipine
hydrochloride may inhibit the viral entry stage of LCMV. In
contrast, mycophenolic acid, apatinib, and dabrafenib could
inhibit LCMYV replication. Interestingly, LCMYV replication was
slightly repressed in clofazimine-treated cells, suggesting that
clofazimine might inhibit both the entry and the replication
stages of the life cycle.

We also employed the LCMV GPC-coated pseudotype
vesicular stomatitis virus (VSV) to test the effects of these five
drugs on LCMV GPC-mediated virus entry. The VSV G-
coated pseudotype VSV was used as a control virus to exclude
the effect of these drugs on VSV genome replication. The
drugs or DMSO was added to the BHK-21 cells 1 h
preinfection; then, the cells were infected with LCMV GPC-
or VSV G-coated pseudotype VSV. At 24 h p.i,, the cells were
lysed, and the luciferase activity was measured. We found that
LCMV GPC-coated pseudotype VSV could be inhibited by
clofazimine, benidipine hydrochloride, and apatinib, of which
apatinib also disturbed the VSV G-coated pseudotype VSV
replication (Figure 3C), suggesting that clofazimine and
benidipine hydrochloride could inhibit LCMV GPC-mediated
virus entry.
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Figure 4. The effect of Benidipine hydrochloride on the entry stages of LCMV. (A) The virucidal effect of benidipine hydrochloride on LCMV
virions. Virus was incubated with different concentrations of benidipine hydrochloride or the vehicle for 1 h. Then, the virus was diluted 1000-fold
and added to the BHK-21 cells. At 24 h p.i, cells were lysed and viral RNA was tested by qRT-PCR. (B) The effect of benidipine hydrochloride on
binding and internalization of LCMV. (C) The effect of benidipine hydrochloride on the postendosomal step of LCMV. (D) Effect of benidipine
hydrochloride on LCMV GPC-mediated pH-dependent membrane fusion. BHK-21 cells were transfected with pPCAGGS-GPC and vector, and 24
h later, cells were treated with benidipine hydrochloride or vehicle, then treated with acidized medium (pH of 5.0). After 20 min, cells were treated
with normal culture medium, and membrane fusion could be observed within 30 min. The cells were fixed with methanol and stained with Giemsa.
(E) The dose-dependent effect of benidipine hydrochloride on the LCMV GPC-D414A. Different concentrations of benidipine hydrochloride
treated BHK-21 cells were infected with the LCMV GPC-D414A and wild-type LCMV. At 36 h p.i,, cells were lysed and viral RNA was tested by
qRT-PCR. (F) The effect of benidipine hydrochloride on the D414 mutant GPC-mediated pH-dependent membrane fusion. The BHK-21 cells
were transfected with pCAGGS-GPC-D414A. At 24 h post-transfection, the LCMV GPC-mediated pH-dependent membrane fusion was
monitored.

To further explore whether these drugs inhibit LCMV Benidipine Hydrochloride Inhibits LCMV pH-Depend-

genome replication and transcription, the LCMV minigenome
(MG) rescue system was employed. The BSR-T7 cells were
treated with different concentrations of drugs 4 h post-MG
plasmid transfection. The cells were lysed, and the luciferase
activity was tested 36 h post-transfection. As shown in Figure
3D, the MG activities could be inhibited by mycophenolic
acid, apatinib, dabrafenib, and clofazimine, but not by
benidipine hydrochloride, suggesting that mycophenolic acid,
apatinib, dabrafenib, and clofazimine could inhibit LCMV
genome replication or transcription, which was consistent with
the above results (Figure 3A,B).

ent Membrane Fusion. Since benidipine hydrochloride
showed the strongest anti-LCMV efficacy among these five
drugs (SI > 200), the antiviral mechanism of benidipine
hydrochloride was explored. The above data indicated that
benidipine hydrochloride could inhibit LCMV infection at the
virus entry step. After binding to the receptor on the cell
surface, the arenavirus was internalized to the endosome, and
then membrane fusion occurred at a low pH.>**

We first examined whether benidipine hydrochloride
irreversibly bound to LCMV and caused the loss of virus
infectivity. We incubated LCMV with different concentrations
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of benidipine hydrochloride up to 50 #M or DMSO for 1 h at
37 °C. Then, the drug-treated virus was diluted 1000-fold to
exclude the effect of any residual drug. The diluted virus was
added to the BHK-21 cells and incubated for 24 h, then the
virus RNA level was detected by qRT-PCR. However, no
significant difference was observed between benidipine hydro-
chloride and vehicle, indicating that benidipine hydrochloride
did not have virucidal effects on LCMV (Figure 4A).

Next, two experiments were performed to determine
whether benidipine hydrochloride affects LCMV binding or
internalization. First, to identify the effect of benidipine
hydrochloride on LCMV binding, benidipine hydrochloride
pretreated BHK-21 cells were precooled at 4 °C for 15 min,
then infected with precooling LCMV (MOI = 0.1). After
incubated at 4 °C for 1 h and washed three times with cold
PBS, cells were lysed and bound viral RNA was measured by
gqRT-PCR. Second, to identify the effect of benidipine
hydrochloride on LCMV internalization, benidipine hydro-
chloride-treated cells were infected with LCMV (MOI = 0.1)
and incubated at 37 °C for 3 h. Then, the supernatant was
removed and cells were digested with trypsin to remove bound
virion. Internalized viral RNA was also measured by qRT-PCR.
As shown in Figure 4B, the RNA level of bound or internalized
viral load did not change significantly, suggesting that
benidipine hydrochloride did not inhibit virus binding or
internalization.

As benidipine hydrochloride may affect the later stages of
LCMV entry, a postendosomal assay developed previously by
Banerjee et al. and Oppliger et al. was employed to identify the
antiviral target of benidipine hydrochloride.”*** BHK-21 cells
were treated with ammonium chloride and infected with
LCMV (MOI = 0.1) to avoid membrane fusion and
synchronize the virus in the endosome. At 1 h p.i,, benidipine
hydrochloride was added to cells and incubated for 30 min,
then the supernatant was removed and the fresh medium
containing benidipine hydrochloride was added to permit virus
membrane fusion. At 16 h p.i., viral RNA level was measured
by qRT-PCR. To exclude the potential effects of benidipine
hydrochloride on virus replication during the postendosomal
assay, a supplementary postentry assay was developed. BHK-21
cells were infected with LCMV (MOI = 0.1). At 1 h p.,
benidipine hydrochloride was added to cells and incubated for
16 h then tested by qRT-PCR. As shown in Figure 4C,
benidipine hydrochloride treatment could significantly de-
crease LCMV infection at the postendosomal stage and the
target phase was identified after virus exposure to the low-pH
environment in the endosome.

After binding to the receptor, arenavirus entered the target
cell via endocytosis and was delivered to the late endosome,
where low-pH-dependent membrane fusion occurred.” To
identify whether benidipine hydrochloride affected GPC-
mediated membrane fusion, a series of concentrations of
benidipine hydrochloride were treated on an LCMV GPC-
transfected cell fusion model. The BHK-21 cells were
transfected with pCAGGS-GPC 24 h prior. Then, the cells
were treated with benidipine hydrochloride or the vehicle and
exposed to a pH 5.0 medium for 20 min. Membrane fusion
could be observed in 30 min, with the presence of benidipine
hydrochloride throughout the entire process of this experi-
ment. In the DMSO-treated LCMV GPC-transfected cells,
obvious membrane fusion was observed in comparison to the
vector-transfected control or the cells without acidification.
Furthermore, benidipine hydrochloride strongly decreased cell

fusion as the concentration increased (Figure 4D). This
suggested that benidipine hydrochloride could strongly prevent
LCMV GPC-mediated membrane fusion.

LCMV with GPC D414A Mutation Is Resistant to
Benidipine Hydrochloride Treatment. After serial passages
in the presence of benidipine hydrochloride, a drug-resistant
LCMYV was obtained. Via sequence analysis of the genome of
the resistant LCMV, a 414th amino acid aspartic acid (D) to
alanine (A) mutation on GPC was found, namely, GPC-
D414A. Then, LCMV GPC-D414A was rescued, no significant
changes in the growth curves and pH of fusion were observed
between wild type and mutant LCMV (Figure SS), while the
inhibition efficacy of benidipine hydrochloride treatment on
LCMV GPC-D414A was significantly lower than that of wild
type LCMV (Figure 4E, Figure SS5B), suggesting that the GPC
D414 site is important to the antiviral efficacy of benidipine
hydrochloride.

As mentioned above, low-pH treatment of the LCMV GPC-
transfected cells could cause cell membrane fusion, which
could be inhibited by benidipine hydrochloride. Thus, we also
explored the effect of benidipine hydrochloride on D414A
mutant LCMV GPC-mediated membrane fusion. As shown in
Figure 4F, the cell membrane fusion of the D414A mutant
LCMV GPC-transfected cells could not be affected by
benidipine hydrochloride treatment, while the wild type was
significantly inhibited. These results suggested that benidipine
hydrochloride might target LCMV GPC D414 site to prevent
GPC-mediated membrane fusion.

Effect of Benidipine Hydrochloride on Hemorrhagic
Fever Arenavirus GPC-Coated Pseudotype VSV. To
verify that benidipine hydrochloride could also inhibit the
entry step of other hemorrhagic fever arenaviruses, we tested
the antiviral effect of benidipine hydrochloride on some other
arenavirus GPC-coated pseudotype VSV. The VSV G-coated
pseudotype VSV was used to exclude the side effects of
benidipine hydrochloride on VSV replication. As shown in
Figure 5A, benidipine hydrochloride could significantly inhibit
LASV, JUNV, and MACV GPC-coated pseudotype VSV but
not VSV G-coated pseudotype VSV, demonstrating that
benidipine hydrochloride had broad-spectrum antiarenavirus
effects. The ICg, values of benidipine hydrochloride on these
arenavirus GPC-coated pseudotype VSV were 1 uM, which is
comparable with the effect on LCMV. The antiviral effect of
benidipine hydrochloride on recombinant LCMV expressing
LASV GPC was also tested (Figure S4B).

Other Dihydropyridines Could Also Inhibit LCMV
Infection. Benidipine hydrochloride is a member of the
dihydropyridine (DHP)-derived calcium channel blockers
(CCBs).”® CCBs are usually used in the clinical treatment of
hypertension and vessel stiffness.””** Thus, we selected some
other DHP-derived CCBs to examine their anti-LCMV effect.
The results showed that cilnidipine, amolodipine, felodipine,
nicardipine, clevidipine, and nilvadipine all had a dose-
dependent inhibition effect on LCMV infection (Figure SB).
As the CCBs could significantly inhibit LCMV, we surmised
that whether the antiviral effect of benidipine hydrochloride
was associated with the inhibition of calcium fluxes. The
antiviral effects of calcium chelator BAPTA were determined,
and the results showed that BAPTA did not affect LCMV
multiplication (Figure S6A). We also found that the treatment
of calcium free medium, which could affect SFTSV replication
by preventing calcium flux,’”” could not affect LCMV
replication here (Figure S6B), suggesting that the effect of

https://dx.doi.org/10.1021/acsinfecdis.0c00486
ACS Infect. Dis. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00486/suppl_file/id0c00486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00486/suppl_file/id0c00486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00486/suppl_file/id0c00486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00486/suppl_file/id0c00486_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.0c00486/suppl_file/id0c00486_si_001.pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://dx.doi.org/10.1021/acsinfecdis.0c00486?ref=pdf

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

A 2 LASV GPCpv LCMV GPCpv JUNV GPCpv MACV GPCpv VSV Gpv
o 1 ns.
£ 1.0 TEns
2
S 0.8
-1
gos
S 04
2 o.

4
0.2
o
S NSG O ORNOGO 9ANS O O9ANS O ONOO
Benidipine hydrochloride(uM)

B LCMV o
° ¢ A ' v ¢ v P™ hydrochloride
S —_— —_— —_—
= 1.0
S
& 08
<
§ 0.6
> 0.4

0.2
0
OO HL R LR LR E e O DEe 2N
c Drug (uM)
12 | LCMV
s B LCMC GPCoa1aa
Z 1.0
8
£ 08
<
3 0.6
[
> 04
0.2
e e v e e & o '60
« S « & « S R
b\Q\ b\Q\ &Q\ b\Q\ . b\Q\ &Q\ &Q\o\o‘\
& N o® 2 N W ReCH
(%) ¥ <® 4 ® S &
<
Drug (10 pM)

Figure S. The effect of benidipine hydrochloride on other
arenaviruses and analogous antiviral effects of other DHPs. (A)
Antiviral effect of benidipine hydrochloride on other arenaviruses.
BHK-21 cells were pretreated with 1 uM, 5 uM, or 10 #M benidipine
hydrochloride or DMSO, and then infected with LASV GPC, LCMV
GPC, JUNV GPC, MACV GPC and VSV G-coated pseudotype VSV.
At 24 h p.i, cells were lysed and viral replication activity was detected
to calculate the inhibition effect of benidipine hydrochloride.
Comparison of mean values between benidipine hydrochloride-
treated group and DMSO group was analyzed by Student’s ¢ test. *P <
0.05; *#P < 0.01; ***P < 0.001; ****P < 0.0001. (B) The effect of
the other DHPs on LCMV replication. Cilnidipine, amolodipine,
felodipine, nicardipine, clevidipine, nilvadipine, benidipine hydro-
chloride, or vehicle pretreated BHK-21 cells were infected with
LCMV (MOI = 0.1). Cells were lysed and viral RNA was tested by
qRT-PCR at 36 h p.i. (C) The antiviral effect of the other DHPs on
the LCMV GPC-D414A.

benidipine HCI on LCMYV entry is not related to calcium flux.
The antiviral effect of these DHPs was also tested on the
mutant LCMV GPC-D414A. Compared to wild-type LCMV,
the mutant virus showed more resistibility to these DHPs
(Figure SC). Thus, we concluded that the drug resistance of
the LCMV GPC-D414A mutant was of a broad-spectrum
nature with respect to DHPs, suggesting that they might share
a common antiviral mechanism.

Mycophenolic Acid, Apatinib, Dabrafenib, and
Clofazimine Can Inhibit the Replication of SARS-CoV-
2. As mycophenolic acid, apatinib, dabrafenib and clofazimine
can inhibit the replication of LCMV, we then explored whether
these drugs could affect the infection of SARS-CoV-2. Vero E6
cells were pretreated with a series of concentrations of
mycophenolic acid, clofazimine, apatinib, and dabrafenib, and
then infected with SARS-CoV-2 at an MOI of 0.01. Remdesivir
was used as a positive control (Figure S1B). Viral genome
RNA was extracted from the supernatant collected at 24 h p.i,
and the antiviral efficacies of these drugs were calculated by

quantification of the viral copy numbers detected via QqRT-PCR
analysis. Cell cytotoxicities under the same conditions were
also evaluated by MTT assay. Among these drugs, a low
concentration of mycophenolic acid (IC, = 0.101 uM, CCq, >
100 uM) and clofazimine (ICs, = 0.562 uM, CCs, = 100.6
M) could strongly inhibit SARS-CoV-2 replication in vitro;
dabrafenib (ICy, = 2.264 uM, CCyy > 100 yM) and apatinib
(ICo = 15.63 uM, CCq, > 100 M) also have antiviral efficacy
on SARS-CoV-2. The anti-SARS-CoV-2 activity of these drugs
was also determined by detecting the intracellular level of NP
using immunofluorescence assay (Figure. 6A).

Extra Addition of Guanosine Could Reverse the
Antiviral Efficacy of Mycophenolic Acid. Among these
four drugs, mycophenolic acid showed the strongest anti-
SARS-CoV-2 efficacy (SI > 1000). Mycophenolic acid is an
inhibitor of cellular enzyme inosine monophosphate dehydro-
genase (IMPDH), which is important for guanosine synthesis.
The inhibition of IMPDH by mycophenolic acid could cause
cellular GTP depletion, which is essential for virus
replication.*” Mycophenolic acid has been reported to inhibit
multiple viruses including dengue virus, coxsackie B3 virus,
hepatitis C virus, hepatitis E virus.*' ~** As shown in Figure 6B,
mycophenolic acid could inhibit LCMV infection, but the
inhibition efficacy was significantly reduced after the
exogenous addition of guanosine, which can restore the
intracellular GTP level. We also found that mycophenolic acid
could inhibit SARS-CoV-2 replication significantly, and this
inhibition was also reduced upon the addition of guanosine.
These results indicated that mycophenolic acid inhibits
arenavirus LCMV and coronavirus SARS-CoV-2 infection by
inhibiting IMPDH activity and depleting intracellular GTP,
and this inhibition can be rescued by extra addition of
guanosine.

B DISCUSSION

Benidipine hydrochloride is a long-acting dihydropyridine-
derived CCB for the treatment of hypertension and angina
pectoris,”’ and it blocks triple L-, N-, and T-type calcium
channels.* The efficiency of benidipine hydrochloride is
strong and long-lasting due to its higher binding capacity to the
DHP binding site on the voltage-gated calcium channel
(VGCC) and the plasma membrane compared to other
CCBs.*™* In addition to the antihypertensive effects,
benidigine hydrochloride also shows renoprotective ef-
fects,””*" vascular endothelial protective effects,”® and
cardioprotective effects.”” The toxicity of benidipine hydro-
chloride was assessed in mice, rats, guinea pigs, rabbits, and
dogs, and only mild and reversible side effects were observed,
whereas serious problems including carcinogenicity, antigenic-
ity, or teratogenicity did not occur.” Moreover, a clinical study
further indicated that benidipine hydrochloride causes fewer
side effects than other CCBs."** This demonstrates that
benidipine hydrochloride is a safe drug for clinical use.

In this study, benidipine hydrochloride was demonstrated to
have a strong antiviral effect on LCMYV in different cell lines
with IC,, values lower than 1 uM. We also found that
benidipine hydrochloride can effectively inhibit LCMV
replication in primary mouse spleen cells; however, the effect
of benidipine hydrochloride on LCMV in vivo still needs
further investigation. The different time-of-addition experi-
ments revealed that the main target of benidipine hydro-
chloride is the early process of the LCMV life cycle. The
arenavirus GPC-coated pseudotype VSV, which was con-
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Figure 6. Dose-dependent effects of mycophenolic acid, apatinib, dabrafenib, and clofazimine on SARS-CoV-2 replication in Vero E6 cells. (A)
Determination of indicated drugs ICs, and CCy, values of SARS-CoV-2 on Vero E6 cells. A series of concentrations of drugs or DMSO pretreated
Vero E6 cells were infected with SARS-CoV-2 (MOI = 0.01). At 24 h p.i,, the supernatant was collected, and viral RNA was extracted and detected
by qRT-PCR. Cell viability was detected by MTT assay. The inhibition rate and cell viability were normalized by the value of the DMSO-treated
cells. The ICy, and CCs, values were calculated by Graphpad Prism 6 software. Cells were fixed and probed with the primary antibody against viral
nucleocapsid protein of a bat SARS-related coronavirus. (B) Reversion of the antiviral effect of mycophenolic acid by the extra addition of
guanosine. Vero or Vero E6 cells were treated by a series of concentrations of mycophenolic acid and extra guanosine, and then infected with
LCMV (MOI = 0.1) or SARS-CoV-2 (MOI = 0.01). At 24 h p.i,, the supernatant of SARS-CoV-2 infected Vero E6 cells was collected. Viral RNA
in the supernatant was extracted and measured with qRT-PCR. At 36 h p.i,, total RNA of LCMYV infected cells was extracted, and the relative

intracellular viral RNA level was determined by qRT-PCR.

structed to mimic the arenavirus entry process, was also
strongly inhibited by benidipine hydrochloride treatment,
while the wild-type VSV was not affected. This provided
further proof that benidipine hydrochloride targets the entry
step of arenavirus infection. OW arenaviruses LASV and
LCMV utilize a-dystroglycan,”>*® while NW arenaviruses
JUNV and MACV use transferrin receptor 1 as their cellular
receptors.”” VSV G is a class III fusion active protein with
different fusion mechanisms to arenavirus GPs.”® However,
both VSV and arenavirus go through a pH-dependent
membrane fusion process to transport viral replication material
into the cytoplasm. This suggests that benidipine hydro-
chloride does not affect virus entry by changing the endosomal
pH; it may bind to specific sites on the arenavirus GP or affect
the specific fusion process of arenavirus.

To investigate whether benidipine hydrochloride has an
irreversible binding affinity to the GPC displayed on viral
particles, we incubated high-titer LCMV with benidipine
hydrochloride prior to infection to carry out the virucidal

experiment, and LCMYV infection was not blocked. In previous
reports, the K33 residue on the SSP was shown to play an
important role in pH sensing and triggering following
membrane fusion.” The D414 residue was identified to interact
with the K33 residue on SSP to mediate the activation of
membrane fusion, and it could complement K33 mutation-
induced fusion deficiency.” The D414 residue is also sensitive
to inhibitors that bind at the SSP—GP2 interface and prevent
low-pH-induced membrane fusion.*"®* In our study, the
D414 mutation on LCMV GPC could offset the antiviral effect
of benidipine hydrochloride and other DHPs. We propose that
benidipine hydrochloride might reversibly bind to the D414
residue, or the binding might only occur at low pH. This
binding might hinder the SSP—GP2 interaction; the pH
sensing and membrane fusion triggering ability of SSP—GP?2 is
interrupted, and as a consequence, virus proliferation is
prevented.

There are also other VGCC blockers, including nifedipine,
verapamil, gabapentin, lacidipine, and tetrandrine, that could
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inhibit virus infection by interfering with the virus entry
stage.” %> Knockdown of VGCC subunits or treatment with
channel blockers diminished JUNV-cell fusion and entry into
cells and thereby decreased infection.”> And a recent study
indicated that VGCC is critical for cellular binding and entry of
the NW arenaviruses JUNV and Tacaribe virus, suggesting that
zoonotic viruses could spread via this receptor.” Filovirus,
including Ebola virus and Marburg virus, entry could be
inhibited by L-type calcium blocker verapamil.”” Influenza A
virus binding to the host cell surface is mediated by the
attachment of virus hemagglutinin to sialylated VGCC, and its
entry could be inhibited by CCB or VGCC knock-down.”®
Other calcium channels, two-pore channels (TPCs), are also
required for Ebola virus entry.”’

Hemorrhagic fever causes severe public health problems in
humans;”° thus, there is an urgent demand for development of
effective drugs and vaccines. Several research groups have
performed screening studies to identify small molecule
inhibitors of arenavirus. Some inhibitors and new compounds
have been identified with strong antiarenavirus activity (Table
S1); however, the safety profile of these compounds still needs
further investigation. In this study, drug repurposing strategy
was used, which can significantly reduce the time and resources
required to advance a candidate antiviral drug into the clinic
setting.”' These advantages are particularly relevant for the
emerging viral diseases, for example, repurposing of remdesivir
to treat COVID-19.”>"* Several studies have identified drugs
with antiarenavirus activity, including tetrandrine and
isavuconazole.”””* By comparing with these studies, several
hits identified here are with strong antiarenavirus activity
(Table S1), among which benidipine hydrochloride was shown
to have a strong and broad-spectrum inhibitory effect on
arenavirus (Figure S). In our previous study, benidipine
hydrochloride was also found to inhibit severe fever with
thrombocytopenia syndrome virus internalization and genome
replication.’ The broad-spectrum antiviral effect and general
target on the arenavirus fusion structure of benidipine
hydrochloride could allow us to better understand the fusion
mechanism of arenavirus, while it could also provide a new
potential antiviral strategy, as well as arenavirus disease
treatment ideas.

As benidipine hydrochloride had previously been reported
to have an antiviral effect on SARS-CoV-2,”> the antiviral
efficacy of the other four drugs, mycophenolic acid, apatinib,
dabrafenib, and clofazimine, on SARS-CoV-2 was tested. Of
these, mycophenolic acid was found to have the lowest IC,
and a low cell cytotoxicity effect. Mycophenolic acid is an
IMPDH inhibitor, and can inhibit guanosine synthesis and
cause intracellular GTP depletion. Extra addition of exogenous
guanosine to the mycophenolic acid treated cells could restore
the intracellular GTP level. Mycophenolic acid was also
reported to augment interferon-stimulated gene expression to
inhibit hepatitis C virus infection in vitro and in vivo.”® Here,
we found the antiviral effects of mycophenolic acid on LCMV
and SARS-CoV-2 both can be restored by the extra addition of
guanosine, suggesting that mycophenolic acid inhibit LCMV
and SARS-CoV-2 mainly by depleting intracellular GTP. Our
findings reveal that mycophenolic acid is highly effective in the
control of LCMV and SARS-CoV-2 infection in vitro (SI >
1000). Since this drug has been used in human patients with a
safety track record, it may be applied to human patients under
the clinical settings.

B METHODS

Cell Lines. BHK-21, Vero, Vero E6, AS549, and HEK293T
cells were obtained from the American Type Culture
Collection (ATCC). BSR-T7 cells, which could stably express
the T7 polymerase, were kindly provided by Dr. Mingzhou
Chen (Wuhan University, China). BHK-21, Vero, Vero E6,
AS549, and HEK293T cells were maintained at 37 °C, 5% CO,,
in Dulbecco’s modified Eagle medium (DMEM; Gibco),
supplemented with 10% fetal bovine serum (FBS, Gibco).
BSR-T7 cells were cultured in DMEM with 10% FBS and 1
mg/mL G418 (Merck, CAS #108321—42—2). The mouse
spleen cells were separated from fresh mouse spleen, and
cultured in RPMI 1640 (Gibco) with 10% FBS.

Reagents. The FDA-approved drug library, mycophenolic
acid (chemical abstracts service (CAS) #24280-93—1),
clofazimine (CAS #2030—63—9), dabrafenib (CAS
#1195765—45—7), apatinib (CAS #811803—05—1), amlodi-
pine (CAS #88150—42—9), benidipine hydrochloride (CAS
#91599—74—5), ribavirin (CAS #36791—04—5), remdesivir
(CAS #1809249—37-3), cilnidipine (CAS #132203—70—4),
clevidipine (CAS #167221—71-8), felodipine (CAS #72509—
76—3), nicardipine (CAS #54527—84—3), and nilvadipine
(CAS #75530—68—6) were purchased from Selleck Chemicals
(Houston, TX, USA). Ammonium chloride (CAS #12125—
02-9), BAPTA (CAS #85233—19-8), guanosine (CAS
#118—00—3) and Giemsa Stain (CAS #51811—82—6) were
purchased from Sigma-Aldrich. Methyl-f-cyclodextrin (CAS
#128446—36—6) was purchased from BioLegend. The calcium
free DMEM medium (Cat #21068—028, Gibco) was
purchased from Gibco. Dimethyl sulfoxide (DMSO) was
used as the solvent of these drugs for all cell experiments.

Plasmids. For virus rescue, the LCMV (Armstrong strain
53b) genome RNA L segment (GenBank: AY847351.1) and S
segment (GenBank: AY847350.1) were chemically synthesized
by Sangon Biotech (Shanghai, China). To obtain the plasmids
PT7-Licyy and pT7-Sicamy, LEMV S and L sequences were
cloned and inserted between the T7 polymerase promoter and
the hepatitis delta riboenzyme (HDR) sequence in the pT7
vector in an antigenomic direction. The complete LCMV NP,
GPC, and L genes were subcloned into the pCAGGS
expression vector to generate the plasmids pCAGGS-NP,
pCAGGS-GPC, and pCAGGS-L. To construct the LCMV
minigenome (MG) reporter gene system, the GPC ORF on
the plasmid pT7-S;cyy was replaced by the Renilla luciferase
gene ORF, and the plasmid pT7-LCMV-SAGPC/Luc was
generated.

Viruses. LCMV was rescued based on a T7 polymerase
system described previously.”” Viral genome L, genome S,
protein NP, and protein L expression plasmids (pT7-Lycp,
pT7-SLcmyvs PCAGGS-NP oy, and pCAGGS-Ly ¢y ), which
are necessary for virus replication and transcription, were
cotransfected to the BSR-T7 cells. At 72 h post-transfection,
the supernatant containing the generated virus was collected
and subsequently amplified in BHK-21 cells.”® The eGFP-
expressed virus (LCMV-P2A-eGFP) was rescued as previously
described.’” The recombinant LCMV expressing LASV GPC
(LCMV AGPC/LASV GPC) was also rescued as previously
described.””

To obtain the arenavirus GPC- and VSV G-coated
pseudotype vesicular stomatitis virus (VSV), HEK293T cells
were transfected with arenavirus GPC or VSV G expression
plasmids 24 h prior, and the cells were infected with vesicular
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stomatitis virus—whose G protein ORF was replaced by the
Renilla luciferase ORF. The cells were washed and cultured in
fresh DMEM with 2% FBS 1 h p.i. For another 24 h, the
supernatant containing the pseudotype virus was collected and
centrifuged to remove the cell debris, and the arenavirus GPC-
or VSV G-coated pseudotype VSV was generated. All virus
suspensions were stored at —80 °C for further use.

The SARS-CoV-2 used in our experiments is a clinical
isolate nCoV-2019BetaCoV/Wuhan/WIV04,/2019' which
propagated in Vero E6 cells. Viral titer of SARS-CoV-2 was
determined by 50% tissue culture infective dose (TCIDS0)
using the immunofluorescence assay. All the SARS-CoV-2
infection experiments were performed in biosafety level-3
(BSL-3) laboratory.

Virus Titration. LCMV titer was determined via an
immunological plaque assay using antibodies targeting
LCMV NP. The virus was 10-fold serially diluted in DMEM,
then added to the preseeded BHK-21 cells and incubated at 37
°C, 5% CO, for 3 h. The supernatant was removed, and 1.1%
carboxy methyl cellulose (CMC) in DMEM with 2% FBS was
added to the cells. After incubation at 37 °C for 72 h, the cells
were fixed with 4% formaldehyde and permeabilized by 0.3%
Triton X-100 in phosphate-buffered saline (PBS) containing
5% defatted milk powder. Then, the cells were reacted with
rabbit polyclonal antibodies to LCMV NP, followed by an
antirabbit second antibody, and staining with 3,3’-diamino-
benzidine (DAB). The titers were determined by counting the
dark-brown plaques on the cells.

Cell Viability. Cells were preseeded on 96-well plates (1.5
X 10*/well) 16 h prior, then treated with a series of dilutions of
drugs before incubating at 37 °C for 36 h. The cell supernatant
was removed, and 50 uL 0.5% 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT; Sigma-Aldrich; CAS
#298—93—1) dissolved in PBS was added to the cells. In
actively growing cells, MTT can utilize reduced nicotinamide
adenine dinucleotide (NADH)- and reduced nicotinamide
adenine dinucleotide phosphate (NADPH)-dependent cellular
oxidoreductase enzymes, producing a blue formazan product
that is freely soluble in DMSO.*" After incubation at 37 °C for
4 h, the supernatant was removed carefully, and 50 uL DMSO
was added to the cells. After being gently shaken, the plates
were measured at 492 nm using a spectrophotometer, and cell
viability was calculated.

LCMV Minigenome Rescue. The mini%enome rescue
assay was performed as previously described.”""” Briefly, BSR-
T7 cells were seeded (1 X 10°/well) on 24-well plates 16 h
pretransfection. The plasmids pCAGGS-NP (150 ng),
pCAGGS-L (300 ng), pT7-LCMV-SAGPC/Luc (150 ng),
and pRL-TK (50 ng) were transfected to BSR-T7 cells per well
using lipo3000 (Invitrogen). Different dilutions of the drugs
were added to the cells 4 h post-transfection; then, 48 h later,
the cells were lysed and luciferase activity was measured using
a luciferase reporter gene assay kit (Beyotime).

Drug Inhibition Effects on LCMV Binding and
Internalization. To identify the effect of drugs on LCMV
binding, the drugs pretreated with BHK-21 cells were
precooled at 4 °C for 15 min, then infected with precooling
LCMV (MOI = 0.1) at 4 °C for 1 h. After that, cells were
washed three times with cold PBS; then, cells were lysed and
tested by qRT-PCR. To identify the effect of the drugs on
LCMYV internalization, the drugs pretreated BHK-21 cells were
also precooled at 4 °C for 15 min, then infected with
precooling LCMV (MOI = 0.1) at 4 °C for 1 h. After that, the

cells were washed with PBS containing drugs, then transferred
to 37 °C and incubated for another 3 h. Next, the supernatant
was removed, and the cells were digested with 0.25% trypsin
for 5 min, then the digestion was terminated by DMEM with
10% FBS. The medium was centrifuged to collect the cells,
then the cells were tested by qRT-PCR. Methyl-f-cyclodextrin
(MBCD), which is able to remove cell membrane cholesterol
to prevent virus internalization, was also used as a positive
control.*’ Furthermore, in our study, MBCD showed
significant inhibition activity on LCMYV internalization (Figure
4B).

The Postendosomal Assay. BHK-21 cells were infected
with LCMV (MOI = 0.1); simultaneously, to synchronize the
virus in the endosome and to avoid membrane fusion, cells
were also treated with 20 mM ammonium chloride for 1 h.
Then the drugs were added in the presence of ammonium
chloride for 30 min, after which the cells were washed to
remove ammonium chloride, and virus membrane fusion
started. Finally, the cells were incubated with drugs for 16 h
altogether and tested by qRT-PCR. To exclude the potential
effects of the drugs on replication during the postendosomal
assay, a supplementary postentry assay was also developed.
The operation procedures were same except being treated with
ammonium chloride. BHK-21 cells were infected with LCMV
(MOI = 0.1). One hour p.i., drugs were added to cells and cells
were incubated at 37 °C for 16 h. Then cells were lysed and
tested by qRT-PCR.

Quantitative Real-Time PCR (qRT-PCR). The cells were
harvested and lysed by TRK lysis buffer (OMEGA biotec,
R6834). The clear supernatant was collected after centrifuga-
tion. Then, the total RNA of the cells was purified using a total
RNA kit (OMEGA biotec, R6834). Purified RNA was
dissolved in ribonuclease-free water and stored at —80 °C
for further use. The residual genome DNA in the total RNA
was removed using deoxyribonuclease, and the total RNA was
reverse transcribed into cDNA using a PrimeScript RT reagent
kit (Takara, RR047A). Viral genome RNA in the supernatant
was extracted by viral DNA/RNA extraction kit (Takara,
9766), and was also reverse transcribed into cDNA by
PrimeScript RT reagent kit. The LCMV NP fragment was
quantified with primers 5'-GTACAAGCGCTCACAGACCT-
3’ and §-GTTACCCCCATCCAACAGGG-3’; the SARS-
COV-2 genome was quantified with primers 5'-CAATG-
GTTTAACAGGCACAGG-3’' and 5'-CTCAAGTGTC-
TGTGGATCACG-3'; the Vero cells’ GAPDH fragment was
quantified with primers $5'-GGTGGTCCTCTGACT-
TCAACA-3’ and §'-GTTGCTGTAGCCAAATTCGTTGT-
3’; the BHK-21 cells’ GAPDH fragment was quantified with
primers 5'-ATCCCACCAACATCAAATGG-3’ and 5'-
AAGACGCCAGTAGACTCCACA-3'; the AS49 cells’
GAPDH fragment was quantified with primers 5'-GAAGG-
TGAAGGTCGGAGTC-3’ and 5'-GAAGATGGTGATGGG-
ATTTC-3'; and the mouse spleen cells’ tubulin fragment was
quantified with primers 5-TGCCTTTGTGCACTGGTATG-
3" and 5'-CTGGAGCAGTTTGACGACAC-3'.

Immunofluorescence Assay (IFA). The drugs treated
Vero E6 cells were infected with SARS-CoV-2 and the
supernatant was collected 24 h p.i. to test the antiviral eflicacy
of drugs. After the supernatant was collected, the SARS-CoV-2
infected cells were fixed with 4% formaldehyde for at least 1h
at room temperature. Then the fixed cells were permeabilized
by 0.3% Triton X-100 in PBS and blocked by 5% FBS in PBS
at room temperature for 1 h. After washed with PBS for three
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times, cells were probed with the primary antibody, a
polyclonal antibody against viral nucleocapsid protein of a
bat SARS-related coronavirus,®* for 2 h at room temperature.
After being washed with PBS for five times, cells were probed
with the secondary antibody Alexa 488-labeled goat antirabbit
IgG (1:300; Abcam) for 1 h. The nuclei were stained with
DAPI (Sigma, CAS # 28718—90-3), after being washed five
times, and images were captured under a fluorescent
microscopy (Nikon AIMP STORM).
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