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ABSTRACT Lassa virus (LASV) belongs to the Mammarenavirus genus (family
Arenaviridae) and causes severe hemorrhagic fever in humans. At present, there are
no Food and Drug Administration (FDA)-approved drugs or vaccines specific for
LASV. Herein, high-throughput screening of an FDA-approved drug library was
performed against LASV entry using a pseudo-type virus enveloping LASV
glycoproteins. Two hit drugs, lacidipine and phenothrin, were identified as LASV
entry inhibitors in the micromolar range. A mechanistic study revealed that both drugs
inhibited LASV entry by blocking low-pH-induced membrane fusion. Moreover,
lacidipine irreversibly bound to the LASV glycoprotein complex (GPC), resulting in
virucidal activity. Adaptive mutant analyses demonstrated that replacement of T40,
located in the ectodomain of the stable-signal peptide (SSP), with lysine (K) conferred
LASYV resistance to lacidipine without apparent loss of the viral growth profile.
Furthermore, lacidipine showed antiviral activity and specificity against both LASV
and the Guanarito virus (GTOV), which is also a category A new world arenavirus.
Drug-resistant variants indicate that the V36M in ectodomain of SSP mutant and
V436A in the transmembrane domain of GP2 mutant conferred GTOV resistance to
lacidipine, suggesting that lacidipine might act via a novel mechanism other than
calcium inhibition. This study shows that both lacidipine and phenothrin are
candidates for LASV therapy, and the membrane-proximal external region of the GPC

might provide an entry-targeted platform for inhibitors.

IMPORTANCE Currently, there is no approved therapy to treat Lassa fever;
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therefore, repurposing of approved drugs will accelerate the development of a
therapeutic stratagem. In this study, we screened an FDA-approved library of drugs
and identified two drugs, lacidipine and phenothrin, which inhibit Lassa virus entry by
blocking low-pH-induced membrane fusion. Additionally, both drugs extended their
inhibition against the entry of Guanarito virus, and the viral targets of lacidipine were

identified.

Lassa virus (LASV) is an enveloped, negative-sense, bi-segmented RNA virus
belonging to the Mammarenavirus genus (family Arenaviridae) (1).
Mammarenaviruses consist of 35 unique species currently recognized by the
International Committee on Taxonomy of Viruses. The original classification of
mammarenaviruses, based mainly on virus antigenic properties; serological, genetic,
and geographical relationships; and the rodent host, divided them into new world
(NW) and old world (OW) mammarenaviruses (2). The OW Lassa virus and some
NW mammarenaviruses, including the Junin virus (JUNV), Machupo virus (MACV),
Guanarito virus (GTOV), and Sabié virus (SABV), are known to cause severe
hemorrhagic fever and are listed as biosafety level (BSL) 4 agents (3, 4). LASV
infections cause about 300,000 cases of Lassa fever per year, and the mortality rate in
hospitals is reported to be as high as 65-70% (5). At the beginning of this year, a
Lassa fever outbreak was reported in Nigeria. From January 1 to March 18, 2018, 376
confirmed cases and 95 deaths have been reported (6).

The LASV RNA genome encodes the viral polymerase, nucleoprotein, matrix protein
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(Z), and glycoprotein complex (GPC). The GPC is synthesized as an inactive
polypeptide and cleaved twice by the signal peptidase and cellular protease subtilisin
kexin isozyme-1/site-1 protease, yielding the retained stable-signal peptide (SSP), the
receptor-binding subunit GP1, and the membrane fusion subunit GP2 (7-10). The
highly conserved arenavirus SSPs contain 58 amino acids that span the membrane
twice, with 8 amino acids in the ectodomain, playing essential roles in GPC
maturation and downstream functions (11-17). LASV utilizes a-dystroglycan (a-DG)
as a primary receptor, and successful infections require the receptor switch to
lysosome-associated membrane protein 1 (18-20).

To date, no vaccines or specific antiviral agents against LASV are available. Therapy
strategies are limited to the administration of ribavirin in the early course of the illness
(21). To address this issue, we screened an FDA-approved drug library of 1018
compounds. The approved drugs have been intensively investigated for safety,
pharmacokinetics, and targets; therefore, screening approved drugs for repurposing
will increase the speed of discovery and development for treatment (22, 23). Drugs
targeting viral entry can block replication and spread at an early stage. Since studies
of LASV require BSL-4 equipment, we utilized a LASV GPC pseudo-type vesicular
stomatitis virus (VSV) containing a Renilla luciferase (Rluc) reporter gene for
high-throughput screening (HTS) of LASV entry inhibitors, which can be performed
in a BSL-2 facility. After three rounds of screening, lacidipine and phenothrin were
identified to be highly effective against LASV entry. The hit drugs identified in this

study offer potential new therapies to treat arenavirus infections and disease.
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88
89 RESULTS
90  Screening of an FDA-Approved Drug Library for Inhibitors of LASV Entry. To
91  perform high-throughput screening (HTS) under BSL-2 conditions, we generated a
92  pseudo-type virus bearing the LASV GPC (designated LASVpv) for HTS of entry
93 inhibitors (24). The number of genomic RNA copies of LASVpv was determined to
94  be 1 x 107 copies/ml by using a standard curve generated with plasmids carrying the
95  VSVAG-Rluc. The HTS assay conditions, including the seeding cell density and
96 LASVpv infective dose, were optimized at 1 x 10* cells and 1 x 10% copies per
97  96-well plate, respectively. Under the optimized conditions, signal-to-basal (S/B) ratio,
98  coefficient of variation (CV), and Z’ factor were 41770, 11.9%, and 0.62, respectively,
99  demonstrating that the assay was promising for large-scale screening of inhibitors.
100  The HTS schematic is depicted in Fig. 1A. Inhibitors were defined as primer
101  candidates with inhibition > 50% and no apparent cytotoxicity in duplicate wells at a
102 concentration of 10 pM. Of the 1018 tested compounds, 52 (5.11%) were considered
103  primer candidates. A screening to reconfirm the results was then carried out using
104  these primer candidates over a broader concentration range (3.125 to 50.0 uM). Seven
105  compounds (0.69%) were selected based on their concentration-dependent inhibitory
106  effects and a cell viability > 80%. Subsequently, these 7 compounds were subjected to
107  counter-screening to rule out inhibitors of VSV genome replication and Rluc. Using
108 these criteria, 2 hits, lacidipine and phenothrin, were selected with specific inhibition

109  against LASV GPC activity, while the other 5 compounds were eliminated (Fig. 1B).
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Lacidipine is a dihydropyridine voltage-gated Ca*" channel antagonist, while
phenothrin is a synthetic pyrethroid used for aerosol insecticides. We evaluated the 50%
inhibitory concentration (ICso) and 50% cytotoxic concentration (CCso) of both hit
drugs. Both lacidipine and phenothrin exhibited dose-dependent inhibition of
LASVpv infections. Additionally, both drugs inhibited LASVpv infection in the A549
human epithelial cell line; epithelial cells are important targets of infection in vivo,
suggesting these drugs are potentially useful in the treatment of human infections (Fig.
1C and D). The selective index (SI, the ratio of the CCso to the ICso) for lacidipine
was 55.4, while that for phenothrin was > 75.5 (Fig. 1E). The CCso values for the 2 hit
drugs were similar to those previously published for diverse cell systems; however,
they were determined using different toxicity assays (25). To validate the antiviral
effects, lacidipine and phenothrin were purchased from other commercial sources and
tested; the cytotoxic and antiviral effects were similar to the results of our primary
screening.

Lacidipine and Phenothrin Inhibited GPC-mediated Membrane Fusion.
Arenavirus GPCs have a unique structure in which the cleaved SSP is retained and
non-covalently associates with GP2; many arenavirus entry inhibitors have been
shown to bind with and stabilize the prefusion forms of GPC to prevent membrane
fusion (26-28); therefore, we asked whether the 2 hit drugs act via a similar
mechanism. To address this, 293T cells transfected with GPC were incubated with
either drug and subjected to a low-pH pulse to promote fusion. As shown in Fig. 2A, a

low pH in the GPC-transfected cells induced obvious membrane fusion, whereas a
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neutral pH had no effect. Both drugs inhibited syncytium formation at all tested
concentrations, suggesting that both drugs inhibit GPC conformational changes
induced by an acidic environment.

To further quantitatively evaluate the inhibitory activities, fusion efficacy was
determined using a dual-luciferase assay. As shown in Fig. 2B, the maximum
inhibitory rates for lacidipine and phenothrin were 42.4% and 81.2%, respectively, at
the range of concentrations tested. Notably, phenothrin exhibited great activity (~80%)
against GPC-mediated membrane fusion even at the lowest concentration tested (12.5
uM). Together, these results show that both drugs, especially phenothrin, prominently
inhibit GPC-mediated membrane fusion.

Lacidipine Irreversibly Binds to GPC. Lacidipine and phenothrin inhibited
GPC-mediated membrane fusion; therefore, we asked whether the drugs irreversibly
bind to GPC and prevent conformational changes. To test this, we conducted a
virucidal assay to investigate the binding ability of the hit drugs to native GPC.
LASVpv was mixed with drugs for 1 h; the mixture was then diluted 200-fold and
added to the cells for 1 h. As shown in Fig. 3A, luciferase activity was not suppressed
in the phenothrin group, indicating that phenothrin did not irreversibly bind to the
neutral-pH forms of GPC (29). However, it is possible that phenothrin binds to a
structural GPC intermediate resulting from the low pH. A reduction > 70% was
observed in the lacidipine group, suggesting that lacidipine irreversibly interacts with
the pre-fusion conformation of GPC and inhibits LASV entry.

We next investigated the inhibitory effects of the drugs on binding, which is
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initialized when GP1, the receptor binding subunit, recognizes the primary receptor
a-DG (18). Binding efficacy was evaluated in the absence and presence of the drugs,
and no significant decrease in the number of LASVpv particles bound to the cell
surface at 4°C was observed in either drug-treated group (Fig. 3B), suggesting that
neither drug interferes with the receptor binding subunit GP1 (38, 39).

To further confirm drug mechanisms, we studied the inhibition kinetics of lacidipine
and phenothrin. Pretreatment of cells with lacidipine or phenothrin sharply decreased
LASVpv infection even when removed at 30 min post-infection. The addition of
drugs 30 min post-infection resulted in a mild inhibitory effect, while the addition of
drugs 1 h post-infection had no effect, suggesting that membrane fusion occurred
within 1 h; these results agree with previously published results (30, 31) confirming
that the early stage of infection is the sensitive drug phase.

SSP T40K Mutation Confers Resistance to Lacidipine. To identify the viral target
of the drugs, we selected an adaptive mutant virus by serially passaging LASVrv in
the presence of 10 uM lacidipine and 25 uM phenothrin, respectively. Parallel
passaging of LASVrv in dimethyl sulfoxide (DMSO) was used as a control. In the
lacidipine-treated group, robust resistance was detected after 12 rounds of passaging.
When viruses were treated with 10 uM lacidipine, the viral titer after 12 rounds of
passaging was about 100-fold higher than that in the wild type (WT) virus (Fig. 4A).
The lacidipine-resistant virus isolate was plaque purified and sequenced for the entire
glycoprotein precursor GPC region. An amino acid substitution was observed in the

isolated clone, but markedly absent in the DMSO-treated virus, resulting in a
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threonine (T) to lysine (K) switch at amino acid position 40 in the ectodomain of SSP
(i.e. the last position of the SSP ectodomain) (Fig. 4B). Notably, in the
phenothrin-treated group, no obvious improvement in resistance was detected after 20
rounds of passaging, suggesting that phenothrin was less prone to induce adaptive
mutations in the glycoprotein.

The arenavirus SSP, unlike other enveloped viruses, is unusually long and retains the
GPC as a vital subunit, playing an essential role in glycoprotein maturation and viral
infectivity (12, 16, 32). The 58-amino acid SSP contains two hydrophobic domains
linked by an 8-amino acid ectodomain loop that interacts with the proximal- and
trans-membrane region of GP2 to confer sensitivity of fusion inhibitors (26, 33, 34).
To confirm that the T40K mutation conferred lacidipine resistance and to investigate
the role of T40 in SSP function and lacidipine inhibition of LASV entry, we produced
recombinant viruses with T40K, T40R, T40D, or T40A mutations by introducing the
desired mutations into the GPC gene and generating mutant viruses. To investigate the
biological properties of the mutant viruses, we first examined the growth kinetics of
the rescued viruses. As shown in Fig. 4C, all the viruses caused an accumulation of
infectious virions that reached the highest titer at 48 h p.i. Infection of T40K mutant
viruses resulted in similar growth curves to those of the WT virus, while T40R and
T40D mutants produced less virus after 18 to 36 h. Plaque morphology analyses
revealed that the T40K plaques were similar to the WT plaques, whereas T40R and
T40D plaques were smaller, and T40A plaques were mid-range. These results

suggested that the infectivity of SSP T40R and T40D mutant viruses is milder than
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that of the WT virus, and position 40 in SSP was tolerable for K.

We next investigated sensitivity of the four mutant viruses to lacidipine. As shown in
Fig. 4D, the T40K, T40R, and T40D mutant viruses conferred resistance to lacidipine,
which efficiently inhibited LASVrv WT infection at a concentration of 10 uM and
reduced viral yields by 3 log units. In contrast, T40K, T40R, and T40D mutant viruses
were resistant to lacidipine, with the viral titer decreasing slightly less than 1 log unit;
the T40A mutant virus showed no resistance to lacidipine.

Taken together, these results suggest that the T40 mutant was not only critical in
conferring lacidipine sensitivity, but also important for LASV infectivity. Substitution
of T with K conferred resistance to lacidipine without apparent loss of growth, while
substitution with a small nonpolar amino acid (A, alanine) did not affect lacidipine
sensitivity. Other positively charged amino acids (R, arginine) or negatively charged
amino acids (D, aspartic acid) resulted in the mutant viruses replicating more slowly
than the WT virus.

Lacidipine Affects Entry of Other Arenaviruses. T40 is conserved in OW viruses,
except for Lujo virus (LUJV), whereas K40 is similarly conserved (K or R) in NW
viruses; therefore, we investigated the effects of lacidipine on the entry of other
pathogenic arenaviruses, such as OW viruses (including lymphocytic
choriomeningitis virus (LCMV), LUJV, and the closely related Mopeia virus (MOPV)
and NW viruses (including JUNV, MACYV, GTOV, SABYV, and Chandipura virus
(CHPV) using a pseudo-type virus. Vero cells were treated with vehicle (DMSO) or
lacidipine (1.5625 to 25 uM) starting 1 h before infection (multiplicity of infection

10
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[MOI] =0.01) to 1 h post-infection. At 23 h p.i., cell lysates were collected, and
luciferase activity determined. As shown in Fig. 5A, all viruses mentioned above
remained unaffected, except for GTOV and MOPYV, which exhibited dose-dependent
inhibition with an ICso of 6.2 and 4.8 puM, respectively. We also investigated the
broad-spectrum antiviral activity of phenothrin, which dose-dependently inhibited the
entry of GTOV, MOPYV, and CHPV, with ICso values of 6.1, 8.3, and 8.0 uM,
respectively. Phenothrin had a less powerful effect on the entry of JUNV, MACY, and
SABY, since the percentage of inhibition was less than 50% at the highest tested
concentration.

To further assess the role of lacidipine and phenothrin on other class I fusion proteins,
we utilized pseudo-type Ebola virus (EBOV) and Marburg virus (MARV). It is
important to note that neither lacidipine nor phenothrin treatment robustly inhibited
the entry of EBOV and MARYV (Fig. 6), indicating a lacidipine- or phenothrin-related
interaction with GPC of LASV and GTOV.

Selection of Lacidipine-resistant GTOVrv. GTOV possesses a K at position 40 of
the SSP; therefore, we suggest that an amino acid other than K40 contributed to the
sensitivity of GTOV to lacidipine. We further determined the viral target by selecting
the adaptive mutant virus by serially passaging GTOVrv in the presence of 10 uM
lacidipine. After 15 rounds, 2 amino acid substitutions, V36M in the ectodomain of
SSP and V436A in the transmembrane domain of GP2, were observed in the resistant
virus (Fig. 6A). To investigate the functional significance of these residues, a
pseudo-type GTOV containing the mutants was used to evaluate lacidipine sensitivity.

11
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GTOV was much less sensitive when either the V36M or V436A mutant was
generated, and lacidipine sensitivity was further reduced when both sites were
changed (Fig. 6B). As V36 is similarly conserved in NW pathogenic viruses, we
reasoned that residues other than these selective mutations contributed to the

sensitivity of LASV and GTOV to lacidipine.

DISCUSSION

In this report, we screened an FDA-approved drug library and identified 2 hit drugs,
lacidipine and phenothrin, which prohibited the entry step of LASV infection.
Lacidipine is a lipophilic dihydropyridine calcium antagonist. Since calcium channels
proved to be a therapeutic target for other enveloped viruses and calcium inhibitors
showed promising effects on the entry of the closely-related JUNV and EBOV (22,
42-44), we investigated whether lacidipine inhibits LASV entry by acting as a
calcium inhibitor. To address this, we first reviewed all 22 calcium inhibitors included
in the current FDA drug library; results showed that in addition to lacidipine, only two
calcium inhibitors moderately inhibited LASV entry, including diltiazem and
cilnidipine. Both drugs exerted less than 70% inhibition on LASVpv infection at the
highest concentration tested (20 uM), suggesting that calcium inhibitors do not
effectively block LASV entry as observed for other enveloped viruses. Moreover,
lacidipine irreversibly binds to LASV GPC and prohibits acid-pH-induced
conformational changes of GPC and subsequent membrane fusion, supporting the
speculation that under these conditions, lacidipine functions via a novel mechanism

12
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264  rather than as a calcium inhibitor. To further elucidate the underlying mechanisms

265  associated with prevention of LASV entry via lacidipine, we characterized the viral
266  target of lacidipine by serially passaging LASVrv in the presence of lacidipine. In

267  particular, we observed an amino acid substitution that resulted in a T-to-K switch at
268  amino acid position 40 in the ectodomain of SSP. The SSP in the arenavirus GPC

269  differs from that of conventional signal peptides as it: (i) is unusually long, containing
270 58 amino acids; (ii) is retained after cleavage, and non-covalently associates with GP2
271 and GP1 to constitute the GPC heterotrimer; and (iii) interacts with GP2, including
272 the ecto-, transmembrane, and intracellular domains. As a result, the native structure
273 of GPC is stabilized, participates in GPC-mediated activity, and provides an interface
274  targeted by some entry inhibitors (8, 12, 16, 32-40). Among the 8 amino acid residues
275  in the ectodomain of SSP, the absolutely conserved K33 and N37 are well studied and
276 have proven to be essential in GPC maturation, fusion, and infectivity (12, 41). In the
277  current study, we demonstrate that replacement of T40 with a charged amino acid (K,
278 R, or D) confers LASV resistance to lacidipine, and position 40 is tolerable for K

279  without detectable changes in LASVrv growth kinetics. These results suggest that T40
280  together with lacidipine might interplay with the residues located in the

281  membrane-proximal ectodomain of GP2, thus stabilizing the native structure of GPC.
282 Although position 40 is tolerable for K, the stabilization interaction between T40 and
283  lacidipine is collapsed by the replacement of K.

284  As T40 and K40 are relatively conserved in OW and NW viruses, respectively, we
285 further investigated the broad-spectrum inhibition of lacidipine against other

13
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pathogenic mammarenaviruses. As anticipated, MOPYV, the most phylogenetic-related
virus, was sensitive to lacidipine with a similar ICso value. Intriguingly, LCMYV, the
OW prototype possessing T at position 40, showed resistance to the drug. Moreover,
GTOV, a NW mammarenavirus, was sensitive to lacidipine. Mapping the viral target
of GTOV revealed two mutant sites, one in the ectodomain of SSP and the other in the
transmembrane domain of GP2. These results suggest the SSP and
proximal-membrane ectodomain of GP2 for arenavirus exhibit relatively high amino
acid sequence conservation, and the overall GP1-GP2 structure of LASV aligns well
with LCMV (42, 43); however, the interplay between SSP and GP2 involves a
multiple sequential correlation and is not limited at the point-to-point sub interface.
Lacidipine-sensitivity depends on accessibility of the interface to the drug as well as
the stability of the drug-GPC complex.

We also identified phenothrin via HTS; phenothrin is a pyrethroid usually used in
pesticide products and is effective at inhibiting LASV entry. We demonstrated that
phenothrin has activity against MOPV, GTOV, and CHPV, with ICso values lower
than 10 pM. The structure of phenothrin is similar to that of the LASV specific entry
inhibitor ST-161, which uses a cyclopropyl N-acylhydrazone as a scaffold (26, 44). In
our study, resistant viruses for LASV or GTOV were not successfully generated in the
presence of phenothrin, suggesting this drug is less prone to induce adaptive
mutations in the glycoprotein. In line with this, phenothrin exhibited little effect
against LASVpv infection in the virucidal assay, indicating that phenothrin binds less
tightly to GPC than lacidipine. Alternatively, phenothrin could bind to a

14
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low-pH-induced intermediate conformation of GPC. By understanding the
mechanisms of viral entry, inhibitors could be used to uncover novel drug targets,
providing further insight into the pathogenesis of LASV.

In conclusion, the findings reported here provide novel insights into the molecular
mechanisms underlying LASV entry and offer new and promising therapeutic

possibilities for combating arenavirus infections.

MATERIALS AND METHODS

Cells and Viruses. BHK-21, HEK 293T, Vero, HeLa, and A549 cells were cultured in
Dulbecco’s modified Eagle’s medium (HyClone, Logan, UT, USA) supplemented
with 10% fetal bovine serum (Gibco, Grand Island, NY, USA). The pseudo-type VSV
bearing the GPC of LASV (Josiah strain, Genbank HQ688673.1), LCMV (Armstrong
strain, GenBank AY847350.1), LUJV (GenBank NC 012776.1), MOPV (GenBank
AY772170.1), GTOV (GenBank NC 005077.1), JUNV (XJ13 strain, GenBank

NC _005081.1), MACYV (Carvallo strain, GenBank NC_005078.1), SABV (GenBank
U41071.1), CHPV (GenBank NC 010562.1), EBOV (Mayinga strain, GenBank:
EU224440.2), and MARV (YP_001531156.1) were generated as previously reported
using the infectious clone for the VSV, Indiana serotype (kindly provided by
Yoshiharu Matsuura, Osaka University, Osaka, Japan) (45-47). The recombinant VSV
expressing the GPC of LASV and GTOV, in which the appropriate open reading
frames for the GPC were cloned into the pVSV A G-eGFP vectors (Plasmid #31842,
addgene), were generated as described previously (48, 49). The pseudo-type and
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recombinant viruses enveloped by LASV GPC are designated LASVpv and LASVry,
respectively.

Optimization of HTS Assay Conditions. Cell density and MOI were optimized for
the HTS assay. Vero cells at different densities (2,500-12,500 cells per well) were
infected with a MOI from 0.001 to 1 (10-10* copies per well). The appropriate cell
density as well as the dose for LASVpv were selected by comparing the
signal-to-basal ratio, the coefficients of variation, and Z’ values under different
conditions as previously described (29, 50). Methyl-beta-cyclodextrin and DMSO
were used as a positive and negative control, respectively.

HTS Assay of an FDA-Approved Compound Library. A library of 1018
FDA-approved drugs was purchased from Selleck Chemicals (Houston, TX, USA).
Compounds were stored as 10 mM stock solutions in DMSO at -80 °C until use. The
first round HTS was carried out as shown in Fig. 1A. Briefly, Vero cells were seeded
at a density of 1x10* cells per well in 96-well plates. After incubating overnight, cells
were treated in duplicate with the compounds (10 uM); 1 h later, cells were infected
with LASVpv (MOI of 0.01), and the supernatant was removed 1 h post-infection.
The infected cells were lysed 23 h later, and luciferase activity was measured using
the Rluc assay system (Promega, Madison, WI). Primary candidates were identified
using criteria of no apparent cytotoxicity and an average >50% inhibition in duplicate
wells and then subsequently rescreened via serial dilution in triplicate plates to
evaluate the ICso (GraphPad Prism 6). Dose-dependent inhibition and cell

viability >80% were the criteria used to select 7 compounds. The 7 compounds were
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then counter-screened using VSVpv (MOI of 0.01) to rule out VSV genome
replication inhibitors and Rluc activity. Compounds specifically blocking LASV entry
were considered hit drugs and were evaluated for the CCso and SI.

Membrane Fusion Assay. 293T cells transfected with pCAGGS expression plasmids
for LASV GPC or the empty pCAGGS were treated with compounds or vehicle
(DMSO) for 1 h, followed by incubation for 15 min with acidified (pH 5.0) medium.
The cells were then washed and placed in neutral medium, and syncytium formation
was visualized 1 h later via light microcopy.

For quantification of the luciferase-based fusion assay, 293T cells transfected with
both pCAGGS-LASV GPC and plasmids expressing T7 RNA polymerase (pCAGT7)
were co-cultured at a ratio of 3:1 with targeted cells transfected with pT7TEMCVLuc
and pRL-CMV (plasmids used in this assay were kindly provided by Yoshiharu
Matsuura, Osaka University, Osaka, Japan). Drug treatment and pH induction were
conducted as described above. Cell fusion activity was quantitatively determined after
24 h by measuring firefly luciferase activity and was standardized with Rluc activity
as previously described (27, 51).

Virucidal Assay. To study the virucidal effects of the drugs, approximately 5 x 10°
copies of LASVpv or VSVpv were incubated with drugs (25 uM) or vehicle at 37 °C
for 1 h; the mixture was diluted 200-fold to the non-inhibitory concentration (MOI of
0.01) to infect Vero cells. Luciferase activity was determined 24 h later as described
above.

Binding Assay. Vero cells were pretreated with 50 uM lacidipine or phenothrin; after
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1 h the cells were transferred onto ice, and LASVpv (MOI of 10) was added for 1 h.
After washed with cold PBS for 3 times, the bound viral particles were quantified via
RT-qPCR using a specific primer pair to detect the VSVAG-Rluc (primers 5'-
GTAACGGACGAATGTCTCATAA -3" and 5'- TTTGACTCTCGCCTGATTGTAC
-3"). All RNA amplifications were normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) RNA (obtained via PCR with the following primers: 5'-
TCCTTGGAGGCCATGTGGGCCAT -3’ and 5'-
TGATGACATCAAGAAGGTGGTGAAG -3').

Time-of-Addition Assay. We performed a time-of-addition experiment to elucidate
which stage of LASV entry was inhibited by the drugs. At time 0, Vero cells were
infected with LASVpv (MOI of 0.01) at 4 °C for 1 h and washed with
phosphate-buftered saline; the temperature was then increased to 37°C (designated
time 0 post infection [p.i.]) to synchronize the infections. Test compounds were
incubated with the cells as shown in Fig. 3C.

Selection of Adaptive Mutants. Drug-resistant viruses were generated by passaging
LASVrv on Vero cells in the presence of 10 uM lacidipine or 25 pM phenothrin.
LASVrv was passaged in the presence of 2% DMSO in parallel as a control.
Passaging in the presence of lacidipine was terminated when no further improvement
in resistance was detected. RNA from the resistant viruses was extracted, amplified,
and purified for sequencing of the GPC segment. Mutant sites were introduced to
recover LASVrv as previously described (52). Virus titers and lacidipine sensitivities
were determined by means of a plaque assay in Vero cells.
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549

550 FIGURE LEGENDS

551  Fig 1 High throughput screening (HTS) for inhibitors of Lassa virus (LASV) entry
552  from a Food and Drug Administration (FDA)-approved drug library. (A) The HTS
553  assay flowchart is shown. (B) A counter-screening of the 7 selected compounds to
554  reconfirm the initial screening results is shown. Vero cells were seeded at a density of
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1x10* cells per well in 96-well plates. After incubating overnight, cells were treated in
duplicate with compounds (25 uM); pseudo-type LASV (LASVpv) was added 1 h
later, with a multiplicity of infection (MOI) of 0.01. The supernatant was removed
after 1 h, and the cells were re-treated with the compounds for an additional 23 h. (C
and D) Dose-response curves of lacidipine (C) and phenothrin (D) for inhibiting
LASVpv infection are shown; the insets in each graph shown the drug structures. (E)
The 50% inhibitory concentration (ICso), 50% cytotoxic concentration (CCso), and
selective index (SI) for lacidipine and phenothrin are shown. Rluc, Renilla luciferase;
VSVrv, recombinant vesicular stomatitis virus; VSVg, pseudo-type vesicular
stomatitis virus; ICso, 50% inhibitory concentration; CCso, 50% cytotoxic

concentration; SI, selective index

Fig 2 Lacidipine and phenothrin inhibit glycoprotein complex (GPC)-mediated
membrane fusion. (A) 293T cells were transfected with pCAGGS-Lassa virus (LASV)
GPC or the empty pCAGGS expression plasmid; 24 h later the drugs or vehicle
(dimethyl sulfoxide, DMSO) were added for 1 h followed by treatment with acidified
(pH 5.0) Dulbecco’s modified Eagle’s medium (DMEM) for 15 min. The cells were
then washed and placed in neutral pH DMEM. Syncytium formation was visualized
after 3 h using light microcopy. Images are representative fields from 4 to 5
independent experiments. (B) A dual luciferase assay was used to quantitatively
evaluate the inhibitory activities of lacidipine and phenothrin against membrane

fusion. 293T cells transfected with both pPCAGGS-LASV GPC and plasmid
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expressing pPCAGT7 were co-cultured at a ratio of 1:3 with targeted cells transfected
with pT7TEMCVLuc together with the pRL-CMYV control vector. The cell fusion
activity was quantitatively determined by measuring firefly luciferase activity and
standardized with Renilla luciferase (Rluc) activity. Data are presented as means +

SDs for 3 independent experiments.

Fig 3 Effects of lacidipine and phenothrin on different stages of Lassa virus (LASV)
entry. (A) Results of a virucidal assay are shown. (Left) Pseudo-type LASVs
(LASVpv) with a multiplicity of infection (MOI) of 2 were incubated with dimethyl
sulfoxide (DMSO) or drugs (25 uM for 1 h) and then diluted 200-fold and added to
cells. (Middle) Cells were incubated with DMSO or drugs for 1 h at 0.125 uM before
adding LASVpv (MOI of 0.01). (Right) The pseudo-type vesicular stomatitis virus
(VSVpv, MOI of 2) was incubated with DMSO or drug (25 uM for 1 h) and then
diluted 200-fold before adding to the cells; luciferase activity was determined 24 h
later. (B) The effects of drugs on LASVpv binding are shown. Vero cells were
incubated with drugs (50 uM) or vehicle at 37 °C for 1 h, followed by incubation with
LASVpv (MOI of 10) in the presence or absence of drugs at 4 °C for an additional 1 h.
After extensively washing with cold phosphate-buffered saline (PBS), the bound virus
was quantified via RT-qPCR. (C) Vero cells were infected with LASVpv (MOI of
0.01) at 4 °C for 1 h and then washed with PBS; the temperature was then increased

to 37°C in the presence of lacidipine (10 uM) or phenothrin (25 uM) for the indicated
times. Data are presented as the means + SDs for 4 independent experiments. GAPDH,
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599  glyceraldehyde 3-phosphate dehydrogenase, ** P < 0.01.

600

601  Fig 4 Selection and characterization of lacidipine-resistant recombinant Lassa virus
602  (LASVrv). (A) The adaptive mutant virus was selected by serially passaging LASVrv
603  in the presence of 10 uM lacidipine. In a parallel experiment, LASVrv passaging in
604  vehicle served as a control. After 12 rounds of passaging, no further improvement in
605  resistance was detected, and the selection was terminated. Virus titers and lacidipine
606  sensitivities were determined via a plaque assay in Vero cells. (B) (Top) Membrane
607  topology of LASV stable-signal peptide (SSP) with the threonine 40 (T40) location
608  highlighted is shown (8). (Bottom) The amino acid sequence alignment of the

609  mammarenavirus SSP is shown. The GenBank accession numbers are listed in

610  Materials and Methods. (C) (Top) A sequencing chromatogram of the wild type (WT)
611  and recombinant viruses with plaque morphology of each virus as an inset is shown.
612  (Right bottom) Growth kinetics of the recombinant viruses with different T40

613  mutations are shown. Vero cells were infected with a multiplicity of infection (MOI)
614  of 0.1 for 1 h. The supernatants were collected at indicated time points post-infection
615 and assayed for the viral titer. Data are presented as means + SD from 2 independent
616  wells. (D) Resistant activity of the recombinant viruses to lacidipine is shown. Data
617  are presented as means £+ SD from 2 independent experiments. GTOV, Guanarito

618  virus; JUNV, Junin virus, MACYV, Machupo virus, SABV Sabia virus; CHPYV,

619  Chandipura virus; LCMYV, lymphocytic choriomeningitis virus; LUJV, Lujo virus;
620  MOPYV, Mopeia virus; LASV, Lassa virus; PFU, plaque forming units; FFU,
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focus-forming units

Fig 5 Broad spectrum antiviral activity of the hit drugs against different
mammarenavirus and filovirus. Vero cells were incubated in the absence and presence
of lacidipine (A) or phenothrin (B). After 1 h, a pseudo-type of the Guanarito virus
(GTOV), Junin virus (JUNV), Machupo virus (MACYV), Sabia virus (SABV),
Chandipura virus (CHPV), lymphocytic choriomeningitis virus (LCMV), Lujo virus,
Mopeia virus (MOPV), Ebola virus (EBOV), and Marburg virus (MARV) were added.
The supernatant was removed 1 h later and the cell lysates were assessed for

luciferase activity after 23 h. Data are presented as means + SD from 5 independent

experiments. NW, new world; OW, old world

Fig 6 Selection of lacidipine-resistant recombinant Guanarito virus (GTOVrv). (A)
The adaptive mutant virus was selected by serially passaging GTOVrv in the presence
of 10 uM lacidipine. GTOVrv passaging in vehicle served as a control in parallel.
After 15 rounds of passaging, no further improvement in resistance was detected and
the selection was terminated. Virus titers and lacidipine sensitivities were determined
via plaque assay in Vero cells. (B) Resistant activity of the recombinant viruses to
lacidipine is shown. Data are presented as means = SD from 2 independent

experiments. DMSO, dimethyl sulfoxide; WT, wild type; FFU, focus forming units.
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