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A screen of approved drugs and molecular probes
identifies therapeutics with anti–Ebola virus activity
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Currently, no approved therapeutics exist to treat or prevent infections induced by Ebola viruses, and recent
events have demonstrated an urgent need for rapid discovery of new treatments. Repurposing approved drugs
for emerging infections remains a critical resource for potential antiviral therapies. We tested ~2600 approved
drugs and molecular probes in an in vitro infection assay using the type species, Zaire ebolavirus. Selective
antiviral activity was found for 80 U.S. Food and Drug Administration–approved drugs spanning multiple mech-
anistic classes, including selective estrogen receptor modulators, antihistamines, calcium channel blockers, and
antidepressants. Results using an in vivo murine Ebola virus infection model confirmed the protective ability of
several drugs, such as bepridil and sertraline. Viral entry assays indicated that most of these antiviral drugs
block a late stage of viral entry. By nature of their approved status, these drugs have the potential to be rapidly
advanced to clinical settings and used as therapeutic countermeasures for Ebola virus infections.
INTRODUCTION

Filoviruses (Ebolavirus andMarburgvirus) are responsible for acute vi-
ral hemorrhagic fevers and are grave viral threats that continue to infect
humans as well as nonhuman primates (1, 2). The genus Ebolavirus in-
cludes five species that induce disease with case fatality rates up to 90%
(3), whereas the single genusMarburgvirus hasmultiple virus members
associated with disease with variable fatality rates (20 to 90%). Filovirus
illness is characterized by fever, myalgia, headache, and gastrointestinal
symptoms, and patients may also develop a maculopapular rash (4).
Fatal outcomes correlate with increased viremia, convulsions, and dis-
seminated intravascular coagulation with patients succumbing to a sep-
tic shock–like syndrome (4).

The current Ebola virus disease epidemic inWesternAfrica, the largest
outbreak on record (5), underscores the urgent need for therapeutic as
well as prophylactic interventions that can be easily distributed to pa-
tients, healthcare workers, and the general population. Further, this epi-
demic highlights the ease at which filoviruses may be accidentally
imported to other countries from endemic regions by asymptomatically
infected humans before onset or diagnosis of the disease. Unfortunately,
to date, no approved therapeutics (small molecule or biologic agents) are
available for prophylaxis or treatment of filovirus diseases. Treatment for
the current Ebola virus disease outbreak relies on supportive care and ju-
dicious use of limited quantities of experimental therapeutics (6).

Through systematic screening of approved drugs, can discover ther-
apeutics that can quickly be deployed for new indications (7–9). This
approach identifies drugs acting via expected target mechanisms (10),
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as well as drugs acting through mechanisms that would not have been
predicted (11). Moreover, with approved drugs, one can take advantage
of known pharmacology and toxicity profiles, established safety in
humans, and proven manufacturing and formulation feasibility. Ther-
apeutics identified from such screens could be swiftly advanced to hu-
man trials and may have “off-the-shelf” availability in the event of an
outbreak, such as the current Ebola virus disease epidemic.

To address the urgent need for therapeutics for prophylaxis and
treatment of Ebola virus disease, we conducted a screen of approved
drugs and biologically active molecular probes using an Ebola virus en-
gineered to express enhanced green fluorescent protein (eGFP-EBOV)
(12). We identified 171 active compounds, including 80 U.S. Food and
Drug Administration (FDA)–approved drugs with significant anti-
EBOVactivity. A set of approved drugswas prioritized, and the antiviral
activity was further validated in secondary assays, including an in vitro
virus-like particle (VLP) entry assay and a murine model of EBOV dis-
ease. We identified sertraline (Zoloft), a selective serotonin reuptake in-
hibitor, and bepridil (Vascor), a calcium channel blocker, as having both
strong in vitro and in vivo antiviral activity. Both drugs inhibited EBOV
entry late in the entry pathway likely by affecting viral fusion. These
drugs offer potential for repurposing for Ebola virus disease, either as
single agents or in combinations, and could be used in circumstances
similar to the current epidemic.
RESULTS

A screen of approved drugs identified compounds with
anti-EBOV activity
A library of about 2600 biologically active small molecules composed
of FDA-approved drugs and common mechanistic probes with
known molecular targets was assembled to identify novel inhibitors
of EBOV infection using the eGFP-EBOV (12). The library compo-
sition included 64% approved drugs (U.S. and ex-U.S.) and 26%probes,
with the remainder of the library composed of metals, herbals, amino
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acids, drug analogs, drug metabolites, diagnostic agents, and food addi-
tives (table S1) (7, 13). For the preliminary screen, compounds were
screened at three-dose points. Compounds were considered active if
they inhibited the eGFP signal by ≥40% and showed no or minimal
effects on cell viability through the parallel antiproliferation screen in
uninfected host Vero E6 cells (table S1). From this preliminary screen,
a set of about 171 active compoundswas identified (table S2), of which
80 compounds are FDA-approved drugs. A total of 98 active
compounds are approved in either the U.S. or ex-U.S. A scatter plot
displays an overview of the antiviral activity versus cell viability for
each compound screened and identification of active compounds
(fig. S1).

The composition of the screened chemical library covers about 50
distinct cellular mechanisms that encompass many molecular targets
(Fig. 1 and table S1). The active compounds identified from the screen
spanned multiple cellular mechanisms, including compounds that af-
fect cell signaling, protein processing, and ion transport (Fig. 1). Addi-
tionally, we identified a large number of previously reported selective
estrogen receptormodulators (SERMs) (11) and compounds that inhib-
it the histamine H1 receptor (Fig. 1).

A set of 30 compounds was prioritized for confirmation of antiviral
activity in both the Vero E6 and human HepG2 cell lines in an eight-
point dose-response curve (Table 1 and Figs. 2 and 3). The prioritization
was based on the antiviral activity and selectivity, approval in theU.S. or
ex-U.S., and systemic delivery route of administration and exposure.
For class effect hits, such as the SERMs or antihistamines, class repre-
sentatives were selected. Mechanistic probes were not prioritized. Rep-
resentative active drugs include aripiprazole (an antipsychotic drug),
piperacetazine (another antipsychotic drug currently used as a veteri-
nary sedative), benztropine (an anticholinergic used to treat Parkinson’s
www.Sc
disease), clemastine (an antihistamine), bepridil and lomerizine (calcium
channel blockers), and clomipramine and sertraline (antidepressant
drugs). The eight-point dose-response data for the remaining 30 priori-
tized active compounds are shown in figs. S2 to S5.

Prioritized active compounds inhibit EBOV viral entry in vitro
Wepreviously reported that class II cationic amphiphilic drugs (CADs)
can act as EBOV entry inhibitors (11, 14). CADs contain a hydrophobic
tertiary amine with clearly segregated hydrophobic and hydrophilic
segments. An analysis of the structures of the 30 prioritized active
compounds revealed that 17 of the 30 prioritized compounds are CADs
(Table 2), including clomiphene and toremifene, which were previously
reported as active compounds (11, 14). Additionally, 8 of the 30 active
compounds are amphiphiles with similar hydrophobic and hydrophilic
organization. The approved pharmacologic mechanisms of therapeutic
action vary considerably between these drugs, despite their similar CAD
structural properties.

Given the relatively large number of CADs in our set of 30 active
compounds, we evaluated this set of drugs for their ability to inhibit
EBOV entry using VLPs expressing EBOV glycoprotein (GP1,2) and
containing a b-lactamase (BlaM) entry reporter (14–16). Each compound
was initially tested at one concentration targeted between the IC50 and
IC90 concentrations obtained from the eight-point dose-response confir-
mationwith eGFP-EBOV. Results of theseVLP entry assays indicate that
25 of the 30 active compounds tested inhibited EBOV-VLP entry by
>90% (Table 2). The autofluorescence of quinacrine, an antimalarial drug
also classified as a CAD, obscured the assay results, and we could not
evaluate its ability to inhibit EBOV-VLP entry. All other CADs examined
were found to be EBOV entry inhibitors, supporting our previous obser-
vations. We observed that the remaining 4 non-CADs of 30 active
Fig. 1. Mechanistic overview of compound library. Histogram showing
the cellular compoundmechanisms from thedrug library across thehorizon-

The screen identifies a number of compounds that are SERMs and antihista-
mines, and compounds that affect ion transport and protein processing or
tal axis. The vertical axis indicates the number of compounds with that par-
ticular mechanism in log scale. Blue bars indicate the number of all
compounds that contain a particular mechanism (All). Red bars indicate
the number of active compounds identified (Hits) per each mechanism.
cell signaling pathways. GC, glucocorticoid nuclear receptor; HDAC, histone
deacetylase; PPAR, peroxisome proliferator–activated receptor; GPCR, G
protein (heterotrimeric guanine nucleotide–binding protein)–coupled
receptor.
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compounds—atovaquone, azacitidine, mycophenolate mofetil, and stro-
phanthin—did not inhibit VLP entry, indicating that these compounds
block at a step that is post-entry in the EBOV infection cycle.

Several drugs offer protection in themurine EBOV infectionmodel
To test if the antiviral activity observed with the active compounds
in vitro translated to in vivo EBOV infection, we evaluated several
entry inhibitors in a murine EBOV infection model using a mouse-
adapted EBOV (ma-EBOV) strain (17, 18). Intraperitoneal inoculation
of ma-EBOV results in acute onset of severe illness 3 to 4 days after
inoculation, with high-level viral replication observed in the liver and
www.Sc
spleen, multifocal hepatic necrosis, and a rapid increase in viremia to
titers >108 plaque-forming units (PFU)/ml (17, 18).

We previously reported that treatment with the CADs clomiphene
and toremifene resulted in significant survival benefit in the murine
EBOV infection model (11). Bepridil and sertraline (both CADs),
along with several other drugs (CADs, amphiphiles, and one anhy-
dride) (Fig. 4 and table S3), were selected for evaluation in the murine
infection model. In these studies, female C57BL/6 mice (5 to 8 weeks
old) were challenged intraperitoneally with the target virus exposure
dose of 1000 PFU of ma-EBOV. One hour after infection, the animals
were treated with a drug or vehicle control for 10 days, and survival
Table 1. Anti-EBOV activity and cytotoxicity of active compounds. Parentheses indicate the SE for IC50 calculations. Table summarizes data shown in Fig.
2 and 3 and figs. S3 to S6. %I, maximum percent inhibition based on the curve fit; IC50, drug concentration in mMat which 50% inhibition of viral infection or
host viability (without virus) was observed.
Drug name
Vero E6
ienceTran
HepG2
IC50 eGFP-EBOV
mM (SE)
%I eGFP-EBOV

IC50 Host
mM (SE)
%I Host

IC50 eGFP-EBOV

mM (SE)
slationalMedicine.or
%I eGFP-EBOV
g 3 June 2015
IC50 Host
mM (SE)
Vol 7 Issue 290 290r
%I Host
Aripiprazole
 8.1 (0.42)
 86.7
 –
 20.7
 3.76 (0.18)
 94.7
 19.4 (1.61)
 82
Astemizole
 6.17 (1.34)
 96.5
 –
 37.9
 1.37 (0.038)
 91.4
 11.1 (0.055)
 99.6
Atovaquone
 0.437 (0.016)
 73.9
 –
 35.4
 –
 5.71
 –
 3.62
Azacitidine
 8.97 (2.6)
 74.7
 –
 27.9
 10.3 (1.00)
 89.9
 –
 33.1
Benztropine
 8.07 (0)
 89.1
 –
 21.0
 2.82 (0.13)
 93.9
 –
 18.1
Bepridil
 5.08 (0.38)
 97
 –
 21.1
 3.21 (0.15)
 91.2
 –
 49.3
Clemastine
 5.44 (0.32)
 95.8
 –
 39.8
 0.652 (0.037)
 93.3
 –
 43.7
Clomiphene*
 2.42 (0.045)
 96.4
 –
 26.2
 0.755 (0.046)
 92.0
 15 (1.28)
 92
Clomipramine
 11.4 (0.15)
 96.1
 –
 21.1
 2.57 (0.16)
 89.9
 –
 23.5
Dasatinib
 16.5 (4.6)
 64.2
 –
 35.6
 4.23 (0.20)
 94.1
 25.8 (0.80)
 71.3
Efavirenz
 10.7 (2.0)
 63.9
 –
 7.38
 13.5 (2.07)
 86
 –
 9.64
Flupentixol
 5.78 (0.20)
 95.9
 –
 41.9
 1.59 (0.25)
 74.5
 –
 16.5
Fluphenazine
 5.54 (0.19)
 96.8
 –
 46.4
 3.05 (1.68)
 92
 –
 30
Hycanthone
 10.9 (0.85)
 96.8
 –
 42.9
 5.96 (0.39)
 96.2
 16.6 (0.82)
 62.9
Lomerizine
 11.4 (1.8)
 89.9
 –
 19.7
 2.42 (0.12)
 91.8
 –
 43.9
Maprotiline
 9.63 (0.01)
 98.6
 –
 26.3
 2.86 (0.15)
 92.6
 –
 41.3
Mycophenolate mofetil
 43.8
 –
 3.27
 0.29 (0.15)
 88.6
 –
 17.6
Paroxetine
 7.45 (0.41)
 96
 –
 39.9
 1.38 (0.076)
 92
 23.6 (0.18)
 94.8
Pimozide
 3.12 (0.11)
 96.8
 –
 20.3
 1.67 (0.044)
 91
 18.9 (0.18)
 99.4
Piperacetazine
 12.3 (0.85)
 96.2
 –
 23.1
 3.3 (0.16)
 95.4
 –
 28.8
Prochlorperazine
 5.96 (0.42)
 96.3
 –
 42.8
 3.59 (0.19)
 94.7
 –
 27.3
Quinacrine
 5.71 (0.61)
 92.3
 23.6 (8.5)
 63.4
 1.03 (0.052)
 86.2
 12.9 (1.54)
 98.6
Sertraline
 3.13 (0.24)
 96.2
 –
 29.4
 1.44 (0.057)
 95
 18 (0.53)
 54.4
Simvastatin
 44.6 (0.79)
 55.7
 –
 28.5
 –
 35.3
 –
 11.8
Strophanthin
 0.0346 (0.020)
 74.3
 –
 28.8
 0.0207 (0.0014)
 86.8
 0.0569 (0.00047)
 68.4
Teicoplanin
 7.28 (0.46)
 84.6
 –
 2.72
 2.43 (0.16)
 77
 –
 2.33
Terconazole†
 8.26 (0.32)
 96.6
 –
 33.2
 2.38 (0.068)
 91.8
 –
 36.5
Thioridazine
 6.24 (0.79)
 95.4
 10.2 (9.06)
 93.1
 2.06 (0.12)
 93.4
 21.6 (0.78)
 99.4
Toremifene*
 0.162 (0.048)
 93.5
 –
 11.4
 0.026 (0.0013)
 94.9
 –
 5.43
Vinorelbine
 25.6
 –
 27.9
 0.858 (0.034)
 78.8
 –
 32.9
*EBOV antiviral activity also described by Johansen et al. (11). †EBOV antiviral activity also described by Shoemaker et al. (14).
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was monitored for 28 days after exposure. The dose and regimens for
each treatment were selected on the basis of the human equivalent dose
and reported half-life for the compounds. Doses were also selected in an
attempt to avoid acute toxicity yet achieve high enough plasma expo-
sure in the mice to observe a positive effect on survival. Bepridil was
www.ScienceTranslationalMedicine.org
administered at 12 mg/kg twice daily
(BID) and sertraline was administered
at 10 mg/kg BID. For both bepridil and
sertraline, treatment of infected mice re-
sulted in statistically significant survival
benefits as shown in the Kaplan-Meier
plots (Fig. 4). Percent survival ofmice ran-
ged from 70% (sertraline, P = 0.0019) to
100% (bepridil, P < 0.0001).

Most of the additional compounds
evaluated in this model did not result in
statistically significant survival benefits,
and, in some cases, no survival benefit
was observed except for clomipramine at
the dose regimens tested (table S3). Further
optimization of dose regimens for these
compounds may be required to observe
an effect on survival in this model.

In summary, the in vitro antiviral activ-
ity observed for four entry inhibitor drugs
identified through this screen—bepridil,
sertraline, clomiphene, and toremifene—
translated to significant survival benefits
in the murine EBOV infection model.
These results support the use of entry inhi-
bition as a target for EBOV intervention.

Bepridil and sertraline inhibit EBOV
entry at a step after internalization
EBOV entry is mediated exclusively by
the viral glycoprotein (GP1,2) (19, 20),
andmultiple steps in the process of entry
could be blocked to prevent infection.
These steps include binding to the host
cell surface, internalizing into endo-
somes through macropinocytosis (21),
trafficking through the endocytic path-
way, and cleaving the GP1 subunit by
endosomal cathepsins (15, 22, 23). Later
steps of viral entry include binding of
cleaved (19 kD)GP to the endolysosomal
membraneNiemann-PickC1 (NPC1) pro-
tein (24–26), triggering of fusion (15, 27–29),
and finally fusing of viral and endolyso-
somal membranes, which releases the
nucleocapsid into the cytoplasm to be-
gin replication.

Bepridil and sertraline were selected
for further investigation of the mechanism
for inhibiting viral entry and exploration
of antiviral activity across Ebola virus spe-
cies based on approved drug status and
positive activity in the murine infection
model. As a first step in evaluating the antiviral mechanism for bepridil
and sertraline, multiple concentrations of bepridil and sertraline were
evaluated in the EBOV-VLP entry assay (Fig. 5A). Results indicate that
both compounds inhibit EBOV-VLP entry in a dose-dependent man-
ner. We next asked if either bepridil or sertraline affects entry of other
Fig. 2. Confirmatory eight-point dose-response curves for select active compounds in Vero E6 cells.
Compounds were evaluated using the eGFP-EBOV screening assay. The percent inhibition of the compound

in the EBOVassay is shown inblue, and the percent cytotoxicity of the compounds on thehost cell is shown in
red. The maximum percent inhibition observed (Max response) of EBOV and IC50s are indicated. Error bars
indicate the SEM. Results are from a minimum of two replicates. Data in Vero E6 cells for additional active
compounds comprising a set of 30 prioritized compounds are shown in figs. S2 and S3.
3 June 2015 Vol 7 Issue 290 290ra89 4
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viruses that enter through endosomes. At the highest concentrations
tested, no inhibition was seen for VLPs bearing the vesicular stomatitis
virus (VSV)–G glycoprotein. However, inhibition was seen for VLPs
bearing the glycoprotein of the arenavirus, lymphocytic choriomeningitis
virus (LCMV-GP) (Fig. 5, B and C).
www.ScienceTranslationalMedicine.org
Bepridil and sertraline were also ex-
amined for their ability to inhibit EBOV
entry through inhibition of particle inter-
nalization. To examine this ability, VLPs
containing a fluorescent-tagged VP40
marker were used as described previously
(14). For these experiments, 293AD cells
were treated with bepridil, sertraline, 5-
(N-ethyl-N-isopropyl)-amiloride (EIPA),
or vehicle. Neither bepridil nor sertraline
inhibited the amount of intracellular VLPs
after 1 hour of binding (at 4°C) and 1 hour
of internalization (at 37°C). However,
EIPA, a known inhibitor of macropinocy-
tosis, did inhibit the entry of VLPs into
293AD cells (Fig. 6A). This implies that
neither bepridil nor sertraline inhibits either
VLP binding to or internalization from
the cell surface.

Bepridil and sertraline were evaluated
for their effect on the activity of cathepsin
B or cathepsin L, endosomal proteases that
prime GP1,2 for cellular entry (15, 23). Both
drugs were added independently to cells
for 1 hour at 5 and 10 mM. Epoxysuccinyl-
L-leucylamido-3-methylbutane ethyl ester
(EST), a cysteine protease inhibitor, was
used as a positive control for cathepsin in-
hibition (15). The cells were lysed and as-
sayed for enzyme activity at a pH of 5
(14, 24). Neither bepridil (5 or 10 mM)
nor sertraline (at the lower concentration
of 5 mM)directly inhibited the activity of ei-
ther cathepsin B or cathepsin L, which
cleave EBOV-GP1 (Fig. 6B).

We also evaluated whether the drugs
affected endosome acidification, which
is required for cathepsin priming of GP1
and perhaps for GP2-mediated viral fusion
for EBOV entry (27, 29). Endosome acid-
ification was assessed using LysoTracker
Red, which is a probe for low pH orga-
nelles. Cells were treated with vehicle,
bepridil and sertraline (at both 5 and
10 mM), or a positive control for inhibi-
tion of acidification, NH4Cl (10 mM). Al-
though strong inhibition of acidification
was observed with NH4Cl, inhibition was
not noted with bepridil or sertraline at
5 mM(fig. S6). At 10 mM, inhibition of acid-
ification was observed with bepridil and
sertraline but not to the extent observed
with NH4Cl (fig. S6). Thus, at concentra-
tions that strongly block entry, bepridil and sertraline appear to have
minimal impact on entry steps relying on endosome acidification.

Similar with the other CADs identified from our current and previ-
ous screen, bepridil and sertralinemay be affecting steps late in the entry
pathway, either at VLP trafficking to the endolysosome where fusion
Fig. 3. Confirmatory eight-point dose-response curves for select active compounds in HepG2 cells.
Compounds were evaluated using the eGFP-EBOV screening assay. The percent inhibition of compounds in

the EBOVantiviral assay is shown inblue, and the cytotoxic effect of the compounds on thehost cell is shown
in red. Themaximumpercent inhibition observed (Max response) of EBOV and IC50s are indicated. Error bars
indicate the SEM. Results are from a minimum of two replicates. Data in HepG2 cells for additional active
compounds comprising a set of 30 prioritized compounds are shown in figs. S4 and S5.
3 June 2015 Vol 7 Issue 290 290ra89 5
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occurs or at a step in triggering of the fusion process. Therefore, both
bepridil and sertraline were assessed for their ability to affect trafficking
of EBOV-VLPs to NPC1+ endolysosomes (Fig. 6C and fig. S7). First,
fluorescently tagged EBOV-VLPs were bound to and internalized into
cells. Cells were then fixed, stained for NCP1, and imaged on a confocal
microscope, and images were analyzed for Manders colocalization co-
efficient (of VLPs with NPC1) as described in (30). Results indicate that
although the positive control compound, nocodazole, inhibited
trafficking, neither bepridil nor sertraline had any significant impact
on trafficking. Cytotoxicity experiments indicated that the concentra-
www.Sc
tions of bepridil and sertraline used in the entry experiments (Figs. 5
and 6) had no impact on cell viability (fig. S8).

Several CADs tested appear to block virus entry through an NPC1-
dependent pathway despite no apparent direct interaction between
CADs and NPC1 (14). In studies using VSV pseudovirions bearing
EBOV-GP to infect matched Chinese hamster ovary (CHO) cells
expressing basal or elevated levels of NPC1, higher concentrations of
the CADs were required to inhibit pseudovirion infection in NPC1-
overexpressing cells (14). Similar to a previous study, we compared
the level of EBOV-GP pseudovirion infection in parental CHO cells
to CHO cells overexpressing NPC1 (14) using U18666A (a CAD) as
positive control. As expected, higher concentrations of U18666A were
required to block EBOV infection inNPC1-overexpressing versus paren-
tal CHO cells (fig. S9). After pretreatment of both types of EBOV-GP–
pseudoinfected CHO cells with sertraline or bepridil, we also observed
dose shiftswith bothdrugs, although themagnitude of the shifts appeared
somewhat smaller than that observed with U18666A. This behavior is
distinct from that of the cysteine protease inhibitor E64d (also known
as EST), which does not exhibit a dose shift inNPC1-overexpressing cells
(fig. S9) (14). Thus, CADs in general appear to block entry late in the
pathway close to NPC1-dependent viral fusion.

Bepridil and sertraline exhibit pan anti-filovirus activity in vitro
To explore the antiviral utility across native filovirus strains, bepridil
and sertraline were tested against different species of Ebolavirus,
Table 2. VLP entry inhibition results. Conc, concentration tested in
initial VLP-GP1,2 entry inhibition assay in SNB19 cells. Yes indicates inhi-
bition of >90%.
Drug name
 Structure
 Conc (mM)

Inhibit EBOV-VLP

entry
Aripiprazole
 Amphiphile
 10
 Yes
Astemizole
 Amphiphile
 5
 Yes
Atovaquone
 Phenol
 0.8
 No
Azacitidine
 Carbohydrate
 10
 No
Benztropine
 CAD
 10
 Yes
Bepridil
 CAD
 10
 Yes
Clemastine
 CAD
 4
 Yes
Clomiphene*
 CAD
 5
 Yes
Clomipramine
 CAD
 10
 Yes
Dasatinib
 CAD
 10
 Yes
Efavirenz
 Anhydride
 10
 Yes
Flupentixol
 CAD
 10
 Yes
Fluphenazine
 CAD
 10
 Yes
Hycanthone
 CAD
 10
 Yes
Lomerizine
 Amphiphile
 10
 Yes
Maprotiline
 CAD
 10
 Yes
Mycophenolate mofetil
 Amphiphile
 1
 No
Paroxetine
 Amphiphile
 10
 Yes
Pimozide
 Amphiphile
 10
 Yes
Piperacetazine
 Amphiphile
 10
 Yes
Prochlorperazine
 CAD
 10
 Yes
Quinacrine
 CAD
 10
 Undetermined†
Sertraline
 CAD
 10
 Yes
Simvastatin
 Ester
 10
 Yes
Strophanthin
 Carbohydrate
 0.1
 No
Teicoplanin
 CAD
 10
 Yes
Terconazole‡
 CAD
 12
 Yes
Thioridazine
 CAD
 10
 Yes
Toremifene*
 CAD
 0.8
 Yes
Vinorelbine
 Amphiphile
 5
 Yes
*Entry inhibition activity also described by Johansen et al. (11). †Quinacrine is an auto-
fluorescent compound, and its ability to inhibit EBOV-VLP entry could not be assessed in this
assay. ‡Entry inhibition also described by Shoemaker et al. (14).
Fig. 4. Post-EBOV challenge effect of bepridil and sertraline on survival
rate of mice. (A) Post-inoculation treatment with bepridil is 100% effective in

protecting EBOV-infected animals. All mice in the vehicle control group suc-
cumbed to disease by day 9. n = 10 for both the vehicle and bepridil treat-
ment groups. (B) Post-inoculation treatment with sertraline indicates that
70% of the EBOV-infected mice survived. Mice in the vehicle control group
succumbed to disease by day 8. n = 10 for both the vehicle and sertraline
treatment groups. The P value was determined using Fisher’s exact test.
ienceTranslationalMedicine.org 3 June 2015 Vol 7 Issue 290 290ra89 6
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Fig. 5. Effect ofbepridil and sertralineonVLPentry. Bepridil and sertraline
were tested for their ability to inhibit entry of VLPs displaying EBOV-GP gly-
1,2

coprotein (VLP-GP) into 293AD cells at the indicated concentrations. (A)
Results show that both bepridil and sertraline inhibit VLP-GP entry in a
dose-dependent fashion. The average normalized entry values for the two un-
treated (Mock) sets of samples were 19 and 24%. (B and C) Comparison of
effects of bepridil (B) and sertraline (C) on entry of VLPs displaying EBOV-
GP1,2, VSV-G, or LCMV-GP. In (B), the % entry values for untreated samples
(0mMdrug)were 32, 51, and52% for EBOV-GP1,2, VSV-G, or LCMV-GP, respec-
tively. In (C), the % entry values for untreated samples (0 mM drug) were 10,
79, and 55% for EBOV-GP1,2, VSV-G, or LCMV-GP, respectively. The experi-
ment in (C) was conducted two additional times with highly similar results,
evenwhen%entry values for untreated sampleswere as low as 6% for entry
mediated by VSV-G and 4% for entry mediated by LCMV-GP. For all panels,
triplicate samples were analyzed, and error bars represent SD of the mean.
Results confirm that both bepridil and sertraline inhibit entry mediated by
EBOV-GP1,2. Although these drugs have no effect on entry mediated by VSV-G,
they inhibit entrymediated by LCMV-GP, albeit at somewhat higher doses than
for EBOV-GP1,2. Entry valueswerenormalized to thatobserved inuntreatedcells.
www.Sc
Fig. 6. Sertraline and bepridil do not inhibit EBOV-VLP–GP1,2 internal-
ization, cathepsin processing, or traffic to NPC1+ endolysosomes. (A)

Bepridil, sertraline, EIPA (50 mM), an inhibitor of macropinocytosis, and ve-
hicle were tested for their ability to inhibit internalization of VLPs with the
EBOV-GP1,2 glycoprotein. Samples were analyzed in duplicate or triplicate
in four experiments, and the average internalization for mock-treated
samples was 30.5%. (B) Bepridil, sertraline, positive control EST (10 mM),
a cysteine protease inhibitor, and vehicle were evaluated for effects on
the activities of cathepsin B (CatB) or cathepsin L (CatL) (singly and com-
bined; some inhibition of CatL activity was seen with 10 mM of sertraline).
Samples were analyzed in triplicate. (C) Bepredil, sertraline, positive con-
trol nocodazole (20 mM), a microtubule disruptor, and vehicle were tested
for effects on trafficking of VLP-GP1,2 to NPC1+ endolysosomes (in 293AD
cells). Eighteenmicroscope fields were analyzed to calculateManders coloca-
lization coefficients. Error bars indicate SE of average values. Asterisks in-
dicate values that are statistically different from mock-treated samples at
P < 0.02 as determined using a Student’s t test: **P < 1 × 10−4 and *P <
0.003 (A); **P < 3 × 10−5 and *P < 0.002 (B); and *P < 0.001 (C).
ienceTranslationalMedicine.org 3 June 2015 Vol 7 Issue 290 290ra89 7
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namely, Zaire ebolavirus (EBOV/Kikwit also known as EBOV-95) and
Sudan ebolavirus [Sudan virus (SUDV)], as well as two members of
the species Marburg marburgvirus, Marburg virus (MARV) and Ravn
virus (RAVV). Sertraline was also tested against EBOV/Mayinga
strain, also known as EBOV-76. The activity of the compounds against
the native strains was evaluated by cell-based enzyme-linked immuno-
sorbent assay (ELISA). For this assay, viral isolates were used to infect
Vero E6 cells in the presence of vehicle, bepridil, or sertraline (concen-
tration range of 0.08 to 20 mM). Inhibition of viral infection was as-
sessed at 48 hours after inoculation by fixing cells and staining with
antibodies specific to the viral glycoproteins. The cell-based ELISAs
demonstrated that the compounds inhibited viral infection across all
of the native strains tested (Figs. 7 and 8). These results indicate that
bepridil and sertraline broadly inhibit filovirus infections in vitro.
DISCUSSION

The goal of this study was to identify drugs that inhibit EBOV infection
from a library of approved drugs (U.S. and ex-U.S.) and targeted mo-
lecular probes. Eighty FDA-approved drugs were identified with specific
www.Sc
anti-EBOV activity, and a set of 30 drugs was prioritized for additional
evaluation. From filamentous VLPs assays, we discovered that 25 of the
30 drugs blocked a step in viral entry. Among these 25 drugs, most drugs
are CADs or amphiphiles. Four drugs tested did not inhibit viral entry,
indicating that these compounds block a step that is post-entry in the
EBOVinfection cycle. These four drugs (all non-CADs) include atovaquone,
azacitidine,mycophenolatemofetil, and strophanthin. Atovaquone acts
as a dihydroorotate dehydrogenase inhibitor, an enzyme important for
de novo biosynthesis of pyrimidine (31). Azacitidine is a pyrimidine nu-
cleoside analog that functions as an antimetabolite of cytidine (32) and
inhibits human inmmunodeficiency virus type 1 by inducing increased
mutagenesis after incorporation (33). Mycophenolate mofetil is an ino-
sine monophosphate dehydrogenase inhibitor and is known to inhibit
replication of other RNA viruses through depletion of the guanosine
triphosphate pool (34, 35). Strophanthin is a cardiac glycoside that in-
hibits the replication of other RNA viruses (36–38).

A subset of compounds was also evaluated for their ability to inhibit
EBOV in amurinemodel of infection. The results here, along with pre-
vious data (11), indicate that four drugs have significant survival benefits
in this infectionmodel: bepridil, sertraline, clomiphene, and toremifene.
Bepridil and sertraline were further evaluated for their antiviral mech-
ienceTranslationalMedicine.org
anism of action and spectrum of activity
across native filovirus strains. Both drugs
showed broad-spectrum antiviral activity
across the native filovirus strains evalu-
ated. Similar to clomiphene and toremifene,
bepridil and sertraline appear to be inhib-
iting a step late in the entry process, after
trafficking to NPC1+ endolysosomes (11).

Bepridil, sertraline, and other identi-
fied CADs may block entry by targeting
endolysosomal proteins whose function
is somehow required for EBOV entry or
by affecting the physiochemical proper-
ties of the endosomes. Several CADs iden-
tified in our screen, including bepridil and
sertraline, are functional inhibitors of acid
sphingomyelinase (FIASMAs) through
an indirect mechanism (39, 40). Acid
sphingomyelinase (ASM) on the inner
leaf of the endolysosomal membrane has
been shown to be required for efficient
Ebola virus infection (41), and thus, this
may be one mechanism for how CADs
mediate the block to viral entry. FIASMAs
inhibit ASM via an indirect mechanism
where the positively charged FIASMAs
insert into the inner leaf of the endolyso-
somal membrane and dislodge the nega-
tively charged ASM that is then degraded.
Thus, CADs may affect the physiochem-
ical properties of the lipid bilayer (42),
which ultimately affects viral fusion.

Bepridil may also be mediating its
EBOV entry block, in part, by its primary
pharmacological target. Recent studies
have implicated a role for calcium signal-
ing in EBOV viral entry (43, 44). Bepridil
Fig. 7. In vitro dose-response curves for
bepridil against native filovirus strains. The
percent inhibition of bepridil against native filo-
virus strains [that is, EBOV/Kik (EBOV-95), SUDV,
MARV, and RAVV] was evaluated by cell-based
ELISA. The maximum percent inhibition (Max re-
sponse) of these strains and IC50 values in mMare
indicated. Bepridil is effective against all native
virus strains evaluated. Results are from two or
more replicates. Error bars represent SE. The cyto-
toxicity of bepridil is shown by inhibiting Vero E6
proliferation without virus exposure.
3 June 2015 Vol 7 Issue 290 290ra89 8
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is a long-acting nonselective calcium channel blocker targeting both
L- and T-type calcium channels (45, 46). Recently, the FDA-approved
calcium channel blockers amiodarone, dronedarone, and verapamil
were found to inhibit filovirus entry (43). Amiodarone (also a FIASMA)
has a similar nonselective calcium channel profile as bepridil. Sakurai
and colleagues determined that the endosomal two-pore calcium chan-
nel is important for mediating calcium signaling and subsequently
EBOV cell entry (44). In addition to bepridil, we identified several cal-
cium channel blockers including lomerizine, which can also antagonize
L-type calcium channels (47).

We andothers have investigated the utility of screeningwith approved
drugs to identify potential therapeutics that can be used against EBOVand
other biological threat agents or emerging diseases (43, 48–50). Often with
such diseases, conventional drug development is challenging because
of both cost andability toperformcontrolled clinical studies.Althoughnew
anti-EBOV therapeutics in the clinical pipeline show promise (4), it will
be some time before these therapeutics are used in a routine clinical care
www.ScienceTranslationalMedicine.org
setting. Use of new therapeutics may not
be feasible in resource-constrained coun-
tries. By repurposing approved drugs, in
theory, one may reduce the risk, time, and
cost associated with therapeutic candi-
dates. Researchers leverage already well-
established safety and pharmacokinetic
profiles and previous manufacturing and
formulation experience of these approved
drugs (8, 9). Many drugs identified in our
screen, such as bepridil and sertraline, are
orally available and have established pro-
files of clinical use.

However, one of the great challenges of
drug repurposing for an antiviral indica-
tion is achieving high enough human
exposure to observe a clinical effect. Most
of the drugs identified in our screen have
in vitro IC50 values at fairly highmicromolar
concentrations. The human exposure of
many drugs will only reach high nanomolar
concentrations at peak serum concentra-
tions (Cmax). Thus, many of the drugs we
identified in this screen may not be viable
repurposing candidates for EBOV, because
plasma concentrations where efficacy would
beexpected tobeobservedarenotachievable.
Higher doses of these drugs may be safe for
use for a shorter duration of viral infection,
especially for drugs approved for use chron-
ically, and additional exploration of such
doses may be required. Another considera-
tion is repurposing these approved drugs in
combination either with other approved
drugs (identified in this and other screens)
or with compounds in current EBOV clin-
ical pipelines, which may improve thera-
peutic selectivity and present a higher bar
to development of resistance (13).

We advanced bepridil and sertraline, in
part, because both of these compounds
have achievable human exposures with currently approved doses that
are near IC50 valueswe observed in vitro in our eight-point dose-response
screens. Bepridil has a human Cmax of 3.72 mM at steady state (51).
Bepridil has some cardiovascular side effects such as ventricular ar-
rhythmia. The risk-to-benefit quotient of short-term use of bepridil
to treat or prevent EBOV infection (with careful monitoring) will need
to be considered. Sertraline has a long clinical history of use with ap-
proval for pediatrics diagnosed with obsessive-compulsive disorder.
Although human sertraline exposure (Cmax ~352 nM) may be much
lower than the in vitro IC50s we observed (52), it can concentrate in some
organs (liver) targeted by EBOV by as much as 20-fold, and, therefore,
appropriate concentrations may be obtained in some tissues targeted by
EBOV (53). Sertraline is available off the shelf for distribution to patients,
healthcare workers, and the greater community andmay be of particular
use as a prophylactic agent. Although both bepridil and sertraline showed
significant survival benefits in amurine EBOV infectionmodel, addition-
al studies are required in a nonhuman primate EBOV model. Such a
Fig. 8. In vitro dose-response curves for sertraline against native filovirus strains. The percent inhibi-
tion of bepridil against native filovirus strains [that is, EBOV/Kik (EBOV-95), EBOV/May (EBOV-76), SUDV,

MARV, and RAVV] was evaluated by cell-based ELISA. The maximum percent inhibition (Max % response)
of these strains and IC50 values in mM are indicated. Sertraline is effective across all native virus strains eval-
uated. Results are from two ormore replicates. Error bars represent SE. The cytotoxicity of sertraline is shown
by inhibiting Vero E6 proliferation without virus exposure.
3 June 2015 Vol 7 Issue 290 290ra89 9
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model more closely mimics the human disease state than the murine
model and can be used to further explore utility of these drugs as prophy-
lactics and therapeutics against EBOV infection.

Screening of approved drugs is one avenue to identify potential
treatments for viral threats such as EBOV. We will continue to eval-
uate bepridil, sertraline, and other drugs identified in our screen as
therapeutics for EBOV either alone or in combination with other
identified inhibitors.
MATERIALS AND METHODS

Study design
The purpose of this compound screen was to test a pharmacopeia
library for anti-EBOV activity in an agnostic fashion to identify novel
inhibitors. All compounds in the library were plated and tested in vitro
for antiviral activity, with the identities of the compound and screening
order blinded to the experimenters and the testing laboratory. For all
studies using live virus, a minimum of two replicates were performed
on separate days. For entry studies, two to three replicates were per-
formed on the same day for each experiment.

For in vivo studies, sample sizes were selected tominimize the num-
ber of animals needed to obtain a statistically significant result. Animals
were randomly assigned to study arms. Animal studieswere not blinded
to the study investigators but were blinded to personnel performing
treatment injections. Cage weights were used to determine an average
mouse weight for treatment purposes.

Ethics statement
Animal research was conducted under a protocol approved by In-
stitutional Animal Care and Use Committee at U.S. Army Medical
Research Institute of Infectious Diseases (USAMRIID) (U.S. De-
partment of Agriculture registration number 51-F-0021/728 and Of-
fice of Laboratory Animal Welfare assurance number A3473-01) in
compliance with the Animal Welfare Act and other federal statutes
and regulations relating to animals and experiments involving ani-
mals. The facility where this research was conducted is fully accredited
by the Association for Assessment and Accreditation of Laboratory
Animal Care, International and adheres to principles stated in the
Guide for the Care and Use of Laboratory Animals (National Research
Council, 2011).

Live virus experiments
Experiments using live filoviruses were performed in biosafety level 4
(BSL-4) facilities at USAMRIID. Personnel wore positive-pressure pro-
tective suits fitted with high-efficiency particulate air filters and
umbilical-fed air. USAMRIID is registered with the U.S. Centers for
Disease Control and Prevention (CDC) Select Agent Program for the
possession and use of biological select agents and toxins and has imple-
mented a biological surety program in accordance with U.S. Army Reg-
ulation AR 50-1 “Biological Surety.”

Reagents
Astemizole [chemical abstracts service (CAS) #68844-77-9], fluphena-
zine hydrochloride (CAS #146-56-5), hycanthone (CAS #3105-97-3),
pimozide (CAS #2062-78-4), prochlorperazine edisylate (CAS #1257-
78-9), quinacrine dihydrochloride (CAS #69-05-6), terconazole (CAS
#67915-31-5), and thioridazine (CAS #130-61-0) were purchased from
www.Scie
MicroSource Discovery Systems. Ammonium chloride (CAS #12125-
02-9), benztropine mesylate (CAS #132-17-2), bepridil hydrochloride
monohydrate (CAS #74764-40-2), clomiphene citrate (CAS #50-41-9),
clomipramine hydrochloride (CAS #17321-77-6), flupentixol di-
hydrochloride (CAS #51529-01-2), EIPA (CAS #1154-25-2), maprotiline
hydrochloride (CAS #10347-81-6), strophanthin (CAS #11005-63-3),
and vinorelbine tartrate hydrate (CAS #125317-39-7) were purchased
from Sigma-Aldrich. Aripiprazole (CAS #129722-12-9), efavirenz (CAS
#154598-52-4), lomerizine dihydrochloride (CAS #101477-54-7), myco-
phenolate mofetil (CAS #128794-94-5), simvastatin (CAS #79902-63-9),
teicoplanin (CAS #61036-62-2), and toremifene citrate (CAS #89778-
27-8) were purchased from Sequoia Research Products. Atovaquone
(CAS #95233-18-4), azacitidine (CAS #320-67-2), and clemastine fu-
marate (CAS #14976-57-9) were purchased from Selleck Chemicals.
Dasatinib (CAS #302962-49-8) and sertraline hydrochloride (CAS
#79559-97-0) were purchased from Toronto Research Chemicals.
EST (E64d) was purchased fromCayman Chemical Co. Paroxetine hy-
drochloride hemihydrate (CAS #110429-35-1) was purchased from
LKT Laboratories. Piperacetazine (CAS #3819-00-9) was purchased
fromU.S. Pharmacopeia. U18666A (CAS #63177-57-1) was purchased
from Enzo Life Sciences. Dimethyl sulfoxide (DMSO) was used as sol-
vent for the high-throughput screening assay described below. The 9G4
antibody (54, 55) was developed byM.Hevey et al. (USAMRIID, Fort Det-
rick). The 13C6 antibodywas developed by J.Wilson et al. (USAMRIID,
Fort Detrick) (56). The 3C10 antibody was provided by J. Dye (USAM-
RIID, Fort Detrick). The 9E12 antibody was developed and provided by D.
Negley (USAMRIID, Fort Detrick).

Cells and viruses
Vero E6 cells [American Type Culture Collection (ATCC): CRL-1586]
and HepG2 cells (ATCC: HB-8065) were maintained in Eagle’s mini-
mum essential medium (Gibco Invitrogen) supplemented with 10%
fetal bovine serum (FBS; Gibco Invitrogen). 293AD cells (Agilent Tech-
nologies, 240085) and SNB19 cells (from W. Maury) were maintained
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco Invitrogen)
supplemented with 10% FBS (Hyclone), 1% antibiotic/antimycotic, 1%
L-glutamine, and 1% sodium pyruvate (Gibco Invitrogen).

The filoviruses—Ebola virus isolates Kikwit (EBOV-95 or EBOV/
Kik), Mayinga (EBOV-76 or EBOV/May), eGFP-EBOV, SUDV,MARV,
and RAVV—were replicated as described by Johansen et al. (11).

Screening assay and library
A compound library of 2635 compounds (table S1) composed of ap-
proved drugs, mechanistic probes, and elite compounds such as dietary
supplements, vitamins, minerals, and food additives was compiled
and used for this screen (7, 13). For the screen, compounds were
added directly to 96-well compound plates using either a MiniTrak
(PerkinElmer) or an acoustic compound dispenser (Echo 555, Labcyte).
Compoundswere suspended in a final volume of 200 ml ofDMEMat 4×
the final concentration, and plates were frozen at –80°C for aminimum
of 24 hours and shipped to investigators at USAMRIID. Compound
plates were thawed before the addition of compound to the infectiv-
ity assay described below. For the screens, compounds were plated in
200 ml ofmedium at 4× the final concentration, such that the addition
of 50 ml to assay plates resulted in the appropriate final concentration
(200 ml final assay volume after virus addition).

The screening assay for EBOV used a genetically engineered Ebola
virus expressing eGFP, eGFP-EBOV(12), and the viruswas provided by
nceTranslationalMedicine.org 3 June 2015 Vol 7 Issue 290 290ra89 10
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J. Towner of the CDC. The screening assay was performed as described
by Johansen et al. (11). Briefly, Vero E6 or HepG2 cells were plated in
96-well plates at a density of 40,000 cells per well in a total volume of
100 ml per well and incubated overnight at 37°C and 5% CO2. Next,
50 ml of the prediluted compounds was added at a 4× concentration
to each well to achieve the desired final concentration. Finally, 50 ml
of the indicated virus or medium (corresponding to an approximate
multiplicity of infection of 0.2) was added to cells. These assay plates
were incubated for 48 hours at 37°C and 5%CO2. After incubation, the
amount of fluorescence in each well of the infected plates was determined
using a spectrofluorometer (Molecular Devices; excitation: 485 nm,
emission: 515 nm, cutoff: 495 nm). Antiviral activity was calculated by
the inhibition of eGFP of treated cells compared to mock-treated control
cells. The average signal for the eGFP assay was 1780 (±11) fluorescent
light units (FLUs). The background was 61 (±2) FLUs. The signal/noise
(S/N) ratio was 29 for the screen.

Compounds were tested at three concentrations in the preliminary
screen against eGFP-EBOV infection and were considered active if the
antiviral activity observed was >40% inhibition (I) with no or low corre-
sponding cytotoxicity. The in vitro anti-EBOV activity of 30 compounds
was confirmed by testing compounds at seven serially diluted doses in
both Vero E6 and HepG2 cells.

To confirm that a decrease in fluorescence correlated with the in-
hibition of viral replication and not an increase in cell death, a counter
screen was run in tandem using uninfected Vero E6 or HepG2 cells.
Cells were seeded in 96-well plates as described above and incubated
overnight at 37°C and 5% CO2. The following day, cells were treated
with compound and mock-infected with medium. After 48 hours of
incubation, cell viability was assessed using the CellTiter-Glo Lumi-
nescent Cell Viability Assay Kit (Promega). This assay measures the
concentrations of adenosine triphosphate (ATP) in the lysed cells in
each well, with higher concentrations of ATP correlating with greater
cellular viability. Thus, a compound with antiviral activity is expected
to inhibit the emission fluorescence measured by relative luminescent
light units (RLUs) with minimal effect on the ATP concentrations
measured by the CellTiter-Glo assay. The average signal for the assay
as measured by a SpectraMax M5 (Molecular Devices) was 305,300
(±1500) RLUs, with a background signal of 1580 (±40) RLUs for an
S/N ratio of 193.

EBOV entry and internalization assays
The BlaM entry assay (57) was adapted for assessing effects of candidate
inhibitory compounds on EBOV-VLP entry as described in (11, 14).
Briefly, 293AD cells were pretreated for 60 min with the indicated con-
centration of the active compound or with DMSO vehicle in Opti-
MEMmedium (Life Technologies). Cells were cooled on ice and VLPs
were added and concentrated at the cell surface by spinfection, after
which cells were incubated at 37°C for 3 hours. Cells were washed with
loading medium, and CCF2/AM dye, a BlaM substrate that fluoresces
blue when cleaved, was added. Cells were incubated overnight in
loading medium, fixed, and analyzed by flow cytometry with a FACS-
Calibur flow cytometer (BD Biosciences). The percentage of cells
showing VLP entry was calculated as the ratio of the number of blue
cells to the total number of cells gated. VLP internalization was assessed
using the same stock of VLPs, but assessment relied on their content of
mCherry-VP40 instead of BlaM-VP40 (14). All flow cytometric data for
both the VLP internalization and entry assays were analyzed using the
FlowJo software package.
www.Scie
Murine Ebola virus infection model
The murine Ebola virus infection model was as described previously
(17, 18). ma-EBOV was obtained from M. Bray (Virology Division,
USAMRIID). C57BL/6 mice (5 to 8 weeks old) were obtained from
the National Cancer Institute and housed under specific pathogen–free
conditions. C57BL/6 mice were injected intraperitoneally with a target
dose of 1000 PFU of the ma-EBOV in a BSL-4 laboratory at USAM-
RIID. A stock (50 mg/ml) of each compound was generated in 100%
DMSO and diluted with phosphate-buffered saline (PBS) to obtain the
final treatment concentration. Animalswere treated BID starting 1 hour
after challenge with either sertraline (10 mg/kg in 0.225% DMSO/PBS)
or bepridil (12 mg/kg in 2.4%DMSO/PBS). In other studies, mice were
treated with clomipramine (45 mg/kg in 9% DMSO/PBS) once daily
(QD), lomerizine (22 mg/kg in 4.4% DMSO/PBS) QD, aripiprazole
(20 mg/kg in 0.225% DMSO/PBS) BID, teicoplanin (14 mg/kg in 2.8%
DMSO/PBS) QD, paroxetine (15 mg/kg in 3% DMSO/PBS) QD, and
efavirenz (15 mg/kg in 3% DMSO/PBS) BID 1 hour after challenge.
Compounds were administered to mice by intraperitoneal injection with
a total injection volume of 200 ml. Mice in the vehicle control groups
were administered a solution of 5%DMSO/PBS without drug. Animals
were treated for a total of 10 days and monitored for survival for a total
of 28 days after virus exposure.

VLP preparation
For the VLP entry and internalization assays, VLPs were prepared as
described in (11, 14). VLPs expressing VSV-G or LCMV-GP were
prepared as described by Johansen et al. (11).

Cathepsin activity and endosome acidification assays
CathepsinBactivity in cell lysates adjusted topHof 5was assayedusing the
cathepsin B substrate N-benzyloxycarbonyl-L-arginyl-L-arginine-7-
amido-4-methylcoumarin (Calbiochem), as described in (58). Cathepsin
L was assayed the same as cathepsin B, but using the cathepsin L sub-
strate N-benzyloxycarbonyl-L-phenylalanyl-L-arginine-7-amido-4-
methylcoumarin (Calbiochem) in the presence of 1 mM CA074, a
cathepsin B inhibitor (Calbiochem). Combined activity of cathepsins B
plus L was assayed as above using the cathepsin L substrate in the ab-
sence of any inhibitor. Endosomal acidification was analyzed as de-
scribed by Johansen et al. (11).

In vitro EBOV trafficking assays
Colocalization between EBOV-VLP–GP1,2 and NPC1

+ endolysosomes
was determined as described by Mingo et al. (30), with the following
minor modifications: 293AD cells were seeded into eight-well chamber
slides (75,000 cells per well). After about 16 hours, the cells were pre-
treated with vehicle (DMSO, mock) or the indicated concentration of
the active compound for 1 hour at 37°C. The cells were then chilled to
15°C for 30 min, VLPs tagged with mCherry-VP40 (± drugs) were
added, and the cells were incubated for an additional 60 min (at 15°C)
to allow VLP binding and internalization. The cells were then warmed
to 37°C for 100 min, fixed, stained for NPC1, imaged, and analyzed as
described by Mingo et al. (30).

Pseudovirion infection
VSV pseudovirions bearing Ebola virus GP (VSV-GP) and encod-
ing GFP were produced as described previously (15). Infection of
the parental CHO or NPC1-overexpressing CHO cells was per-
formed as described in (14).
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Native filovirus strain ELISA
Cell-based ELISA assays using native strains of virus, EBOV/Kik,
EBOV/May, SUDV, MARV, or RAVV have been previously de-
scribed by Johansen et al. (11). The signal for the EBOV/Kik assay
was 137,400 (±4100) RLUs with an S/N ratio of 159. The signal for
the EBOV/May assay was 45,600 (±2600) RLUs with an S/N ratio
of 95. The signal for the SUDV assay was 188,400 (±2750) RLUs
with an S/N ratio of 74. The signal for the MARV assay was 55,000
(±1400) RLUs with an S/N ratio of 102. The signal for the RAVV
assay was 175,000 (±10,000) RLUs with an S/N ratio of 124.

Data analysis
For the eGFP-EBOV screen and native strain ELISA assays, raw phe-
notypemeasurementsT from each treated well were converted to nor-
malized fractional inhibition I = 1 − T/V relative to the median of
vehicle-treated V wells arranged around the plate. After normalization,
average activity values were calculated between replicate measurements
at the same treatment doses along with s1, the accompanying SE esti-
mates. Drug response curves were represented by a logistic sigmoidal
function with a maximal effect level (Amax), the concentration at
half-maximal activity of the compound (EC50), and a Hill coefficient
representing the sigmoidal transition. All curve fits were through the
zero-concentration point.We used the fitted curve parameters to calcu-
late the concentration (IC50) at which the drug response reached an ab-
solute inhibition of 50%, limited to the maximum tested concentration
for inactive compounds.

Statistical analysis
For mice studies evaluating the efficacy of sertraline, bepridil, and
compounds listed in table S3, the mean time to death was analyzed
by analysis of variance (ANOVA) comparing only those mice that suc-
cumbed before the study ended. Because of the sample size used for
these studies, differences in overall survival between treatment and
vehicle control groups were evaluated using Fisher’s exact test (with step-
down Bonferroni adjustment where necessary). A P value of <0.05 indi-
cates a significant difference between experimental groups. Time to death
was compared to control using only animals that succumbed. For studies
investigating the mechanism by which bepridil and sertraline block VLP
entry into the cytoplasm, values for drug-treated samples were compared
to those for mock-treated samples using Student’s t tests (two-tailed as-
suming equal variances). A P value of <0.001 indicates a significant dif-
ference between experimental groups. All statistics conform to the
journal’s policy.
SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/7/290/290ra89/DC1
Table S1. Results of a three-point dose antiviral screen of 2635 compounds against eGFP-EBOV
infection (two Excel files).
Table S2. Active compounds identified from preliminary three-point dose antiviral screen
against eGFP-EBOV infection (Excel file).
Table S3. Survival of ma-EBOV–infected C57BL/6 mice after treatment with additional priority
active compounds identified in vitro.
Fig. S1. Comparison of compound activity in the antiviral assay against eGFP-EBOV infection
versus uninfected host cell proliferation.
Fig. S2. Confirmatory in vitro eight-point dose-response curves for active compounds from
EBOV antiviral screen in Vero E6 cells.
Fig. S3. Additional confirmatory in vitro eight-point dose-response curves for active
compounds from EBOV antiviral screen in Vero E6 cells.
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Fig. S4. Confirmatory in vitro eight-point dose-response curves for active compounds from
EBOV antiviral screen in HepG2 cells.
Fig. S5. Additional confirmatory in vitro eight-point dose-response curves for active
compounds from EBOV antiviral screen in HepG2 cells.
Fig. S6. Evaluation of sertraline and bepridil on endosome acidification.
Fig. S7. Evaluation of sertraline and bepridil on EBOV-VLP–GP1,2 trafficking to NPC1+ endolysosomes.
Fig. S8. Bepridil and sertraline, at the indicated concentrations, do not inhibit the viability of
293AD cells.
Fig. S9. Assessment of bepridil and sertraline on VSV EBOV-GP pseudovirion entry into parental
and NPC1-overexpressing CHO cell lines.
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