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A B S T R A C T

Several mammarenaviruses, chiefly Lassa virus (LASV) in Western Africa and Junín virus (JUNV) in the
Argentine Pampas, cause severe disease in humans and pose important public health problems in their endemic
regions. Moreover, mounting evidence indicates that the worldwide-distributed mammarenavirus lymphocytic
choriomeningitis virus (LCMV) is a neglected human pathogen of clinical significance. The lack of licensed
mammarenavirus vaccines and partial efficacy of current anti-mammarenavirus therapy limited to an off-label
use of the nucleoside analog ribavirin underscore an unmet need for novel therapeutics to combat human pa-
thogenic mammarenavirus infections. This task can be facilitated by the implementation of “drug repurposing”
strategies to reduce the time and resources required to advance identified antiviral drug candidates into the
clinic. We screened a drug repurposing library of 11,968 compounds (Repurposing, Focused Rescue and
Accelerated Medchem [ReFRAME]) and identified several potent inhibitors of LCMV multiplication that had also
strong anti-viral activity against LASV and JUNV. Our findings indicate that enzymes of the rate-limiting steps of
pyrimidine and purine biosynthesis, the pro-viral MCL1 apoptosis regulator, BCL2 family member protein and
the mitochondrial electron transport complex III, play critical roles in the completion of the mammarenavirus
life cycle, suggesting they represent potential druggable targets to counter human pathogenic mammarenavirus
infections.

1. Introduction

As mammarenaviruses cause chronic infections of, primarily, ro-
dents, these viruses have a worldwide distribution. Human infections
occur through mucosal exposure to aerosols, or by direct contact of
abraded skin with infectious materials (Buchmeier et al., 2007). Several
mammarenaviruses cause severe disease in humans and pose important
public health problems in their endemic regions (Buchmeier et al.,
2007; Enria et al., 2008; Geisbert and Jahrling, 2004; McCormick and
Fisher-Hock, 2002; Peters, 2002). The Old World mammarenavirus
Lassa virus (LASV) is highly prevalent in Western Africa where it causes
Lassa fever (LF), a disease associated with high morbidity and sig-
nificant lethality in patients who develop severe symptoms (Gunther
and Lenz, 2004). LASV is estimated to infect several hundred thousand
people yearly. Notably, increased travel has resulted in cases of LF in
non-endemic metropolitan areas including the US (Freedman and

Woodall, 1999; Isaacson, 2001). Likewise, the New World (NW)
mammarenavirus Junín virus (JUNV) causes Argentinian hemorrhagic
fever (AHF), a severe illness (lethality of 15–30%) endemic to the Ar-
gentine Pampas characterized by hemorrhagic and neurological mani-
festations (Peters, 2002). Moreover, several mammarenaviruses, in-
cluding LASV and JUNV, pose credible biodefense concerns (Borio
et al., 2002). In addition, mounting evidence indicates that the world-
wide-distributed mammarenavirus lymphocytic choriomeningitis virus
(LCMV) is a neglected human pathogen of clinical significance (Barton
et al., 2002; Fischer et al., 2006; Jahrling and Peters, 1992; Palacios
et al., 2008; Peters, 2006).

Concerns posed by human pathogenic mammarenaviruses are ex-
acerbated by the lack of licensed arenavirus vaccines and drawbacks of
current anti-mammarenavirus therapy. Such therapy is limited to off-
label use of ribavirin (Rib) that is only partially effective, has a narrow
therapeutic window and is associated with side effects (Damonte and
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Coto, 2002; Moreno et al., 2011; Parker, 2005). Several compounds
have been reported to have anti-mammarenaviral activity in cultured
cells, but their safety and efficacy remain to be determined (Lee et al.,
2011). However, the broad-spectrum antiviral favipiravir (a.k.a. T-705)
(Gowen et al., 2013; Mendenhall et al., 2011a, 2011b; Safronetz et al.,
2015) and the mammarenaviral glycoprotein (GP)-mediated fusion in-
hibitor ST-193 (Cashman et al., 2011) have yielded very promising
results in different animal models of mammarenaviral disease. Never-
theless, the identification and characterization of safe and effective
anti-mammarenaviral drugs can facilitate the implementation of com-
bination therapy to combat human pathogenic mammarenavirus in-
fection, an approach known to counteract the emergence of drug re-
sistant variants often observed with monotherapy strategies.

Drug repurposing strategies can significantly reduce the time and
resources required to advance a candidate antiviral drug into the clinic.
These advantages are particularly relevant for emerging viral diseases,
as limited market opportunities are an obstacle for the development and
licensing of new drugs. Existing knowledge about medicinal chemistry,
pharmacology, and toxicology of the repurposed candidate drug will
minimize the labor and resource-intensive efforts involved in pre-
clinical optimization of newly discovered hits in traditional drug-dis-
covery approaches (Ashburn and Thor, 2004; Pushpakom et al., 2019).
Moreover, drug repurposing can generate new knowledge in virus
biology by uncovering previously unexplored pathways and specific
host cell factors contributing to different steps of the virus “life” cycle.
This knowledge can be harnessed to identify new targets and ther-
apeutics.

Here, we document the screening of the Repurposing, Focused
Rescue and Accelerated Medchem (ReFRAME) library (Janes et al.,
2018) for compounds with anti-LCMV activity. Screening of 11,968
compounds in the library identified 109 primary hits, of which 23 were
confirmed. We selected ten confirmed hits that exhibited potent dose-
dependent anti-LCMV activities and selectivity index (SI) values > 20
for follow-up studies. We used established cell-based assays (Emonet
et al., 2009; Lee et al., 2002; Pinschewer et al., 2003; Rojek et al., 2008;
Urata et al., 2012; Vazquez-Calvo et al., 2013) to examine the effect of
selected hits (SI > 20) on different steps of the LCMV life cycle. Seven
hits interfered with a post-virion cell entry step and targeted the ac-
tivity of the virus ribonucleoprotein complex (vRNP) responsible for
directing viral RNA replication and gene transcription. These hits in-
cluded inhibitors of inosine monophosphate dehydrogenase (IMPDH)
involved in purine biosynthesis and inhibitors of dihydroorotate de-
hydrogenase (DHODH) and uridine monophosphate synthetase (UMPS)
enzymes involved in pyrimidine biosynthesis. In addition, inhibitors of
the pro-viral MCL1 apoptosis regulator, BCL2 family member (MCL1)
protein and the mitochondrial electron transport complex (mETC) III
also exhibited strong anti-LCMV activity. Several tested hits also had
potent antiviral activity against LASV and JUNV. Our findings have
uncovered host cell factors and pathways involved in the completion of
the mammarenavirus replication cycle that can be explored as potential
targets for the development of antiviral drugs against human patho-
genic mammarenaviruses.

2. Materials and methods

2.1. Chemical library

The ReFRAME (Repurposing, Focused Rescue, and Accelerated
Medchem) library built at the California Institute for Biomedical
Research (Calibr) (Janes et al., 2018) is a best-in-class drug repurposing
collection for fast-track drug discovery. Approximately 12,000 high-
value compounds are available for screening from a total set of
≈15,000 entries from three commercial drug databases. This library
contains purchased or resynthesized US Food and Drug Administration
(FDA)-approved/registered drugs (≈35%) and investigational new
drugs (INDs). These INDs are currently or previously in any phase of

clinical development (≈65%), including> 1000 non-commercially
available compounds with non-disclosed structures. Structures were
manually determined using broad competitive intelligence resources.
The scale and comprehensiveness of the Calibr's drug repurposing li-
brary is greater than typical FDA-approved drug libraries.

2.2. Cells and viruses

Grivet (Chlorocebus aethiops) Vero (ATCC #CCL-81), human A549
(ATCC CCL-185) and human 293T (ATCC CRL-3216) cells were main-
tained in Dulbecco's modified eagle medium (DMEM) (Thermo Fisher
Scientific, Waltham, MA) containing 10% heat inactivated fetal bovine
serum (FBS), 2 mM of L-glutamine, 100mg/ml of streptomycin, and
100 U/ml of penicillin. MCL1 knock-out mouse embryonic fibroblasts
(MEF/MCL1-KO) and MEF/MCL1-KO reconstituted with a lentivirus
expressing MCL1 (MEF/MCL1) (Ohmer et al., 2016) were maintained in
DMEM containing 10% FBS, 2mM of L-Glutamine, 100mg/ml of
streptomycin, 100 U/ml of penicillin, and 50 μM of 2-mercaptoethanol.
The tri-segmented form of the live attenuated vaccine strain Candid#1
of JUNV expressing green fluorescent protein (GFP, r3Can/GFP)
(Emonet et al., 2011), recombinant LCMV expressing GFP (rLCMV/
GFP-P2A-NP, here referred to as rLCMV/GFP) (Miranda et al., 2018),
rLCMV expressing Zoanthus sp. green fluorescent protein (ZsGreen,
ZsG) (rLCMV/ZsG-P2A-NP, referred to as rLCMV/ZsG) (Iwasaki et al.,
2018), a single cycle infectious rLCMV expressing ZsG (rLCMVΔGPC/
ZsG-P2A-NP, here referred to as rLCMVΔGPC/ZsG) (Iwasaki et al.,
2018), a wild-type LCMV-Armstrong (WT-LCMV), and LASV-Josiah
expressing GFP (rLASV/GFP) (Cai et al., 2018) have been described.
Vesicular stomatitis Indiana virus (VSIV) was grown and titrated as
described (Giachetti and Holland, 1989).

2.3. Cell cytotoxicity assay and CC50 determination

Cell viability was assessed using the CellTiter 96 AQueous One
Solution reagent (Promega, Madison, WI; CAT #: G3580). This method
determines the number of viable cells based on conversion of formazan
product from 3-(4,5-dimethylthazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolim (MTS) by nicotinamide ade-
nine dinucleotide phosphate (NADPH) or nicotinamide adenine dinu-
cleotide phosphate (NADH) generated in living cells. A549 cells were
plated on a 96-well clear bottom plate (2.0 x 104 cells/well) 1 day be-
fore drug treatment. Serial dilutions (3-fold) of each compound were
added and incubated at 37 °C and 5% CO2. At 48 h after drug treatment,
CellTiter 96 AQueous One solution reagent (Promega) was added and
incubated for 15min at 37 °C and 5% CO2. The absorbance was mea-
sured at 490 nm by using an enzyme-linked immunosorbent assay
(ELISA) reader (SPECTRA max plus 384, Molecular Devices, Sunnyvale,
CA). The resulting optical densities were normalized with di-
methylsulfoxide (DMSO) vehicle control group, which was adjusted to
100%. Half maximal cytotoxic concentrations (CC50) were determined
using GraphPad Prism.

2.4. Viral growth kinetics and EC50 determination

For growth kinetics, cells (M24-well plate) were infected at the in-
dicated MOI and in the presence of the indicated compound con-
centration. At the indicated hours post-infection (h pi), tissue-culture
supernatants (TCS) were collected, and viral titers determined by in-
direct immunofluorescence assay (Battegay, 1993).

For determination of compounds’ EC50, cells were plated on 96-well
clear-bottom black plates (2.0 x 104 cells/well) and incubated for
20 h at 37 °C and 5% CO2. Cells were pre-treated 2 h before infection
with 3-fold serial dilutions of each compound. Cells were infected
(MOI=0.01) with rLCMV/ZsG-P2A-NP in the presence of the com-
pounds. At 48 h pi, cells were fixed with 4% paraformaldehyde (PFA).
ZsG expression was determined by fluorescence using a fluorescent
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plate reader (Synergy H4 Hybrid Multi-Mode Microplate Reader,
BioTek, Winooski, VT). Mean relative fluorescence units were normal-
ized with vehicle control group (DMSO), which was adjusted to 100%.
ZsG expression was normalized for total cell protein in the lysate
(Pierce BCA Protein Assay Kit, Thermo Scientific, #23227). Half max-
imal effective concentrations (EC50s) were determined using GraphPad
Prism. The selectivity indexes (SIs) for hit compounds were determined
using the ratio CC50/EC50.

2.5. LCMV minigenome assay

The LCMV minigenome (MG) assay was performed as described
(Perez et al., 2003). Briefly, 293T cells were cultured on poly-L-lysine-
coated M-12 well plates (4.5 x 105 cells/well) 1 d before transfection.
Cells were transfected with a set of plasmids containing 0.5 μg of cy-
tomegalovirus T7 polymerase promoter (pC-T7), 0.5 μg of pMG-chlor-
amphenicol acetyl transferase (CAT) reporter, 0.3 μg of pC-NP, and
0.3 μg of pC-L using lipofectamine 2000 (2.5 μl/μg of DNA) (Thermo
Fisher Scientific, Waltham, MA). After 5 h, transfection mixture was
replaced with fresh medium containing each selected hit compound and
incubated for 72 h at 37 °C and 5% CO2. At 72 h post-transfection,
whole cell lysates were harvested to determine expression of CAT using
CAT ELISA kit (product number 11363727001; Roche, Sydney, Aus-
tralia). Briefly, whole cell lysates were prepared with 0.5ml of lysis
buffer, and 10 μl of each sample were used for the reaction. Diluted
samples were added onto CAT ELISA plates and incubated for 1 h at
37 °C. After incubation with samples, plates were washed, and primary
antibody (anti-CAT-digoxigenin [DIG]) and secondary antibody (anti-
DIG-peroxidase [POD]) were added sequentially followed by the sub-
strate. After 20-min, absorbance was measured using the ELISA reader
at 405 nm for samples and 490 nm for the reference.

2.6. Budding assay

The luciferase-based budding assay was performed as described
(Capul and de la Torre, 2008). Briefly, 293T cells were plated on poly-L-
lysine-coated M-12 well plates (3.5 x 105 cells/well). After overnight
incubation, 2 μg of DNA of either pC-LASV-Z-Gaussia luciferase (GLuc)
or pC-LASV-mutant Z[G2A]-GLuc was transfected using Lipofectamine
2000 (2.5 μl/μg of DNA). After 5 h, the transfection mixture was re-
placed with fresh medium containing the indicated hit compound. After
48 h, TCS containing virion-like particles (VLPs) were harvested and
clarified by low-speed centrifugation to remove cell debris. Aliquots
(20 μl each) from TCS samples were added to 96-well black plates
(VWR, West Chester, PA), and 50 μl of SteadyGlo luciferase reagent
(Promega, Madison, WI) was added to each well. Whole cell lysates
(WCL) from the same samples were processed to determine cell-asso-
ciated activity (relative light units) of GLuc. The luminescence signal
was measured by the Berthold Centro LB 960 luminometer (Berthold
Technologies, Oak Ridge, TN). Activity of GLuc in TCS and WCL were
used as surrogates of Z expression. Budding efficiency was defined as
the ratio ZVLP/ZVLP+ZWCL.

2.7. Virus titration

Virus titers of rLCMV/GFP, rLCMV/ZsG, rLCMVΔGPC/ZsG and WT-
LCMV were determined by focus-forming assay (Battegay, 1993). Serial
dilutions of samples (10-fold) were used to infect Vero cell monolayers
in a 96-well plate. At 20 h pi, cells were fixed with 4% PFA in phos-
phate-buffered saline (PBS). Foci of rLCMV/GFP, rLCMV/ZsG, and
rLCMVΔGPC/ZsG, were determined by epifluorescence. Foci of WT-
LCMV were revealed by using the rat monoclonal antibody VL4 to NP
conjugated to Alexa Fluor 488. Vesicular stomatitis Indiana virus
(VSIV), wild-type LASV (Josiah strain) and rLASV/GFP titers were de-
termined by plaque assay as described (Cai et al., 2018). Briefly, cells
were infected with 10-fold serial dilutions. After 90min, virus inocula

were aspirated, and an agarose overlay (complete 1x minimum essen-
tial media containing 2% FBS and 0.9% agarose) was added. At 24 h pi,
cells were fixed (10% formaldehyde), agarose overlays were removed,
and cells were stained with 0.1% crystal violet solution.

2.8. Reverse transcriptase-polymerase chain reaction

A549 cells were infected with rLCMV/ZsG-P2A-NP in the presence
(5 μM) of AVN-944 or brequinar (BQN), or vehicle control DMSO. Total
RNA was isolated using Tri Reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer's instruction. Total RNA (5 μg) was re-
versely transcribed to cDNA using SuperScript™ IV First-Strand
Synthesis System (Thermo Fisher Scientific, Waltham, MA). Then, semi-
quantitative reverse transcriptase-polymerase chain reaction (RT-PCR)
was performed using LCMV NP-specific primers (forward 5′-ATGCAG
TCCATGAGTGCACAGT-3’; reverse 5′-CTCAGAAGTCTCAACCAGA
CTG-3′) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-
specific primers (forward 5′-TGACATCAAGAAGGTGGTGAAGCAG-3’;
reverse 5′-ATTGTCATACCAGGAAATGAGCTTGAC-3′).

2.9. Biosafety

Experiments involving the use of rLASV/GFP and LASV-Josiah were
performed under maximum containment/biosafety level 4 (BSL-4)
conditions in the BSL-4 suites of the NIH/NIAID/DCR Integrated
Research Facility at Fort Detrick (IRF-Frederick) (Jahrling et al., 2014)
following approved standard operating procedures (Janosko et al.,
2016; Mazur et al., 2016).

3. Results

3.1. Screening of the ReFRAME library for inhibitors of LCMV
multiplication

We screened 11,968 compounds from the ReFRAME library (Janes
et al., 2018) using a described cell-based infection assay tracking the
expression of the reporter gene GFP expressed by rLCMV/GFP (Miranda
et al., 2018) (Fig. 1A). The primary screen was done at a single (10 μM)
drug concentration. Each plate included rLCMV/GFP-infected Vero E6
cells treated with Rib (200 μM), a validated inhibitor of LCMV multi-
plication, and vehicle control (VC=0.1% DMSO). To account for
possible plate effects, we incorporated the Rib and VC controls in col-
umns 1 and 24. We used maximum (VC) and minimal (Rib) GFP signals
from columns 1 and 24 of each plate to generate Z’ scores (Fig. 1B),
which showed high consistency on assay performance among plates.
Primary hits were selected based on the following criteria: 1)> 50%
inhibition of GFP expression, and 2) low toxicity (cell biomass> 60%,
as determined by 4′,6-diamidino-2-phenylindole (DAPI) staining)
compared to that observed from VC-treated and infected cells (no
compounds). We selected primary hits (N=109) based on inhibition
(> 50%) of GFP expression in rLCMV/GFP-infected (MOI=0.01) cells
at 48 h pi. We retested primary hits in a repeat experiment using tri-
plicates for each hit at a single concentration (10 μM) and confirmed 23
hits (Supplemental Fig. 1). These 23 hits inhibited multiplication of
both rLCMV/GFP and a different rLCMV expressing the ZsG reporter
gene (rLCMV/ZsG) with similar efficiency.

3.2. Dose-dependent effect of confirmed selected hits

We selected the ten confirmed hits with the highest LCMV inhibitory
effect in the confirmation test for further studies. We first examined
their dose-dependent effect on rLCMV/ZsG multiplication in A549 cells
(Fig. 2). We treated cells with 3-fold serial dilutions of each compound
starting 2 h prior to infection (MOI=0.01) with rLCMV/ZsG and
maintained compounds throughout the course of infection. We also
examined the dose-dependent effect of confirmed hits on cell viability
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using CellTiter 96 AQueous One Solution reagent. ZsG expression (virus
multiplication) was normalized by assigning a value of 100% to ZsG
expression in VC-treated and infected cells. Formazan production (cell
viability), determined by ELISA, was normalized by assigning a value of
100% cell viability to VC-treated cells. We used these normalized values
to determine the EC50 and CC50 values for the different compounds and
ranked them based on their SI (Fig. 2M). As references, we also de-
termined under the same experimental conditions EC50 and CC50 values
for Rib and favipiravir.

3.3. Steps of the LCMV replication cycle affected by selected inhibitors

To gain insights about the mechanisms by which selected hits ex-
erted their anti-LCMV activity, we examined the effect of these com-
pounds on distinct steps of the LCMV replication cycle. We first ex-
amined whether the compounds affected a cell entry or post-cell entry
step of the LCMV replication cycle. We performed a time-of-addition
experiment in which compounds were added 2 h prior infection or 2 h
pi (Fig. 3A). We used the single cycle infectious rLCMVΔGPC/ZsG,
which eliminated the need for NH4Cl treatment to prevent the con-
founding factor introduced by multiple rounds of infection (Rodrigo
et al., 2011). All tested compounds, except antimycin A, exhibited a
similar robust (≥80%) degree of inhibition of rLCMVΔGPC/ZsG in-
fection, as determined by ZsG expression, when added 2 h prior to or
2 h pi, whereas antimycin A exerted a lower level (20–40%) of inhibi-
tion. However, antimycin A exhibited a robust anti-LCMV effect in a
cell-based infection assay (Fig. 2A). These apparent discrepancies may
reflect differences between experimental conditions involving multiple
rounds of infection (Fig. 2A) and one single round of infection (Fig. 3A).
To examine whether reduced expression of ZsG correlated with reduced
viral RNA synthesis, we used an LCMV MG assay that mimics the bio-
synthetic processes of RNA replication and gene transcription directed
by the virus polymerase complex (Iwasaki and de la Torre, 2018;
Iwasaki et al., 2018; Vazquez-Calvo et al., 2013). All the hits tested
inhibited (5 μM) LCMV MG activity, as measured by CAT expression
(Fig. 3B).

We next examined the effect of the compounds on LCMV budding, a
process that is directed by the mammarenaviral Z matrix protein (Perez
et al., 2003; Urata et al., 2012). We transfected cells with a Z-expressing

plasmid and quantified Z protein levels in whole cell lysates (ZWCL) and
virus like particles (ZVLP) collected from TCS of transfected cells (Urata
et al., 2012). None of the tested compounds exhibited a significant ef-
fect on Z budding efficiency (Fig. 3C).

3.4. Effects of representative compounds on propagation, RNA synthesis,
and production of infectious progeny of LCMV

We selected two hit compounds, AVN-944 and brequinar (BQN), to
examine their effects on cell-to-cell propagation, RNA synthesis, and
production of infectious LCMV progeny over time (Fig. 4). A549 cells
were infected with rLCMV/ZsG in the presence (5 μM) of each com-
pound and, at the indicated times pi, numbers of virus-infected cells
(Fig. 4A), semiquantitative levels of synthesis of viral RNA (Fig. 4B) and
production of cell-free infectious viral progeny (Fig. 4C) were de-
termined. Both compounds strongly inhibited LCMV cell-to-cell pro-
pagation, which correlated with reduced viral RNA synthesis and pro-
duction of infectious progeny. To confirm that the hit compounds
exhibited similar antiviral activity against wild-type (WT) LCMV and
rLCMV expressing reporter genes, we examined the effect of BQN on
production of infectious WT-LCMV (Fig. 4D) and viral RNA synthesis
(Fig. 4E).

3.5. Effects of pyrimidine biosynthesis inhibitors on LCMV propagation in
interferon (IFN) deficient cells

Antiviral activity of pyrimidine biosynthesis inhibitors may be
mediated by their ability to enhance the host cell type I and III IFN
response rather than a direct effect of these inhibitors on virus multi-
plication (Lucas-Hourani et al., 2013). Likewise, at least some pyr-
imidine biosynthesis inhibitors can induce a type I IFN-independent
antiviral state (Chung et al., 2016; Luthra et al., 2018). The four
screened pyrimidine biosynthesis inhibitors we tested (azaribine,
azauridine, BQN and pyrazofurin) had similar anti-LCMV activity in
IFN-competent (A549) and IFN-deficient (Vero E6) cells (Fig. 5A). In
addition, the type I IFN-induced antiviral state in Vero E6 cells effec-
tively restricted VSIV, but not LCMV, multiplication (Fig. 5B and C).
These findings indicated that the anti-LCMV activity of these com-
pounds was not likely mediated by the induction of antiviral gene

Fig. 1. (A) Screening outline. Compounds (30 nL of
10mM stocks), Rib (60 nL of 100mM stock), and
dimethyl sulfoxide vehicle control (30 nL) were dis-
pensed onto 384-well black clear-bottom plates using
Echo® Acoustic Liquid dispenser. Vero cells were in-
fected (MOI= 0.01) with rLCMV/GFP. At 1 h pi,
single cell preparations were made, and 1 x 104 cells/
well were seeded in 30 μl of media (DMEM with 10%
FBS). At 48 h pi, cells were fixed by adding 30 μl of
8% PFA in PBS. After 30min, cells were washed with
PBS, and stained with DAPI. Relative GFP and DAPI
fluorescent units were measured using Advanced
Hybrid microplate reader Synergy H4. Primary
screen was done at a single compound concentration
(10 μM). Primary hits were confirmed in triplicate,
and a dose response assay confirmed hits. (B) For
each plate the Z′ score was calculated by using
maximum (DMSO vehicle control [VC]) and minimal
(ribavirin [Rib]) GFP signals.
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components of the host cell innate defense mechanisms.

3.6. Effect of selected hits on multiplication of the LASV and JUNV

We examined the effect of five compounds with anti-LCMV activity:

AVN-944, BQN, mycophenolic acid (MPA), obatoclax (OLX), and pyr-
azofurin (PYF) on multiplication of the HF-associated mammarenavirus
LASV (Fig. 6A). A549 cells were infected at a MOI=0.1 with rLASV/
GFP (Cai et al., 2018) and treated with these compounds. At 48 h pi,
cells were fixed, and virus multiplication was assessed based on GFP

Fig. 2. Dose-dependent effect of selected hit compounds on LCMV multiplication. (A-L) Inhibitory effect of selected hit compounds on LCMV propagation and cell
viability. For viral inhibition test, A549 cells were pre-treated with serially diluted compound solutions for 2 h before inoculation with rLCMV/ZsG) (MOI= 0.01). At
48 h pi, fluorescence intensities (relative fluorescent units) were measured. For cell viability assay, serially diluted compounds were added to cells, and cell cyto-
toxicity was determined 48 h later. Data were normalized to VC (DMSO)-treated group, which was adjusted to 100%. (M) Summary of 50% cytotoxic concentration
(CC50), 50% inhibitory concentration (EC50), and selectivity index (SI).

Fig. 3. Effect of selected hits on different steps of
LCMV multiplication. (A) Compound effects on
LCMV cell entry. A549 cells were treated with the
indicated compounds (5 μM) starting 2 h prior to or
after infection (MOI= 0.5) with the single cycle in-
fectious rLCMV/ΔGPC/ZsG pseudotyped with GPC.
At 48 h pi, cells were fixed, and infected cells were
identified based on ZsG expression. ZsG expression
was normalized to VC- treated samples. (B)
Compound effects on LCMV minigenome (MG)-de-
rived reporter gene expression. 293T cells were
transfected with plasmids expressing cytomegalo-
virus T7 polymerase promoter (pC-T7), pMG-chlor-
amphenicol acetyl transferase (CAT), pC-NP (NP),
and pC-L polymerase. At 5 h post-transfection, fresh
media containing each selected hit were added, and
cells were incubated for 48 h. CAT expression was
determined by CAT-enzyme-linked immunosorbent
assay (ELISA). Optical density values were normal-
ized to values obtained with VC-treated control cells.
(C) Effects of compounds on Z matrix protein bud-
ding activity. 293T cells were transfected with pC-
LASV-Z-Gaussia luciferase (GLuc) and treated (5 μM)
with selected hits. At 48 h post-treatment, we de-
termined GLuc activity in tissue culture supernatants
(TCS) and whole cell lysates (WCL). Levels of GLuc in
TCS and WCL were used as surrogates of Z expression
levels. Budding efficiency was defined as the ratio
ZVLP/ZVLP+ZWCL. We used mutant Z-G2A-GLuc as
negative control. Budding efficiency results were
normalized to VC (DMSO)-treated group, which was
adjusted to 1.
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expression. All five compounds strongly inhibited rLASV/GFP and
r3Can/GFP multiplication in IFN-deficient Vero E6 cells (Emonet et al.,
2011) (Fig. 6B). AVN-944, BQN, MPA, OLX, and PYF exhibited also a
potent inhibitory effect on production of infectious wild-type LASV
(Fig. 6C) that correlated with inhibition of cell-to-cell propagation of
LASV as illustrated for BQN (Fig. 6D).

3.7. Myeloid cell leukemia (MCL1), the target of OLX, is required for
normal LCMV multiplication

The validated MCL1 inhibitor OLX (Nguyen et al., 2015) had potent
anti-LCMV activity. Consistent with this finding, ML311, another vali-
dated inhibitor of MCL1 (Bannister et al., 2010), also exhibited robust

(caption on next page)
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anti-LCMV activity (Fig. 7A), further supporting the antiviral effect of
MCL1 inhibition. Accordingly, multiplication of rLCMV/ZsG was sig-
nificantly reduced in MCL1 knockout MEF (Fig. 7B). These findings
suggest a potential pro-viral role of MCL1 in the replication cycle of
LCMV.

4. Discussion

The mammarenavirus replication cycle involves a complex network
of protein-protein interactions, including the participation of both viral
and host cell proteins. Thus, a large number of host cell factors parti-
cipate in cell entry of arenavirions (Iwasaki et al., 2014; Jae and
Brummelkamp, 2015; Jae et al., 2014; Oppliger et al., 2016; Panda
et al., 2011) that ultimately results in the release of the vRNP into the
cytoplasm. Similarly, formation of a functional vRNP requires interac-
tions between viral proteins but also between viral and host cell

proteins (Ahlquist et al., 2003; Bortz et al., 2011). Likewise, as with
other bona fide viral budding proteins (Wolff et al., 2013), the mam-
marenavirus Z matrix protein interacts with different components of the
multivesicular body pathway of the infected cell to direct mammar-
enavirus budding.

Direct-acting antivirals (DAAs) that target specific viral gene pro-
ducts and functions are likely to be well tolerated by the infected host,
but commonly, drug resistant variants emerge (Domingo et al., 2006).
Combination therapy has proven effective to reduce and delay the se-
lection of escape mutants. Such combinations do not entirely solve this
problem, as illustrated by the selection of hepatitis C virus-resistant
variants in patients who fail to control the virus during asunaprevir and
daclatasvir treatment (Kai et al., 2017). On the other hand, the emer-
gence of viral variants resistant to host-targeting antivirals (HTAs) is
usually significantly reduced or entirely absent. Intra-host virus evo-
lution is unlikely to result in viral variants able to escape from

Fig. 4. Effect of selected hits on virus propagation, viral RNA synthesis, and production of infectious progeny. (A) A549 cells were infected (MOI= 0.01) with
rLCMV/ZsG-P2A-NP and treated (5 μM) with AVN-944 or BQN. At the indicated h pi, tissue culture supernatants (TCS) were collected, FluoroBrite-DMEM added to
cells and representative images of ZsG expression were obtained using live cell fluorescent microscopy. (B) After image collection, whole cell lysates (WCL) from
rLCMV/ZsG-infected cells were prepared and total cellular RNA isolated. Equal amounts (2 μg) of RNA from each sample were analyzed by semi-quantitative reverse
transcriptase-polymerase chain reaction with specific primers to assess levels of viral RNA synthesis of NP and the housekeeping gene GAPDH. Numbers below the
panel showing RT-PCR products generated using NP-specific primers correspond to densitometry quantification of each band normalized to GAPDH. Virus titers of
rLCMV/ZsG (C) and WT-LCMV (D) in TCS were determined by focus forming assay. Results for virus titers represent means ± standard deviation (SD) of two
independent experiments. Each independent experiment consisted of three replicates. Titers obtained at 0 h pi were in all cases less than the limit of detection. VC
corresponds to vehicle-treated cells. Dotted line indicates the limit of detection (LOD). (E) At the indicated h pi, total cellular RNA was isolated and viral RNA levels
were detected by semi-quantitative RT-PCR using NP-specific primers. Levels of GAPDH mRNA were determined by semi-quantitative RT-PCR using GAPDH-specific
primers. Each number indicates the band density normalized to GAPDH. Numbers below the panel showing RT-PCR products generated using NP-specific primers
correspond to densitometry quantification of each band normalized to GAPDH.

Fig. 5. Interferon-stimulated genes do not contribute to the antiviral activity of selected representative hits. (A) Vero (interferon type 1 (IFN-I)-deficient) and A549
(IFN-I-competent) cells were infected with rLCMV/ZsG at MOI of 0.01 (A549 cells) or 0.001 (Vero cells) in the presence of BQN, PYF, azauridine, azaribine (5 μM), or
VC. At 48 h pi, cells were fixed with 4% PFA, and infected cells were identified based on ZsG expression. Nuclei were stained with 4′,6-diamidino-2-phenylindole.
Vero cells were treated with 500 IU/ml of IFN-I for 16 h and then infected with LCMV (MOI= 0.01) (B) or VSIV (MOI=0.1) (C). At the indicated h pi, tissue culture
supernatants were collected, and titers of infectious virus were determined. IFN-I was maintained throughout the infection. Statistical significance was calculated by
multiple t-test. *p < 0.05 as indicated among the groups.
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inhibitors that disrupt cellular functions required for the completion of
steps of the virus live cycle. In this regard, drug repurposing screens
have become instrumental in identifying known drugs that exhibit the
previously unknown ability of disrupting virus-host cell protein inter-
actions required throughout the virus replication cycle.

Several distinct classes of compounds inhibit mammarenavirus
glycoprotein precursor (GPC)-mediated membrane fusion by binding to
a common site on GPC and stabilizing the pre-fusion GPC complex
(Bolken et al., 2006; Larson et al., 2008; Lee et al., 2008; Rathbun et al.,
2015; York et al., 2008). In contrast, the top-ranked hits with anti-
LCMV activity that we identified within the ReFRAME library had
minimal effects on virion cell entry, but rather they exerted their anti-
LCMV activity by interfering with the activity of the vRNP. Notably,
several of these hits had, under our experimental conditions, lower EC50

values than that determined for favipiravir, a broad-spectrum antiviral
that protects against disease in domesticated guinea pigs (Cavia por-
cellus) infected with JUNV (Gowen et al., 2013) or LASV (Safronetz
et al., 2015).

Seven of the ten top hits we identified in our screen of compounds
with anti-LCMV activity target the host cell machinery of nucleotide
synthesis. MPA, AVN-944, and mycophenolate mofetil are IMPDH in-
hibitors that block de novo biosynthesis of purine nucleotides (Floryk
and Thompson, 2008; Ishitsuka et al., 2005; Nakanishi et al., 2010;
Sintchak et al., 1996). BQN is a known inhibitor of DHODH (Sykes
et al., 2016), whereas PYF, azauridine, and azaribine inhibit the activity
of UMPS (Meza-Avina et al., 2010). Both DHODH and UMPS are key
enzymes on the cellular pathway of de novo pyrimidine synthesis (Meza-
Avina et al., 2010; Sykes et al., 2016). Notably, DHODH and IMPDH
inhibitors also have antiviral activity against LASV and JUNV. Related
viruses are likely to rely on the same host machinery, suggesting that
inhibitors of these enzymes could be developed into broad-spectrum
anti-mammarenavirus therapeutics. Previous studies have documented
the antiviral activity of MPA (Madrid et al., 2013) and azauridine
(Welch et al., 2016) against LASV. Likewise, the anti-LASV activity of
the kinase inhibitor OSU-03012 we identified in the ReFRAME library
had been previously documented in a screen of inhibitors of cellular
kinases for compounds with broad-spectrum antiviral activity against
certain hemorrhagic fever-causing viruses (Mohr et al., 2015). These

findings further validate the ReFRAME library as a valuable drug re-
purposing library.

Inhibition of pyrimidine biosynthesis has been proposed to suppress
viral growth by enhancing the type I interferon (IFN-I)-mediated innate
immunity responses in infected cells (Lucas-Hourani et al., 2013).
However, we observed that pyrimidine biosynthesis inhibitors BQN,
PYF, azauridine, and azaribine exerted similar anti-LCMV activity in
both IFN-I-deficient (Vero E6) and IFN-I-competent (A549) cells
(Fig. 5), suggesting IFN-I-independent anti-LCMV activity. Previously,
pyrimidine biosynthesis inhibition by a tetrahydrobenzothiazole com-
pound with broad spectrum antiviral activity was associated with in-
duction of an IFN-I-independent antiviral state as determined by ex-
pression of a variety of IFN-stimulated genes (ISGs) (Chung et al.,
2016). Moreover, compound SW835, a racemic version of a DHODH
inhibitor (GSK983) that has broad spectrum antiviral activity, inhibited
replication of Ebola virus, VSIV, and Zika virus in cultured cells. This
inhibition was associated with induced expression of ISGs that occurred
in the absence of IFN-I production but required interferon regulatory
transcription factor, IRF1, and the DNA damage response serine/
threonine kinase ATM (Luthra et al., 2018).

These findings raise the possibility that the anti-LCMV activity of
DHODH inhibitors we observed in Vero E6 cells was mediated by an
IFN-I independent induction of ISGs. However, treatment of Vero E6
cells with exogenous IFN-I resulted in a strong inhibition of VSIV
multiplication, whereas LCMV multiplication was minimally affected.
This finding is consistent with the known resistance of LCMV, LASV,
and JUNV to the IFN-I induced cell antiviral state. Despite the potent
antiviral activity of pyrimidine biosynthesis inhibitors in cell-based
infection assays, the development of these inhibitors as antiviral drugs
may be prevented by high blood uridine concentrations that facilitate a
salvage pathway for synthesis of pyrimidine nucleotides (Wang et al.,
2011). However, it should be noted that the DHODH inhibitor teri-
flunomide is efficient in the treatment of multiple sclerosis (MS) pa-
tients (Aly et al., 2017). The proposed primary mechanism of action of
teriflunomide against MS is via its effects on proliferation of activated
lymphocytes with a high pyrimidine demand that cannot be met
through the salvage pathway (Bar-Or, 2014). It is plausible that rapidly
multiplying viruses, like LASV, have pyrimidine requirements that are

Fig. 6. Inhibitory effect of selected compounds on Lassa virus (LASV) and Junín virus (JUNV) multiplication. (A) A549 cells were infected (MOI= 0.1) with
recombinant LASV expressing green fluorescent protein (rLASV/GFP) in the presence of the indicated compounds and concentrations and controls, including
ribavirin (positive control), dimethyl sulfoxide (vehicle control), and mock infection. At 48 h pi, cells were fixed (4% paraformaldehyde), and Hoechst 33342 dye was
used to stain cell nuclei. Green fluorescent protein (GFP) expression was detected using the Operetta High-Content Imaging. (B) Vero cells were infected (MOI=0.1)
with rLASV/GFP or tri-segmented form of the live attenuated vaccine strain Candid#1 of JUNV expressing green fluorescent protein (r3Can/GFP) in the presence of
indicated compounds (5 μM). At 48 (rLASV/GFP) or 96 (r3Can/GFP) h pi, cells were fixed and stained with either Hoechst 33342 dye (rLASV/GFP-infected cells) or
DAPI (r3Can/GFP-infected cells). Virus multiplication was assessed based on GFP expression. (C) A549 cells were infected (MOI=0.1) with LASV in the presence of
increasing concentrations of the indicated compounds. At 48 h pi, tissue culture supernatants were collected and virus titers were determined by plaque assay. The
dotted line indicates the limit of detection (LOD). (D) A549 cells were infected with LASV (MOI=0.1) and treated with the indicated concentrations of BQN. At 48 h
pi, expression infected cells were identified by immunofluorescence using a mouse monoclonal antibody to LASV NP, followed by a secondary anti-mouse Alexa Fluor
594-conjugated antibody.

Fig. 7. MCL1 is required for optimal levels of
LCMV multiplication. (A) Determination of EC50

and CC50 of the MCL1 inhibitor ML311. To de-
termine the ML311 EC50, A549 cells were
treated with serial dilutions of ML311 starting
2 h prior infection (MOI= 0.01) with rLCMV/
ZsG. At 48 h pi, ZsG expression was measured.
To determine the ML311 CC50, cells were
treated with serial dilutions of the compound,
and 48 h later cell viability was determined
using the CellTiter 96 AQueous One Solution
reagent. Data were normalized to VC-treated
control group that was adjusted to 100%. (B).
MCL1 knock-out mouse embryonic fibroblasts

(MEF/MCL1-KO) and MEF/MCL1-KO reconstituted with a lentivirus expressing MCL1 (MEF/MCL1) were infected with rLCMV/ZsG (MOI= 0.01). At 48 h pi, virus
multiplication was assessed based on ZsG expression.
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not efficiently provided by the salvage pathway, which could result in
reduced viral load that could provide the infected host with a window
of opportunity to mount an effective immune response to control and
eliminate the infection.

MCL1, an antiapoptotic member of the BCL2 protein family and key
regulator of mitochondrial homeostasis, plays a pivotal role in cell
survival and homeostasis by counteracting the activity of pro-apoptotic
members of the BCL2 family. Upregulation of MCL1 occurs in various
types of human cancer (Xiang et al., 2018), and downregulation of
MCL1 increases the sensitivity of tumor cells to various anticancer
drugs (Lestini et al., 2009; Osaki et al., 2016). The BCL2 homology
domain 3 (BH3) mimetic, OLX, antagonizes MCL1 and inhibits all anti-
apoptotic proteins of the BCL2 family (Nguyen et al., 2007).

The mechanisms by which OLX interferes with mammarenavirus
multiplication remain to be elucidated. OLX induces defective autop-
hagy and mitochondrial stress (Sulkshane and Teni, 2017), which could
result in a cellular environment that restricts mammarenavirus multi-
plication. In addition, OLX inhibits cell entry of influenza A virus
(Denisova et al., 2012) and several alpha-and flaviviruses (Varghese
et al., 2017) by inhibiting endosomal acidification that prevents pH-
dependent fusion required for entry of particles of these viruses. In-
triguingly, cell entry of mammarenaviruses, including LCMV and LASV,
also requires an acidic environment of late endosomes for pH-depen-
dent fusion between viral and cell membranes (Eschli et al., 2006; Kunz
et al., 2002). However, we found that addition of OLX at 2 h pi, a time
at which LCMV cell entry processed has been completed (Rojek et al.,
2008), resulted in inhibition of LCMV replication and gene expression,
suggesting that mammarenavirion cell entry is not targeted by OLX.
Interestingly, the susceptibility of chronic lymphocytic leukemia (CLL)
cells to the oncolytic activity of VSIV was enhanced by treatment with
OLX (Samuel et al., 2010), despite the same acidic requirement of VSIV
for cell entry (Regan and Whittaker, 2013).

Our screen also identified antimycin A as a compound with anti-
LCMV activity. Antimycin A targets the mitochondrial respiratory
complex III (Labs et al., 2016), leading to increased generation of re-
active oxygen species (ROS) and ATP synthase inhibition
(Georgakopoulos et al., 2017). This impairment of cellular mitochon-
drial respiration can promote induction of antiviral innate immune
responses affecting virus multiplication (Kim et al., 2013) and lead to
suppression of de novo pyrimidine biosynthesis with antiviral manifes-
tations (Raveh et al., 2013).

5. Conclusion

Screening of the ReFRAME library for inhibitors of LCMV multi-
plication identified ten compounds with potent dose-dependent anti-
LCMV activity. Seven of the hits targeted enzymes involved in purine
(IMPDH) and pyrimidine (DHODH and UMPS) nucleotides biosynth-
esis. In addition, inhibitors of the pro-viral MCL1 protein and the mi-
tochondrial respiratory complex III exhibited also strong anti-LCMV
activity. Inhibitors of IMPDH, DHODH, UMPS, and MCL1 also had
strong inhibitory activity against JUNV and LASV.
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