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Novel Arenavirus Entry Inhibitors Discovered by Using a Minigenome
Rescue System for High-Throughput Drug Screening

Jessica Y. Rathbun,a Magali E. Droniou,a* Robert Damoiseaux,b Kevin G. Haworth,a* Jill E. Henley,a Colin M. Exline,a Hyeryun Choe,c

Paula M. Cannona

Department of Molecular Microbiology and Immunology, Keck School of Medicine, University of Southern California, Los Angeles, California, USAa; California
NanoSystems Institute, University of California, Los Angeles, Los Angeles, California, USAb; Department of Infectious Diseases, The Scripps Research Institute, Jupiter,
Florida, USAc

ABSTRACT

Certain members of the Arenaviridae family are category A agents capable of causing severe hemorrhagic fevers in humans. Spe-
cific antiviral treatments do not exist, and the only commonly used drug, ribavirin, has limited efficacy and can cause severe side
effects. The discovery and development of new antivirals are inhibited by the biohazardous nature of the viruses, making them a
relatively poorly understood group of human pathogens. We therefore adapted a reverse-genetics minigenome (MG) rescue sys-
tem based on Junin virus, the causative agent of Argentine hemorrhagic fever, for high-throughput screening (HTS). The MG
rescue system recapitulates all stages of the virus life cycle and enables screening of small-molecule libraries under biosafety con-
tainment level 2 (BSL2) conditions. The HTS resulted in the identification of four candidate compounds with potent activity
against a broad panel of arenaviruses, three of which were completely novel. The target for all 4 compounds was the stage of viral
entry, which positions the compounds as potentially important leads for future development.

IMPORTANCE

The arenavirus family includes several members that are highly pathogenic, causing acute viral hemorrhagic fevers with high
mortality rates. No specific effective treatments exist, and although a vaccine is available for Junin virus, the causative agent of
Argentine hemorrhagic fever, it is licensed for use only in areas where Argentine hemorrhagic fever is endemic. For these rea-
sons, it is important to identify specific compounds that could be developed as antivirals against these deadly viruses.

The Arenaviridae are enveloped, negative-strand RNA viruses
(1). The mammalian arenaviruses are separated serologically

and geographically into Old World (OW) and New World (NW)
complexes, with the NW complex being further subdivided into
clades A, B, A/B (recombinant), and C. The OW viruses Lassa
virus (LASV) and Lujo virus and several members of the NW clade
B group are capable of causing severe hemorrhagic fevers in hu-
mans, with fatality rates ranging from 15 to 80% (1–6). Accord-
ingly, these viruses are considered category A agents, posing the
highest threat to public health and biosecurity.

Junin virus (JUNV) is a NW clade B virus that is endemic in
Argentina, where it causes Argentine hemorrhagic fever (AHF).
An attenuated vaccine strain of JUNV, called Candid#1 (Cd1), has
proven to be 95% effective but is licensed for use only in Argentina
(7). There are currently no FDA-approved treatments for AHF.
Although the nonspecific antiviral drug ribavirin has been used
off-label to treat these infections, it has demonstrated limited ef-
ficacy and severe side effects, such as anemia and teratogenesis (8,
9). New, more specific drugs are therefore needed to combat
JUNV and other pathogenic members of this family.

Studies of the most hazardous arenaviruses require laboratory
facilities at biosafety containment level 4 (BSL4), which imposes
many limitations for basic and translational studies (10). To ad-
dress this issue, surrogate genetic systems have been created,
which recapitulate certain aspects of the viral life cycle but can be
used under more standard BSL2 laboratory conditions. These sys-
tems include glycoprotein (GP)-pseudotyped retroviral vectors
(11, 12) and minigenome (MG) replicons (13, 14). The arenavi-
ruses have two genomic strands, S and L, and use an ambisense
coding strategy to express four viral proteins: GP precursor

(GPC), nucleoprotein (NP), RNA-dependent RNA polymerase
(L), and matrix protein (Z) (15). GPC is further processed to its
subunit proteins GP1 and GP2 and a stable signal peptide (SSP),
which form the mature GP spike on the surface of the virion (1).
GP-pseudotyped retroviral vectors express the mature GP com-
plex on the surface of the vector particles and thereby mimic the
arenavirus entry process. In contrast, MG replicon reverse-genet-
ics systems use exogenous elements such as T7 RNA polymerase to
generate an RNA genome that mimics the natural viral genome.
When the viral L and NP proteins are provided in trans, the MG is
transcribed and replicated, allowing the expression of any reporter
genes carried by the MG. Coexpression of all 4 viral proteins with
the MG RNA species will also produce virus-like particles that are
capable of budding from the cell and infecting a new cell.

MG systems have provided powerful tools to investigate the
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biology and pathogenesis of many hazardous viruses (14, 16–18).
They are also highly amenable to drug discovery applications us-
ing high-throughput screening (HTS) (19, 20). In the present
study, we used an MG system based on elements of JUNV and Cd1
to interrogate all stages of the arenavirus life cycle (13). This sys-
tem was used to screen libraries of synthetic and repurposed small
molecules, ultimately resulting in the discovery of four com-
pounds that were highly effective against both JUNV and other
members of the arenavirus family. It was determined that all four
compounds targeted the entry step of the arenavirus life cycle.

MATERIALS AND METHODS
Cell lines and viruses. HEK293T/17 (293T), BHK-21, NIH 3T3, K562,
and Vero E6 cells were obtained from the American Type Culture Collec-
tion (ATCC) (Manassas, VA); 293A cells were obtained from Qbio-
gene/MP Biomedicals (Irvine, CA). 293T, BHK-21, NIH 3T3, Vero E6,
and 293A cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Cellgro, Manassas, VA) supplemented with 10% fetal bovine
serum (FBS) (Denville, Metuchen, NJ), and K562 cells were maintained in
RPMI 1640 (Cellgro) supplemented with 10% FBS and 1% penicillin-
streptomycin (JR Scientific, Woodland, CA).

Virus stocks of lymphocytic choriomeningitis virus Armstrong clone 4
(LCMV-4) (21) and Candid#1 were kindly provided by M. Buchmeier
(University of California, Irvine) and amplified on BHK-21 (22) and Vero
E6 cells, respectively.

Minigenome system. The previously described JUNV/Cd1 MG sys-
tem (13) contains a reporter genome derived from the S RNA strand of
Cd1, where the GP and NP genes have been replaced with enhanced green
fluorescent protein (eGFP) and Gaussia luciferase (GLuc), respectively.
T7 polymerase promoter and terminator elements and a hepatitis delta
virus (HDV) ribozyme flank the MG cassette, allowing the production of
an analog of the native Cd1 S strand genome. To generate arenavirus
particles, the MG plasmid was cotransfected into 293T cells by calcium
phosphate transfection, together with expression plasmids for the Cd1
proteins NP, L, and Z; JUNV GPC; and T7 RNA polymerase, as described
previously (13), at a ratio of 1.25:1:1.5:0.1:1.04:1.25, respectively. For 96-
well-scale experiments, 293T cells were first transfected in 10-cm dishes by
using 20 �g total plasmid DNA; the growth medium was replaced after 16
h; and, following a further 8-h incubation, the cells were then harvested
and plated into 96-well plates at a density of 2 � 104 cells per well. Anti-
arenavirus inhibitors, including ribavirin (Sigma-Aldrich, St. Louis, MO),
2-hydroxymyristic acid (OHM) (Santa Cruz Biotechnology, Dallas, TX),
or an antibody against human transferrin receptor 1 (hTfR1) (BD Biosci-
ences, San Jose, CA), or a dimethyl sulfoxide (DMSO) control was added
at the plating stage. GLuc reporter gene expression was evaluated 96 h
after transfection by measuring luciferase activity in culture supernatants
using the Biolux Gaussia luciferase assay kit (New England BioLabs, Ips-
wich, MA), according to the manufacturer’s protocol, with samples being
read on a Mithras LB 940 multimode microplate reader (Berthold Technol-
ogies, Bad Wildbad, Germany). The Z= factor was calculated by using the
following formula: Z=� 1 � [(3�c� � 3�c�)/|�c� � �c�|], where � is the
standard deviation, � is the mean, c� is the positive control, and c� is the
negative control (23).

Compound libraries and HTS. The chemical libraries to be screened
were curated by the Molecular Screening Shared Resource (MSSR) of
UCLA (http://www.mssr.ucla.edu/lib.html), with components selected to
be lead-like, and filtered against predicted problematic properties. Among
the 87,321 compounds screened were novel sets as well as FDA-approved
and clinically tested compounds. All stages of the HTS were performed at
the MSSR.

The MG system was adapted for a 384-well format, suitable for HTS. A
total of 30 �g of DNA was prepared for transfection by using the calcium
phosphate method and added to 12.6 � 106 293T cells in suspension,
which were then plated into 14.5-cm dishes. Sixteen hours later, the cells
were washed with phosphate-buffered saline (PBS), and the medium was

replaced. After a further 8 h, cells were harvested, and 3,500 cells in 30 �l
of medium were added to previously prepared compound-containing
white 384-well plates (Thermo Scientific, Glen Burnie, MD). The plates
contained 20 �l of growth medium and 0.5 �l of library compounds per
well, with transfer of the compounds from stock compound plates being
performed by using a Biomek FX pin tool in a Sagian Core System I
(Beckman Coulter, Brea, CA). Plates were then transferred to a Cytomat
6001 incubator (Thermo Scientific) by using an Orca robotic arm (Beck-
man Coulter). The final concentration of inhibitors was 10 �M in 1%
DMSO. The positive control was ribavirin at a concentration of 100 �M,
and the negative control was 1% DMSO.

The plates were incubated at 37°C in 5% CO2 for 72 h and then assayed
for luminescence by the addition of 10 �l per well of a prepared Biolux
Gaussia Luciferase Flex assay substrate (New England BioLabs), followed
by incubation for 3 min 30 s. Luminescence from each well was measured
with a 0.1-s integration time on a Victor 3V plate reader (PerkinElmer,
Waltham, MA). Each compound was screened in duplicate for the pri-
mary screen and in triplicate for subsequent assays.

Secondary screening was performed by making customized stock
compound plates based on the hits from the primary screen. These com-
pounds were screened in triplicate by using the same methodology as the
one used for the primary screen. As a counterscreen, an off-target assay
was used to recapitulate the nonviral elements of the MG assay by direct-
ing the expression of GLuc mRNA by T7 polymerase. The T7-GLuc plas-
mid contained an internal ribosomal entry site (IRES) sequence and a
GLuc cassette downstream of a T7 promoter in plasmid pBluescript SK�
(Agilent Technologies, Santa Clara, CA). T7-GLuc was transfected into
cells (30 �g) by using the calcium phosphate method, with subsequent
processing steps as described above for the primary screen. The cutoff for
the secondary assay was �75% inhibition in the MG assay, with no inhi-
bition in the off-target assay, for all three replicates.

Compounds passing the secondary screen were further interrogated
by determining the 50% inhibitory concentration (IC50) and 50% cyto-
toxic concentration (CC50) doses for each compound by making stock
plates of serially diluted (1:2) inhibitors using Precision 2000 equipment
(BioTek, Winooski, VT). The doses ranged from 100 �M to 0.19 nM. By
using the same procedure as the one used for the primary screen, com-
pound doses were used to test inhibition and cell viability in the MG
system with compounds, each in triplicate. Cell viability was determined
by using the Cell TiterGlo assay (Promega, Madison, WI), according to
the manufacturer’s protocol, with luminescence being detected as de-
scribed above.

All data were analyzed in Excel (Microsoft, Redmond, WA), by deter-
mining the percent inhibition of each compound, compared to DMSO
treatment, as well as by evaluating the z score (number of standard devi-
ations from the mean). Cutoff values for the z score were ��3. IC50 and
CC50 values were determined by nonlinear regression curve-fitting anal-
ysis using a four-parameter variable slope in Prism 5 (GraphPad, La Jolla,
CA). Values for the selectivity index were determined by dividing the CC50

by the IC50.
Compound handling and resuspension. Ribavirin, OHM, and trans-

Ned 19 (Ned19) (Santa Cruz Biotechnology) were resuspended in DMSO
(Sigma-Aldrich) to make a 100 mM stock and stored at �20°C or 4°C.
Compounds purchased for postscreening tests were compound 1 {(6-
cyclopropyl-1-isopropyl-1H-pyrazolo[3,4-b]pyridin-4-yl)(4-((2,3-
dihydro-1H-inden-5-yl)sulfonyl)piperazin-1-yl)methanone)
(Z52089667)}, purchased from Enamine (Monmouth Junction, NJ);
compound 2 [2-(ethylsulfanyl)ethyl 4-(2H-1,3-benzodioxol-5-yl)-2-
methyl-5-oxo-7-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-carboxylate
(STK363677)], purchased from Vitas-M Laboratory (Apeldoorn, Nether-
lands); compound 3 [1-(4-fluorophenyl)-1,2-butanedione 2-oxime)
(5348017)], purchased from ChemBridge Corporation (San Diego, CA);
and tetrandrine, purchased from Santa Cruz Biotechnology. These four
compounds were resuspended in DMSO to make a 10 mM stock and
stored at 4°C.
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Compound IUPAC names were determined by accessing the Chemi-
calize website (ChemAxon, Budapest, Hungary [http://www.chemicalize
.org/]). Structure images were produced in ChemBioDraw Ultra
(PerkinElmer). Structural similarity between compounds was evaluated
by using the Tanimoto coefficient, which compares the 512-bit chemical
fingerprints of two structures. This comparison was done by using the
Collaborative Drug Discovery website (Collaborative Drug Discovery,
Burlingame, CA).

Virus infectivity focus-forming assay. Vero E6 cells were seeded into
poly-L- or poly-D-lysine coated, black, clear-bottom, 96-well plates (BD
Biosciences) at 7 � 103 cells per well, 24 h before virus infection. Cells
were incubated for 1 h with compound-containing medium, with 0.2%
DMSO (final volume). Compound-containing medium was removed,
and 50 to 100 �l of the LCMV (	1.1 � 103 to 2.2 � 103 focus-forming
units [FFU] per well) or 100 �l of the Candid#1 (	1 � 103 FFU per well)
virus stock was added to cells for 1.5 h. Virus was removed, compound-
containing medium was added to cells, and cells were further incubated
for 48 h until they were assayed. In the case of tetrandrine, the compound
was present throughout the experiment. Infected cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100 (Sigma-Al-
drich), and then blocked in 1% bovine serum albumin (BSA). Mouse
immune ascites fluid against LCMV (ATCC VR-1271AF) or JUNV
(ATCC VR-1270AF) was used at a 1:500 dilution in 1% BSA and added to
cells, followed by a donkey anti-mouse secondary antibody conjugated
with Alexa Fluor 488 (Life Technologies, Carlsbad, CA) at a dilution of
1:400. Cells were counterstained with 4=,6-diamidino-2-phenylindole
(DAPI) (Life Technologies). Plates were read by using a BD Pathway
high-content imager (Becton Dickinson, Franklin Lakes, NJ) to detect
Alexa Fluor 488 and DAPI stains. Nuclei and virus foci were counted using
the Fiji Software 3D objects counter (http://fiji.sc/Fiji) (24). Titers in fo-
cus-forming units per ml were calculated by extrapolating the number of
foci detected during imaging to the whole well surface area and multiply-
ing by the virus stock dilution factor. Statistical analysis was performed by
using one-way analysis of variance (ANOVA) followed by Dunnett’s mul-
tiple-comparison test in Prism 5 (GraphPad).

Pseudotyped retroviral and lentiviral vector production and trans-
duction. Pseudotyped retroviral and lentiviral vectors displaying viral fu-
sion proteins were produced by calcium phosphate transfection of 293T
cells, as described previously (11, 12). Retroviral vectors contained the
vector genome pMND-eGFP (25), which transfers the eGFP gene to target
cells. For lentiviral vectors, the genome was FUGW (a gift from D. Balti-
more, California Institute of Technology), which also transfers the eGFP
gene (26). Vector stocks were used as unconcentrated culture superna-
tants.

Expression plasmids for the GPCs of the following arenaviruses were
previously described: JUNV (XJ; Parodi strain), Cd1, Machupo virus
(MACV) (Carvallo strain), Tacaribe virus (TCRV) (TRVL 11598 strain),
LCMV (Armstrong 53b and 13 variants), LASV (Josiah strain), Guanarito
virus (GTOV) (INH-95551 strain), Amapari virus (AMAV) (BeAn 70563
strain), and Whitewater Arroyo virus (WWAV) (strain AV 9310135) (11–
13, 27–29). JUNV GPC derivatives were the F427I mutant and chimeric
proteins C1X2 and X1C2 (13). Expression plasmids for the GPCs from Big
Brushy Tank virus (BBTV), Skinner Tank virus (SKTV), Pichinde virus
(PICV) (PICV-18, a guinea pig-adapted strain), and Oliveros virus
(OLVV) were used (30–32). Latino virus (LATV) GPC (GenBank acces-
sion no. YP_001936021) was synthesized by GenScript (Piscataway, NJ),
and Flexal virus (FLEV) (accession no. AAN_09937.1) GPC was synthe-
sized by Bio Basic Inc. (Amherst, NY) and then cloned into pCAGGS.
Mutant JUNV GPCs (K33H, N37A, T418N, L420T, A435I, and F438I)
were made by splice overlap PCR using wild-type JUNV GPC as a tem-
plate. Previously described expression plasmids for other viral fusion pro-
teins were pHIT123 and pHIT456 for ecotropic and amphotropic murine
leukemia virus (MLV) Env proteins, respectively (33); pHCMV-G for
vesicular stomatitis virus G (VSV-G) (34); pEboGP for full-length Ebola
virus (Zaire strain) GP-8A (35); pCMVHA for influenza virus hemagglu-

tinin (HA) (subtype H7) (36); and Hendra and Nipah virus F and G,
which were kindly provided by B. Lee (Icahn School of Medicine at Mount
Sinai) (37, 38). HA-pseudotyped vectors were prepared as stated above,
with the addition of 0.025 U/ml Vibrio cholerae neuraminidase (Sigma-
Aldrich) to cell supernatants at the time of medium change. All pseu-
dotyped vectors were made as lentiviral vector stocks, except for WWAV,
BBTV, SKTV, LATV, LCMV53b, Ebola virus, amphotropic and ecotropic
MLVs, influenza virus, and Hendra virus, which were retroviral vectors.
Vector titers were determined by incubation of serially diluted vector
stocks with target cells for 48 to 72 h. For compound studies, 0.2% DMSO
or specific compounds were incubated on target cells 1 to 5 h prior to
transduction, and the compound and vectors were then placed onto cells
and left for 48 to 72 h until analysis. Cellular GFP expression was deter-
mined by using a Canto II (BD Biosciences) or Guava easyCyte 6-2L
(EMD Millipore, Billerica, MA) flow cytometer. The percentage of GFP-
positive cells was determined by using FlowJo analysis software (TreeStar
Software, Ashland, OR). The titer of vector stocks was expressed as trans-
ducing units (TU) per milliliter. Statistical analysis was performed by
using one-way ANOVA followed by Dunnett’s multiple-comparison test
in Prism 5 (GraphPad).

Cell-cell fusion assay. 293T cells were transfected with GPC expres-
sion plasmids by using the calcium phosphate method. At 24 h posttrans-
fection, cells were seeded into 6-well plates and allowed to recover for 16 h.
Cells were then treated with compound- or DMSO-containing medium
for 1 h and pulsed for 20 min with 25 mM 2-(N-morpholino)ethanesul-
fonic acid (MES) buffer (Sigma-Aldrich) containing compounds or 0.2%
DMSO, at pH 4.00 or 7.00. After the pH pulse, cells were washed, and
compound- or DMSO-containing medium was added for 7 h. Cells were
fixed in 1% methylene blue (Sigma-Aldrich) in methanol for 15 min,
washed, and air dried. Wells were visually scored for cell-cell fusion, using
a scale of no visible fusion (�) to maximal fusion (����). Images of
stained cells were acquired on an IX71 microscope (Olympus, Center
Valley, PA), using a 20� objective with a Digital Sight DS-Fi1 camera
(Nikon, Melville, NY).

MACV GP1 immunoadhesin binding assay. MACV GP1 immuno-
adhesin (IM) supernatants were prepared as described previously (27). A
total of 5 � 105 K562 cells were incubated in a 0.5% BSA blocking solution
with compounds or 0.2% DMSO for 20 min on ice and then incubated
with 30 �l of 100�-concentrated IM with compounds or DMSO for 30
min on ice. The cells were then stained with a donkey anti-rabbit antibody
conjugated with Alexa Fluor 488 (Life Technologies) and fixed with 4%
paraformaldehyde in PBS. Binding was determined by detecting Alexa
Fluor 488 on cells by flow cytometry, as described above.

Compound-virus interaction studies. JUNV GP-pseudotyped lenti-
viral vectors were produced and concentrated 100� by ultracentrifuga-
tion through a 20% sucrose cushion for 2 h at 25,000 rpm on an SW28 or
SW41 rotor (Beckman Coulter). A total of 1 � 107 TU of pseudotyped
vectors was incubated with compounds at 2 �M (compounds 1 and 2) or
3 �M (compound 3), 1 h prior to transduction. The vector-compound
mix was then diluted with growth medium to final compound concentra-
tions of 0.05 �M (compounds 1 and 2) and 0.07 �M (compound 3) and
added to 4 � 105 to 6 � 105 293A cells. Alternatively, 4 � 105 to 6 � 105

293A cells were incubated for 1 h prior to transduction with compounds
at concentrations of 0.05 �M (compounds 1 and 2) and 0.07 �M (com-
pound 3), which represent noninhibitory doses, or 2 �M (compounds 1
and 2) and 3 �M (compound 3), which represent inhibitory doses. The
cells were maintained in compound-containing medium at these doses
while being transduced with 1 � 107 TU of JUNV GP-pseudotyped vec-
tors. Cells were analyzed for eGFP expression by flow cytometry at 48 to 72
h postransduction, as described above.

RESULTS
A high-throughput screen interrogating all stages of the JUNV/
Cd1 life cycle identifies four inhibitors. We previously described
a JUNV/Cd1-based reverse-genetics system comprising a MG re-
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porter construct expressing eGFP and Gaussia luciferase (GLuc)
(Fig. 1A) (13). Following transcription by T7 RNA polymerase
and processing by a ribozyme, the MG so generated can be recog-
nized by viral proteins provided in trans. This results in replication
and transcription of the MG by the NP and L proteins and pack-
aging into virus-like particles formed by the action of the Z pro-
tein. If GPC is also present, the particles can infect new cells, in-
cluding those transfected by NP and L, leading to amplification of
the MG reporter gene signals. In this way, the MG rescue system
recapitulates all stages of the JUNV/Cd1 life cycle, including RNA
replication and transcription, viral particle assembly and release,
and GP-mediated cell entry (Fig. 1B). Since GLuc is secreted into
the culture supernatants, it also provides a quantitative readout of
the efficiency of MG rescue that is amenable to HTS.

We confirmed the expected properties of the MG system by
demonstrating dose-dependent sensitivity to the following arena-
virus inhibitors: ribavirin, which blocks viral RNA synthesis (39–
41); 2-hydroxymyristic acid (OHM), which inhibits arenavirus
budding (42, 43); and an antibody against human transferrin re-
ceptor 1, to prevent interaction with the primary JUNV receptor
(44) (Fig. 1C). The Z= factor value (23), a measure of the robust-
ness of the assay, varied between 0.3 and 0.8 for these compounds
at a 96-well scale.

For HTS, we scaled the assay to 384-well plates. In pilot MG
rescue experiments in a 384-well-plate format using 100 �M riba-
virin, the Z= factor value of the assay was reduced to 0.2, with

greater variability well to well and a decreased signal output per
well compared to that observed at the 96-well scale. To compen-
sate for the lower score and increase the reliability of the results,
HTS was performed in duplicate. The HTS that we performed is
summarized in Fig. 1D. A well-balanced library of 87,321 com-
pounds was curated by combining novel drug-like and FDA-ap-
proved small-molecule libraries. Compounds inhibiting the MG
signal by at least 50% in both replicates, and having a z score
(number of standard deviations below the mean for the samples in
a plate) at or below �3 in at least one replicate, were considered
hits. Using these criteria, 589 compounds, 0.67% of the com-
pounds tested, were classified as hits.

All 589 compounds identified in the primary screen were then
subjected to more rigorous secondary screening to confirm activ-
ity and rule out compounds that nonspecifically inhibited GLuc
expression. This was achieved by counterscreening against a T7-
GLuc expression plasmid. A successful compound in these sec-
ondary screens was defined as a compound that decreased the
GLuc activity at least 75% in all three replicates of the MG assay
but that did not inhibit the control T7-GLuc plasmid. These sec-
ondary screens resulted in a further reduction of hits to 120 total
compounds.

Of the 120 compounds deemed successful from the secondary
screen, 117 were available for purchase and further tested to de-
termine both the 50% inhibitory concentration (IC50) and 50%
cytotoxic concentration (CC50). The ratio of the IC50 to the CC50

FIG 1 HTS based on the JUNV/Cd1 MG rescue system. (A) Derivation of the reporter MG from the Cd1 genomic S strand. Black segments represent viral
noncoding regions, and flanking open segments represent T7 polymerase promoter/terminator and HDV ribozyme sequences. GP and NP genes were replaced
by eGFP and GLuc reporter genes, respectively. (B) Schematic of the MG rescue system. 293T cells are transfected with the indicated plasmids, resulting in
virus-like particles being released from the initial producer cells. The virions can infect neighboring cells, including other producer cells, where replication and
transcription of the reporter genes results in reporter protein expression. GLuc is secreted and can be detected in the culture supernatant. (C) Response of the MG
rescue assay to arenavirus inhibitors, including ribavirin (to a maximum dose of 100 �M), OHM (to a maximum dose of 50 �M), and anti-human transferrin
receptor 1 antibody (to a maximum dose of 50 nM). The Z= factor value of the assay for each inhibitor at the maximum dose used is indicated. (D) Schematic of
HTS. Primary hits were subjected to secondary and off-target screens, and 117 of the 120 secondary hits were evaluated in more detail for potency, toxicity, and
medicinal chemistry properties, resulting in 4 candidates.
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was used to determine a selectivity index (SI) score. Analysis of the
SI (
5) and predicted medicinal chemistry properties narrowed
the list of compounds to 4 drug-like and selective candidates for
further investigation (Fig. 2). These candidates comprised three

novel compounds (designated compounds 1 to 3) with SIs of 
5
and tetrandrine (Fig. 2E), a bisbenzylisoquinoline alkaloid de-
rived from the root of Stephania tetrandra, a Chinese herb (45),
that was recently reported to have activity against Ebola virus (46).

FIG 2 (A to D) IC50 and CC50 plots. Dose-response curves for each compound show MG rescue activity (GLuc activity in supernatants) (plotted on the left y axis
with black circles and lines) and cell viability (luminescence in cell lysates) (plotted on the right y axis with gray circles and lines). IC50 and CC50 values are
indicated by vertical dotted lines, with the shaded area between these values representing the selectivity index values, which are 49.3, 8.6, and 3.5, for compound
1 (A), compound 2 (B), and tetrandrine (D), respectively. For compound 3 (C), no toxicity occurred, even at the maximum assay dose of 100 �M, so the CC50

and SI were not calculated. Each graph point is the mean of data from three replicates � standard deviations, joined by a fitted curve. RLU, relative light units.
(E) Compounds 1 to 3 and tetrandrine. IUPAC names and structures are shown.
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Although tetrandrine had an SI of only 3.5, it was selected because
it has previously been used in humans, and its mechanism of ac-
tion is understood (45). Dose-response plots showing the IC50 and
CC50 values for each compound are presented in Fig. 2.

Effect of novel compounds 1 to 3 on Cd1 and LCMV infectiv-
ity. We next evaluated the three novel compounds identified from
the MG screen for their ability to inhibit infection by representa-
tive arenaviruses. For this, we selected the BSL2 viruses LCMV-4
(21), which is an OW virus, and Cd1, which is an attenuated vac-
cine strain of JUNV (7). We and others have previously noted
amino acid differences between JUNV and Cd1, including some
that change the properties of GP and may contribute to its lack of
virulence (13, 47).

Vero E6 cells were pretreated with each compound, using con-

centrations selected as being the highest doses tolerated without
toxicity in 293T cells (i.e., 14 �M compound 1, 10.5 �M com-
pound 2, and 20 �M compound 3) (Fig. 2), and then infected with
Cd1 or LCMV-4. As a control, we also included ribavirin (100
�M). Following incubation, the virus was removed and replaced
with fresh compound-containing medium. Using these condi-
tions, we confirmed a lack of toxicity for Vero E6 cells and further
found that all three compounds inhibited Cd1 infectivity, decreasing
the observed foci of infection to 11.5%, 8.3%, and 18.1% (all P �
0.0001), respectively, compared to the DMSO-only control infection
(Fig. 3A to C). In contrast, none of the compounds significantly in-
hibited LCMV-4 infectivity (Fig. 3A, B, and D), even when the com-
pounds were maintained throughout the experiment (data not
shown). These observations indicated that the three compounds were

FIG 3 Effects of compounds 1 to 3 on arenavirus replication. (A and B) Focus-forming assays. Vero E6 monolayers were infected with Cd1 or LCMV-4, with the
indicated compounds or the DMSO control being present before and after virus incubation. Cells were analyzed 48 h later by using specific antibodies and
immunofluorescence to detect foci of infection. Images are representative of data from 2 to 5 experiments. (C and D) Quantitation of virus infections (FFU per
milliliter) of cells treated with DMSO or compounds compared to the DMSO-treated control � standard deviations from 2 to 5 independent experiments. Mean
titers in DMSO-treated control cells were 1 � 104 FFU/ml (Cd1) and 2.3 � 104 FFU/ml (LCMV-4). All data from panel C were statistically significant compared
to the DMSO control (P � 0.0001), and in panel D, statistical significance compared to the DMSO control is indicated (****, P � 0.0001).
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likely not paninhibitors of the family but displayed specificity for the
virus used to construct the MG system.

Effects of compounds 1 to 3 on arenavirus entry pathway.
The OW and NW arenaviruses differ in the entry pathways that
they use to enter host cells, recognizing distinct cell surface recep-
tors (29, 30, 44, 48–55) and following different intracellular path-
ways to reach the late endosomes, where virus-cell fusion occurs
(reviewed in reference 56). For example, NW clade B viruses use
TfR1 as a primary receptor (30, 44, 48), while both OW and NW
clade C viruses use �-dystroglycan (�-DG) (53, 55). The lack of an
effect of compounds 1 to 3 on LCMV compared to Cd1 therefore
led us to hypothesize that they could be acting on the specific Cd1
entry pathway. To test this, we examined the effects of the com-
pounds on GP-pseudotyped lentiviral and retroviral vectors,
which provide a means to assay the entry pathway of viral fusion
proteins. We found that all three compounds potently inhibited
transduction by JUNV GP-pseudotyped vectors, indicating that
this was indeed the stage of the life cycle at which the compounds
were acting (Fig. 4A). As controls to rule out any effects on other
aspects of vector biology, none of the three compounds inhibited
entry by VSV-G-pseudotyped retroviral or lentiviral vectors (data
not shown).

Using a broader panel of GP-pseudotyped vectors, we next
tested the compounds for activity against GPs from other NW
viruses. These viruses included other members of clade B; the
closely related clade A/B recombinant viruses, which have a clade
B-like GP (57); and the more distantly related viruses from clades
A and C (57) (Fig. 4A to D). Within clade B, we found that all three
compounds retained broad and potent activity against each of the
GPs tested, including those from human-pathogenic strains
(MACV and GTOV) as well as nonpathogenic members (TCRV

and AMAV) (28). Similarly, GPs from clade A/B recombinant
viruses, which also use species-specific versions of TfR1 as the
primary receptor (29, 30, 44, 48–52), were inhibited by all three
compounds, although the levels of inhibition were not as severe as
those observed for clade B GPs (Fig. 4B). This pattern was also true
for the two clade C GPs that we tested, despite the fact that clade C
viruses use �-DG as a receptor (53, 54) (Fig. 4D). In contrast,
when we tested the compounds against clade A GPs, we found a
different pattern: FLEV was highly sensitive to compound 1, par-
tially sensitive to compound 2, and completely insensitive to com-
pound 3, while PICV exhibited low but similar degrees of sensi-
tivity to all three compounds (Fig. 4C). The cell surface receptor
used by clade A viruses is currently unknown.

Finally, we tested the compounds against OW GPs, including
two different strains of LCMV and the significant human patho-
gen LASV. Like the clade C viruses, OW viruses use �-DG as a
receptor (55). However, in contrast to the clade C results, we
found that the GPs from LCMV13 and LCMV53b were insensitive
to all three compounds, while the LASV GP-pseudotyped vectors
were strongly inhibited (97.8%; P � 0.0001) by compound 3 alone
(Fig. 4E). The lack of an effect on the LCMV GP vectors mirrored
the observations from the viral infections with LCMV-4 (Fig. 3).

In summary, we observed varied responses to the compounds
from different arenaviruses, ranging from sensitivity to all three
compounds by the clade B, clade A/B, and clade C GPs tested to
relative insensitivity to all three compounds for the GPs from cer-
tain clade A and OW viruses (PICV and LCMV). Since these pat-
terns do not track with the cell surface receptor used, or the sub-
sequent endosomal trafficking pathway followed (56), they
instead suggest that the target for the compounds could be a com-
mon conserved feature in the arenavirus GP that is more or less

FIG 4 Effects of compounds 1 to 3 on the entry pathway of different arenaviruses. 293A cells were transduced with retroviral or lentiviral vectors pseudotyped
with GPs from the indicated viruses. Transductions were performed in the presence of DMSO alone or the indicated concentrations of compound 1, 2, or 3.
Relative titers are shown as percentages of the control titer (DMSO treated). (A) NW clade B GP vectors. (B) NW clade A/B GP vectors. (C) NW clade A GP
vectors. (D) NW clade C GP vectors. (E) OW GP vectors. Mean titers (in TU per milliliter) on DMSO-treated cells were as follows: 2.0 � 105 for JUNV, 3.4 �
104 for MACV, 9.3 � 104 for TCRV, 4.6 � 104 for GTOV, 4.6 � 104 for AMAV, 8.1 � 103 for WWAV, 8.2 � 103 for BBTV, 8.8 � 103 for SKTV, 6.7 � 103 for
FLEV, 2.8 � 105 for PICV, 1.3 � 105 for OLVV, 6.3 � 103 for LATV, 9.0 � 105 for LASV, 2.8 � 105 for LCMV13, and 3.3 � 105 for LCMV53b. All data represent
the means � standard deviations from 3 to 7 independent experiments. All data from panels A, B, and D were statistically significant compared to the DMSO
control (P � 0.001), and in panels C and E, statistical significance compared to the DMSO control is indicated (*, P � 0.05; ***, P � 0.001).
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available in different virus strains. Furthermore, the activity of
compound 3 against LASV GP indicates that the MG assay, al-
though based on NW clade B components, is capable of identify-
ing broadly acting inhibitors.

Compounds 1 to 3 are specific for the arenaviruses. We next
addressed whether the entry pathways of other enveloped RNA
virus families were inhibited by any of the three compounds. We
generated a panel of pseudotyped retroviral or lentiviral vectors,
carrying fusion proteins from amphotropic and ecotropic MLVs;
from the nonsegmented negative-sense RNA viruses VSV, Ebola
virus, Hendra virus, and Nipah virus; and from influenza virus
(subtype H7). Apart from compound 1, which had a modest effect
against Ebola virus GP entry, inhibiting it by 62% (P � 0.0001), we
found that the compounds were inactive against the panel of viral
fusion proteins (Fig. 5). These results indicate that the inhibitory
effects of the three compounds are specific to the arenaviruses.

Compounds 1 to 3 prevent arenavirus GP-mediated cell-cell
fusion. In common with other pH-dependent viral fusion pro-
teins, arenavirus entry involves several steps that can be investi-
gated independently. These steps include binding to a cellular
receptor(s), internalization into an intracellular vesicle, a confor-
mational change in GP driven by low pH in a late endosome, and
eventual fusion between the viral envelope and a cellular mem-
brane. In order to investigate the involvement of endocytosis as
the target of the compounds, we investigated the effects of the
compounds in a GP-mediated cell-cell fusion assay. Here, treat-
ment of the cells with a low-pH pulse provided the necessary trig-
ger to promote membrane (cell-cell) fusion so that the assay could
evaluate the stages of GP-receptor interactions and downstream
conformational changes leading to fusion, without requiring in-
ternal trafficking steps.

293T cells were transfected with the GPC genes from candidate
viruses that had been proven to be sensitive to the compounds in
the GP vector assays (JUNV, MACV, TCRV, OLVV, and LASV)
and subjected to a low-pH pulse to promote fusion. We found that
compounds 1 and 2 completely inhibited syncytium formation by
all of the GPs tested (Fig. 6 and Table 1). In contrast, compound 3
was less potent against the clade B GPs while retaining full appar-
ent activity against clade C OLVV. This seemingly greater activity
of compound 3 against OLVV GP may reflect the overall smaller
amount of cell-cell fusion induced by OLVV in this system. In
agreement with the LASV GP vector results, we found that com-
pounds 1 and 2 had no effect on LASV GP-mediated fusion, while
compound 3 was completely inhibitory. Taken together, these re-

sults suggest that the compounds are not acting to prevent inter-
nalization, trafficking through intracellular vesicular pathways, or
low-pH acidification but instead are acting to prevent either the
initial GP-receptor interaction or the subsequent conformational
changes in GP that lead to membrane fusion.

Compounds 1 to 3 do not block MACV GP1 interaction with
human TfR1. We next addressed whether the compounds could
be blocking GP-receptor interactions (Fig. 7A). Using a previously
described MACV GP immunoadhesin (IM) reagent (27), we per-
formed cell binding assays in the absence and presence of the com-
pounds and found no effect on receptor binding (Fig. 7B), indicating
that for MACV GP at least, none of the compounds interfered with
this initial stage of the virus entry process. This agrees with our pre-
vious observations that viruses using both TfR1 (clade B) and �-DG
(clade C) as cell surface receptors could be inhibited by all three com-
pounds, suggesting that the initial interaction with the receptor was
likely not the step being impacted.

Compounds 1 to 3 do not irreversibly bind to GP-pseu-
dotyped vectors. The sum of our data so far suggested that the
compounds could be binding to a relatively conserved region of
the arenavirus GP and acting to block the low-pH-induced tran-
sition that leads to fusion. We therefore asked whether the com-
pounds could bind to GPs in the native, neutral-pH conformation
that is present on the pseudotyped vectors or whether they were
instead binding to a structure that was exposed only following
triggering by low pH. As a precedent, arenavirus entry inhibitors
that bind to native neutral-pH forms of GP have previously been
described (58, 59).

To determine if the compounds were capable of irreversibly
binding to GP, we first incubated stocks of JUNV GP-pseu-
dotyped vectors with the three different compounds and then
added this mixture to cells plus medium containing no com-
pounds. We used concentrations of the compounds that would be
inhibitory if maintained throughout the experiment (Fig. 8B) but
would be diluted to noninhibitory levels (Fig. 2) by the 1:41 dilu-
tion that occurred when the vector stock-compound mixture was
added to the cells (Fig. 8A). As controls, the compounds were
maintained at the designated inhibitory (Fig. 8B) or noninhibitory
(Fig. 8C) concentrations throughout the experiment. We found
that inhibition of transduction occurred mainly when the com-
pounds were present at inhibitory concentrations throughout the
experiment, suggesting that none of the compounds were able to
bind irreversibly to the native form of GP displayed on the vectors.
Although we observed statistically significant differences between

FIG 5 Effects of compounds 1 to 3 on the entry pathway of other viruses. 293A or NIH 3T3 cells (for ecotropic MLV GP vectors) were transduced with retroviral
or lentiviral vectors pseudotyped with the indicated viral attachment/fusion proteins. Transductions were performed in the presence of DMSO alone or the
indicated concentrations of compound 1, 2, or 3. Relative titers are shown as percentages of the control titer (DMSO treated). Mean titers (in TU per milliliter)
on DMSO-treated cells were as follows: 3.0 � 106 for VSV, 4.8 � 104 for amphotropic MLV, 8.2 � 104 for ecotropic MLV, 9.0 � 104 for Ebola virus, 2.5 � 103

for influenza virus H7, 5.2 � 104 for Hendra virus, and 4.2 � 105 for Nipah virus. All data represent the means � standard deviations from 3 to 7 independent
experiments. Statistical significance compared to the DMSO control is indicated (****, P � 0.0001).
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the control (DMSO) and dilution (inhibitory to subinhibitory)
treatments for compound 1 (P � 0.001) (Fig. 8A), the difference
in percent inhibitions when the compound was present throughout
the experiment (98.7%) and when it was diluted out (19.8%) was
also significantly different (P � 0.0001), indicating dissimilar po-
tencies of this compound with these two different treatments. Fi-
nally, we note that this assay cannot distinguish between effects
due to reversible binding to GP and an alternative scenario where
the targets of the compounds in GP are exposed only following
entry into an endosome and low-pH-induced conformational
changes.

JUNV GP2 transmembrane and SSP mutations confer resis-
tance to compounds 1 to 3. The GPs from JUNV and Cd1 vary by
only 6 amino acids (60), and both proteins recognize the human

TfR1 receptor (13). However, we noted that all three compounds
were less effective against Cd1 GP-pseudotyped vectors than
against JUNV GP vectors (Fig. 9B). To map the determinants
responsible for these differences, we tested reciprocal GP1/GP2
chimeras formed between JUNV and Cd1 (Fig. 9A) (13). This
analysis revealed that sensitivity to all three compounds mapped
to the GP2 subunit (Fig. 9B).

The mature GP complex on the surface of arenavirus particles
contains noncovalently linked GP1, GP2, and SSP subunits (Fig.
9C), further organized as trimers (1). Residues in both an ectodo-
main loop of SSP and the transmembrane (TM) region of GP2
have been shown to be important for maintaining the stability of
the GP complex (61–63). Upon encountering low pH, this interac-
tion is disrupted, allowing GP1 dissociation and triggering conforma-
tional changes in GP2 that eventually lead to virus-cell fusion (61–
63). Furthermore, there is evidence that these interactions between
GP2 and SSP have created a highly druggable target, and several
independently identified arenavirus inhibitors are hypothesized
to target this interaction (58, 59, 61, 64, 65). Specifically, resistance
to two of the compounds, designated ST-294 and ST-193, could
be conferred by mutating specific residues in SSP and GP2 (59, 61,
64). We therefore asked whether compounds 1 to 3 could also be
binding to this same target site by evaluating their sensitivity to the
same mutations.

We generated a panel of SSP and GP2 TM mutants of JUNV GP
(Fig. 9C). These mutants were previously reported to result in no
adverse effects on GP cell surface expression and retain the ability

FIG 6 Effects of compounds 1 to 3 on cell-cell fusion. Shown is the extent of syncytium formation (arrows) triggered by low-pH-pulse treatment of 293T cell
monolayers expressing the indicated viral GPs. DMSO or compounds were added 1 h before the pH pulse and maintained throughout the experiment. Images
are representative of images from 2 to 3 independent experiments.

TABLE 1 Visual scoring of cell-cell fusiona

GP

Visual score

DMSO
Compound 1
(14 �M)

Compound 2
(10.5 �M)

Compound 3
(20 �M)

JUNV ��� � � �
MACV ���� � � �/�
TCRV ��� � � ��
OLVV �� � � �
LASV ���� ���� ���� �
a �, no syncytia detected; �, minimal amount detected; ����, maximum amount
detected.

Rathbun et al.

8436 jvi.asm.org August 2015 Volume 89 Number 16Journal of Virology

 on M
arch 7, 2018 by U

C
LA

 B
IO

M
E

D
IC

A
L LIB

/S
E

R
IA

LS
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


to promote cell-cell fusion (13, 61). We independently confirmed
that all mutants retained cell-cell fusion capabilities following a
low-pH pulse (data not shown). The mutant GPs were incorpo-
rated into lentiviral vectors and tested for their ability to transduce
293A cells in the absence and presence of each compound (Fig.
9D). We found that the A435I and F438I substitutions in GP2 had
no effect on compound action, and an N37A substitution in the
ectodomain of SSP led to only a minor reduction in compound
potencies. In contrast, significant reductions in sensitivity to all
three compounds occurred with the K33H substitution in SSP and
the L420T substitution in GP2. Residue K33 is thought to be par-
ticularly critical for pH sensing, thereby linking the action of these
compounds to a conserved component of the arenavirus fusion
machinery (62).

We also observed an intermediate phenotype for the F427I
substitution in GP2, which abrogated 50% of the activity of com-
pound 3 while having only minimal effects on compounds 1 and 2.
We previously hypothesized that F427I is an important mutation
involved in the attenuated phenotype of Cd1, since it promotes
the premature transitioning of GP to a fusogenic conformation at

neutral pH (13). By mutating this residue alone, we obtained a
compound insensitivity profile that more closely matched that of
Cd1 (Fig. 9B), indicating the importance of this residue for the
decreased potency of the compounds against Cd1 compared to
JUNV GP. Taken together, these results provide strong evidence
that compounds 1 to 3 inhibit arenavirus entry by targeting a
crucial interaction between SSP and GP2 that regulates the tran-
sition to a fusogenic conformation for the whole GP complex.

Tetrandrine, a calcium channel inhibitor, has broad activity
against arenaviruses. The HTS also identified tetrandrine, a nat-
urally occurring compound used to treat multiple ailments, in-
cluding hypertension, and possessing calcium channel-blocking
and anti-inflammatory properties (45, 66). In the arenaviruses,
inhibition of voltage-gated calcium channels by the drugs nifedi-
pine, verapamil, and gabapentin has also been shown to inhibit
entry, indicating that calcium channels play a role in the entry
pathway of arenaviruses (67). One mechanism of action of tetran-
drine has been described as blocking two-pore channels (TPCs) in
endosomal vesicles (46). TPCs are the target of NAADP (nicotinic
acid adenine dinucleotide phosphate) (68), which promotes the

FIG 7 Effects of compounds 1 to 3 on MACV IM binding to cells. (A) Schematic representation of the IM binding assay. (B) A total of 5 � 105 K562 cells were
incubated with MACV IM supernatants, or a control supernatant (Ctrl.) from cells transfected with an Fc-only construct, in the presence of DMSO or
compounds, as indicated. IM binding was determined by flow cytometry for Alexa Fluor 488 and is shown relative to that of DMSO-treated cells (100%). The
mean percentage of Alexa Fluor 488-positive cells on DMSO-treated IM cells was 93.7%. All data represent the means � standard deviations from 2 to 3
independent experiments.

FIG 8 Compound-virus interactions. (A) JUNV GP-pseudotyped lentiviral vectors were incubated with DMSO or compounds at an inhibitory concentration
of 2 �M (compounds 1 and 2) or 3 �M (compound 3) for 1 h and then added to 293A cells and medium so that dilution resulted in a subinhibitory concentration
of 0.05 �M (compounds 1 and 2) or 0.075 �M (compound 3). (B and C) 293A cells were incubated with DMSO or compounds 1 h before the addition of JUNV
GP-pseudotyped lentiviral vectors, at the inhibitory concentration (B) or subinhibitory dose (C). All cells were assayed for GFP at 48 to 72 h. Graphs show the
resulting inhibition of JUNV GP entry after treatments. Relative titers are shown as percentages of the control titer (DMSO treated). The mean titer on
DMSO-treated cells was 1.6 � 107 TU/ml. All data are the means � standard deviations of results from 2 to 3 independent experiments. Statistical significance
compared to the DMSO control is indicated (***, P � 0.001; ****, P � 0.0001).
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release of calcium from lysosomes and endosomes into the cyto-
plasm (reviewed in reference 69). Interestingly, tetrandrine has
also been reported to be a potent inhibitor of Ebola virus entry,
with the mechanism being through inhibition of TPCs (46).

Using pseudotyped vectors, we tested tetrandrine against a
panel of arenavirus GPs. We found that the drug was active against
at least 1 member of each subgroup but exhibited a range of re-
sponses, even with closely related viruses (Fig. 10A to E). For ex-
ample, in clade B, tetrandrine blocked the subset B1 (57) viruses
JUNV, MACV, and TCRV by 50% but caused closer to 90% inhi-
bition of the B2 viruses AMAV and GTOV (Fig. 10A). Similarly, in
the OW viruses, tetrandrine was potent against LCMV but not
LASV (Fig. 10E), while in the clade C viruses, it had activity against
OLVV but not LATV (Fig. 10D). When the drug was tested in
focus-forming infection assays, we observed that it was active
against both LCMV-4 and Cd1, although the effects were not as
potent as those that we observed with ribavirin (Fig. 10F).

Although Cd1 GP is very closely related to JUNV GP, and the
drug partially inhibited Cd1 infection in the focus-forming assay,
we detected no activity of tetrandrine against vectors pseudotyped
with Cd1 GP (Fig. 10G). This discrepancy between the sensitivities
of the virus and GP vectors likely reflects the fact that the virus
assay involves multiple rounds of a spreading infection, which
could amplify even a small effect that might not be apparent in the
single-round vector assays. Analysis of JUNV/Cd1 GP chimeras
mapped the differential sensitivity to tetrandrine to the GP2 sub-

unit (Fig. 10G). Finally, we tested tetrandrine for activity against
other viral fusion proteins and found no effect, except for the
previously noted potent effect against Ebola virus reported by
Sakurai et al. (46) (Fig. 10H).

In addition to TPCs, tetrandrine inhibits other calcium chan-
nels such as voltage-dependent L and T types as well as calcium-
dependent potassium channels (reviewed in reference 70). To
evaluate whether its effects on arenavirus entry were related to
TPC inhibition, or another class of channels, we tested the effects
of the L-type calcium channel inhibitors verapamil and nifedipine
(Fig. 11A) and also Ned19 (Fig. 11B), which is a specific inhibitor
of the TCP-stimulating molecule NAADP (68, 71). Nifedipine
and verapamil were previously reported to inhibit arenavirus en-
try, resulting in 60% inhibition of LCMV GP vectors and 	80 to
90% inhibition of both JUNV GP vectors and Cd1 (67). However,
different from the data in that report, our assays did not find either
drug to have an effect on JUNV or LCMV GP vectors (Fig. 11A).
Nonetheless, when we examined the ability of Ned19 to inhibit an
expanded panel of tetrandrine-sensitive fusion proteins, we ob-
served a similar pattern of inhibition for both drugs albeit with a
lower overall degree of inhibition by Ned19 (Fig. 11B). In the same
way, Ebola virus GP has been reported to be less sensitive to Ned19
than to tetrandrine (46).

If tetrandrine was inhibiting arenavirus entry through an effect
on TPCs, a prediction of the model is that the drug would impact
a late stage of virus entry and thus would not block cell-cell fusion.

FIG 9 Mapping of compound sensitivity in JUNV GP. (A) Schematic representation of GP chimeras between JUNV (strain XJ) and Cd1. (B) 293A cells
incubated with JUNV XJ, Cd1, or chimera (C1X2 and X1C2) GP-pseudotyped lentiviral vectors, with DMSO or the indicated compounds being present. Relative
titers are shown as percentages of the control titer (DMSO treated). Mean titers (in TU per milliliter) in DMSO-treated cells were as follows: 1.9 � 105 for JUNV XJ,
5.3 � 103 for Cd1, 2.4 � 104 C1X2, and 1.9 � 104 for X1C2. (C) Schematic representation of JUNV GP and the relative positions of the point mutations tested.
The point mutations K33H and L420T (underlined) conferred the greatest degree of resistance to all three compounds. The drawing is not to scale and illustrates
the interactions described previously by York et al. (61, 62). (D) 293A cells were incubated with JUNV GP-pseudotyped lentiviral vectors, either the wild type
(WT) or the indicated mutants, in the presence of DMSO or the indicated compounds. Relative titers are shown as percentages of the control titer (DMSO treated).
Mean titers (in TU per milliliter) on DMSO-treated cells were as follows: 1.9 � 105 for the wild type, 1.0 � 104 for the K33H mutant, 3.0 � 105 for the N37A
mutant, 3.1 � 105 for the L420T mutant, 8.6 � 104 for the F427I mutant, 6.6 � 104 for the A435I mutant, and 2.9 � 105 for the F438I mutant. All data are the
means � standard deviations of results from 2 to 5 independent experiments. All data from panel B was statistically significant compared to the DMSO control
(P � 0.001), and in panel D, statistical significance compared to the DMSO control is indicated (***, P � 0.001; ****, P � 0.0001).
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In agreement, we found that tetrandrine did not inhibit cell-cell
fusion when JUNV, GTOV, or LCMV GPs were expressed on the
surface of 293T cells and subjected to a low-pH pulse (data not
shown).

Together, these observations suggest that, as has recently
been described for Ebola virus GP (46), TPCs play a role in the
entry of certain arenavirus. Since sensitivity to tetrandrine and
Ned19 was not determined by the relatedness of the arenavirus
GPs, or the cell receptor used, this suggests that the use of this
pathway in the trafficking of internalized arenavirus particles

has likely been acquired and lost several times during arenavi-
rus evolution.

DISCUSSION

We used a JUNV/Cd1-based MG rescue system to interrogate a
library of 87,321 compounds, from which we identified 4 potent
hit compounds with favorable predicted medicinal chemistry pro-
files. Despite the fact that all aspects of the arenavirus life cycle
were represented in the MG rescue system, the 4 compounds iden-
tified acted at the entry stage. One of the compounds that we

FIG 10 Effects of tetrandrine. (A to E, G, and H) 293A cells (or NIH 3T3 cells for ecotropic MLV) were incubated with pseudotyped lentiviral or retroviral vectors
expressing fusion proteins from arenavirus NW clade B (A); NW recombinant clade A/B (B); NW clade A (C); NW clade C (D); OW arenaviruses (E); JUNV,
Cd1, or chimeras (G); and fusion proteins from other virus families (H). Cells were treated with DMSO or tetrandrine, and relative titers are shown as percentages
of the control titer (DMSO treated). Mean titers (in TU per milliliter) on DMSO-treated cells were as follows: 2.7 � 105 for JUNV, 5.0 � 104 for MACV, 1.1 � 105 for
TCRV, 5.5 � 104 for GTOV, 5.6 � 104 for AMAV, 8.1 � 103 for WWAV, 8.2 � 103 for BBTV, 8.8 � 103 for SKTV, 7.5 � 103 for FLEV, 3.4 � 105 for PICV, 3.9
� 104 for OLVV, 7.5 � 103 for LATV, 2.1 � 106 for LASV, 4.0 � 105 for LCMV13, 3.3 � 105 for LCMV53b, 8.4 � 104 for JUNV XJ, 7.9 � 103 for Cd1, 1.7 � 104

for C1X2, 8.2 � 103 for X1C2, 1 � 106 for VSV, 3.7 � 104 for amphotropic MLV, 8.2 � 104 for ecotropic MLV, 4.7 � 104 for Ebola virus, 1.9 � 103 for influenza
virus, 2.8 � 104 for Hendra virus, and 3.4 � 105 for Nipah virus. All data are the means � standard deviations of results from 2 to 4 independent experiments.
(F) Quantitation of Cd1 and LCMV-4 infection (number of foci) of Vero E6 cells treated with DMSO alone, ribavirin, or tetrandrine. Mean titers on DMSO-
treated cells were 1 � 104 FFU/ml and 2.3 � 104 FFU/ml for Cd1 and LCMV, respectively. All data are the means � standard deviations of results from 2 to 7
independent experiments. Statistical significance compared to the DMSO control is indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001).
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identified was tetrandrine, a calcium channel blocker that inhibits
TPCs and has activity against Ebola virus entry (46); the remain-
ing three compounds were novel.

The novel compounds (compounds 1 to 3) proved to be
broadly acting against the NW arenaviruses, with the most activity
against clade B, of which JUNV is a member. Compound 1 had the
broadest host range within the NW viruses, as it was the only
compound to inhibit at least one member of every clade. In con-
trast, compound 3 was the only compound to inhibit the more
distantly related OW viruses, having activity against the important
human pathogen LASV. Compound sensitivity did not correlate
with the cellular receptor used, since NW clade C viruses were
sensitive to all three compounds, while LCMV, which also uses
�-DG as a receptor, was resistant to all three compounds. Addi-
tionally, comparison of the GP sequences of resistant and sensitive
GPs did not identify any obvious candidates for points of com-
pound interactions.

More detailed assays interrogating the binding and low-pH-
triggered fusion events of entry narrowed the stage of action for
compounds 1 to 3 to fusion. This, together with the results from
specific mutational analyses, strongly suggested that the com-
pounds were similar to previously identified fusion inhibitors,
such as ST-294 and ST-193, among others (58, 59, 61, 64, 65).
These compounds have been hypothesized to target an interaction
between SSP and GP2 that controls the conformational changes
that occur under low-pH conditions, when internalized virions
reach late endosomes (63, 72, 73).

Although functionally similar, compounds 1 to 3 were struc-
turally quite distinct (Fig. 2E) and also different from the other
previously described fusion inhibitors. Therefore, if a common
molecular interface between SSP and GP2 is being targeted by all

of these compounds, it is likely that the compounds make differ-
ent specific contacts. Of note, when 4 mutations in JUNV GP that
confer 
50% resistance to ST-294 were tested, only two of the
mutations resulted in complete resistance to compounds 1 to 3,
and only one additional mutation led to 
50% resistance to com-
pound 3. This included a substitution at residue K33, which is
highly conserved across the entire arenavirus family and therefore
likely to be a functionally important residue. These observations
also suggest that compounds that target this interaction in the GP
complex could be developed with improved profiles.

The HTS also identified tetrandrine, an inhibitor of various
types of calcium channels (70), as being active against JUNV GP,
and we further found that it had activity against a broad panel of
arenaviruses. However, similar to our observations with com-
pounds 1 to 3, we found that the absolute levels of sensitivity to
tetrandrine varied among the family members, with LASV in par-
ticular being resistant. Tetrandrine was recently identified as an
inhibitor of Ebola virus entry, in agreement with previous reports
that this virus has a requirement for calcium channels during
entry (46, 74). Using pseudotyped vectors, we also confirmed that
tetrandrine inhibited Ebola virus GP, but we were unable to iden-
tify any other sensitive viral fusion proteins from the panel that we
tested. This suggests that tetrandrine might be relatively specific
for these two groups of important human pathogens that cause
hemorrhagic fevers.

The action of tetrandrine against Ebola virus GP was further
reported to involve the TPC subtype of calcium channels, as evi-
denced by sensitivity to Ned19, an inhibitor of the TPC-stimulat-
ing molecule NAADP (46). We further found that the tetrandrine-
sensitive arenavirus GPs were also sensitive to Ned19, suggesting
that the drug’s activity against the arenaviruses may also involve

FIG 11 Effects of calcium channel pathway inhibitors on virus entry. (A) 293A cells were incubated with pseudotyped lentiviral vectors expressing the
tetrandrine-sensitive fusion proteins from JUNV and LCMV13, together with the insensitive fusion proteins from LASV and VSV, in the presence of DMSO or
the indicated drugs. Relative titers are shown as percentages of the control titer (DMSO treated). Mean titers (in TU per milliliter) in DMSO-treated cells were
as follows: 1.3 � 105 for JUNV, 3.1 � 106 for LASV, 1.8 � 105 for LCMV13, and 2.3 � 106 for VSV. (B) 293A cells were incubated with pseudotyped lentiviral
or retroviral vectors expressing the indicated viral fusion proteins, in the presence of DMSO or Ned19. Relative titers are shown as percentages of the control titer
(DMSO treated). Mean titers (in TU per milliliter) in DMSO-treated cells were as follows: 2.9 � 105 for JUNV, 4.7 � 104 for GTOV, 3.5 � 104 for AMAV, 1.5 �
107 for LASV, 2.9 � 105 for LCMV13, 2.1 � 105 for LCMV53b, 6.4 � 106 for VSV, and 2.5 � 104 for Ebola virus. All data are the means � standard deviations
of results from 2 independent experiments. Statistical significance compared to the DMSO control is indicated (*, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001).
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TPCs. Interestingly, Sakurai et al. (46) did not identify tetrandrine
as an inhibitor of the arenaviruses, but this was because they tested
only LASV GP, which we also found to be only weakly sensitive to
the drug. Our results therefore extend their observations and sug-
gest that the TPC pathway may be a common pathway used during
entry by human hemorrhagic fever viruses and that this pathway
and class of compounds could provide a viable path to developing
broadly acting anti-hemorrhagic fever drugs.
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