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Abstract: Outbreaks of Ebola ebolavirus (EBOV) have been associated with high morbidity and 

mortality. Milestones have been reached recently in the management of EBOV disease (EVD) 

with licensure of an EBOV vaccine and two monoclonal antibody therapies. However, neither 

vaccines nor therapies are available for other disease-causing filoviruses. In preparation for 

such outbreaks, and for more facile and cost-effective management of EVD, we seek a cocktail 

containing orally available and room temperature stable drugs with strong activity against 

multiple filoviruses. We previously showed that (bepridil + sertraline) and (sertraline + torem-

ifene) synergistically suppress EBOV in cell cultures. Here we describe steps towards testing 

these combinations in a mouse model of EVD. We identified a vehicle suitable for oral delivery 

of the component drugs and determined that, thus formulated the drugs are equally active 

against EBOV as preparations in DMSO, and they maintain activity upon storage in solution for 

up to seven days. Pharmacokinetic (PK) studies indicated that the drugs in the oral delivery 

vehicle are well tolerated in mice at the highest doses tested. Collectively the data support ad-

vancement of these combinations to tests for synergy in a mouse model of EVD. Moreover, 

mathematical modeling based on human oral PK projects that the combinations would be more 

active in humans than their component single drugs. 

Keywords: filovirus; pandemic preparedness; synergy; viral pathogens; mathematical model-

ing; projected benefit in humans 

 

1. Introduction 

The family Filoviridae contains human pathogens of high consequence including Ebola virus (EBOV), Su-

dan virus (SUDV) and Marburg virus (MARV) [1–3]. The largest outbreak of EBOV occurred in Western Africa 

between 2013 and 2016 leading to the deaths of over 11,000 individuals [2,4]. The second largest outbreak oc-

curred in the northeastern region of the Democratic Republic of the Congo (DRC) between August 2018 and 
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June 2020, and an eleventh outbreak recently occurred in the DRC (June to Nov. 2020). There is now a licensed 

vaccine (Ervebo), a licensed therapeutic monoclonal antibody (mAb) (Ebanga), and a licensed therapeutic 

mAb cocktail (Inmazeb) against EBOV. These undoubtedly played significant roles in curbing the latest out-

breaks. However, no vaccines or therapeutics are currently approved to prevent or treat human diseases 

caused by other members of the Ebolavirus genus (e.g., SUDV; Bundibugyo virus, Taï Forest Virus), by 

members of the Marburgvirus genus, nor for diseases that might be caused by emerging filoviruses (e.g., 

Reference [5]). We seek a pan-filovirus oral therapeutic that could be rapidly and economically deployed at the 

outset of new filovirus outbreaks. Such a therapeutic would mitigate disease during the time period (many 

months to years) when species- and/or isolate-specific therapeutics (e.g., therapeutic mAbs) and vaccines are 

being developed and deployed. 

Towards the goal of developing a rapidly deployable low-cost oral pan-filovirus therapeutic, we and 

others have identified low molecular weight drugs approved for other indications that have activity against 

EBOV in cell cultures [6–13] (for recent reviews see [3,14–18]). A limitation of monotherapy drug repurposing 

as an anti-viral strategy is that often the maximum concentration of drug attainable (e.g., Cmax in plasma) is 

below the effective dose range determined for the drug as an anti-viral agent in cell culture. Recognizing that, 

as well as the success of anti-viral drug cocktails against chronic human viral pathogens such as human im-

munodeficiency virus [19,20] and hepatitis C virus [21], we and other have identified pairs of approved drugs 

that block EBOV replication in cells synergistically [22–26]. Synergistic cocktails lower the doses of the com-

ponent drugs needed and, reciprocally, increase anti-viral potency [27,28]. 

Our prior anti-EBOV drug synergy testing in cells [22] revealed several pairs of drugs that block EBOV 

synergistically including (bepridil + sertraline) and (sertraline + toremifene). Towards the goal of testing these 

combinations in a mouse model of EBOV disease (EVD), we identified a vehicle suitable for their administra-

tion by the oral route, demonstrated the efficacy of each drug formulated for oral delivery against EBOV in 

cells, determined the stability of the oral formulations over time, and conducted pharmacokinetic and tolera-

bility studies that support the ability to conduct a test in mice to determine if these combinations act synergis-

tically against EBOV in the mouse model.  We also conducted pharmacokinetic/pharmacodynamics model-

ing studies, combined with a previously built EBOV viral dynamics model [29], which demonstrated that 

there could be potential benefits to administering these drug combinations to humans for treating EVD. 

2. Materials and Methods 

2.1. Ebolavirus (EBOV) Cell-Based Infection Assay 

EBOV infection assays were performed essentially as described in References [22,30]. In brief, for in vitro 

single agent drug tests, Huh7 cells were plated at 30,000 cells/well in black clear bottom 96 well plates. 24 hr 

later they were pretreated with drugs for 1 hr and then infected with EBOV/Mak (Ebola vi-

rus/H.sapiens-tc/GIN/201 4/Makona-C05 (GenBank accession no.  KX000398.1)(#IRF0165) at a moi of 0.21. 

The drugs were tested in 8-point dose response curves with 2-fold serial dilutions. Each dose was run in trip-

licate (n=3), and each experiment was run on at least duplicate plates. After 48 hr, the cells were fixed in for-

malin, and stained for the EBOV VP40 protein (mouse antibody #BMD04B007 A11) followed by peroxidase 

labeled goat α-mouse IgG (H+L), followed by a chemiluminescent substrate as described in Ref. [31]. Plates 

were then read using a Tecan plate reader (model M1000). For in vitro drug combination tests, cells, plated as 

above, were pretreated for 1hr prior to infection with a 6x6 matrix containing 2-fold serial dilutions of Drug 1 

and Drug 2, and then assessed for effect on EBOV infectivity as described above for the single agent tests. For 

all experiments, cytotoxicity was determined (in parallel black opaque 96-well plates) using the Cell Titer-Glo 

Luminescent Cell Viability Assay (Promega), and each datapoint (infection and cell viability) was analyzed (in 

each experiment) with 3 replicates. All work with live EBOV was conducted in a BSL4 facility. Sources and 

catalogue numbers for the drugs tested are given in the Supplemental Document.  Sources of cells and cell 

culture media components are given in Reference [32]. IC50 values were calculated as follows: background 

values were subtracted and inhibition was measured as percent relative to untreated infected cells. Non-linear 

regression analysis was then performed using GraphPad Software (La Jolla, CA), and IC50 values were calcu-

lated from fitted curves (log [agonist] vs response [variable slope] constrained to remain above 0. Error bars of 

dose-response curves represent the standard deviation (sd) of three replicates.  

2.2. VSV-EBOV GP-Pseudovirus Infection Assay 

VSV pseudoviruses encoding EBOV GP deleted for its mucin domain (GPΔ) were prepared as described 

in References [7,33,34], but using VSV helper virus deleted for its own G protein gene (VSVΔG) and encoding 
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Renilla luciferase, VSV-ΔG-Luc (gift of Dr. Robert Doms, University of Pennsylvania). VSV-GPΔ-Luc infection 

assays were then performed essentially as described in References [7,33,34]. In brief, HEK293T/17 cells (ATCC 

CRL-11268) were plated in opaque white 96 well plates at a density of 30,000 cells/well. Eighteen hr later the 

cells were pretreated with the indicated concentrations of the indicated drug for 1 hr and then infected with an 

amount of VSV- GPΔ-luc pretitered to yield ~100,000 relative light units in uninhibited samples. After 24 hr, 

cells were lysed and analyzed for Renilla luciferase activity using the Renilla-Glo luciferase assay system from 

Promega according to the manufacturer’s instructions. Cytotoxicity was determined (in parallel plates) using 

the Cell Titer-Glo Luminescent Cell Viability Assay (Promega). Each datapoint (infection and cell viability) 

was analyzed (in each experiment) with 3 replicates. Sources and catalogue numbers for the drugs tested are 

given in the Supplemental Document.  Sources of cells and cell culture media components are given in Ref-

erence [32]. 

2.3. Test of Apilimod against EBOV in the Mouse Model  

The efficacy of Apilimod (Axon Medchem, cat. # 2500) was tested in the C57BL/6 mouse model of EVD. 

Apilimod was prepared fresh in saline (0.9% NaCl Injection, USP, Baxter Health Care Corporation) from 

powder each dosing day. Apilimod powder was weighed, aliquoted and stored at 4°C one day prior to the 

study start.  

Doses of 30 mg/kg or 44 mg/kg of apilimod mesylate (equivalent to 20.5 mg/kg or 30 mg/kg apilimod, 

respectively in 0.9% NaCl Injection, USP) were administered IP to female C57BL/6 mice (Charles River La-

boratories) once a day for 10 days, beginning ~4hr before exposure to ma-EBOV (mouse-adapted Ebola vi-

rus/Mayinga (GenBank accession no. KY425637.1). Compound efficacy was measured by assessing percent 

survival in the apilimod treated groups relative to the vehicle (saline) control group. Mice (10 per group) were 

challenged IP with 246 plaque forming units (PFU) of mouse-adapted Ebola virus (ma-EBOV) on study day 0. 

Mice were observed for a total of 28 days, and mice that achieved a clinical score of 3 were euthanized. 

Criteria for clinical scoring are outlined in the most current Integrated Research Facility (IRF) Ani-

mal-Care-and-Use-Committee-approved Animal Study Proposal. Mice were housed in an accredited BSL4 

animal facility (accredited by the Association for Assessment and Accreditation of Laboratory Animal Care 

(AAALAC)). All animal procedures were approved (approval number IRF-032E) by the Animal Care and Use 

Committee of the National Institute of Allergy and Infectious Diseases, Division of Clinical Research, in com-

pliance with the Animal Welfare Act regulations, Public Health Service policy, and the Guide for the Care and 

Use of Laboratory Animals recommendations.  

2.4. Drug Formulation and Mouse Pharmacokinetic (PK) and Tolerability Tests 

SRI Biosciences (Menlo Park, CA) performed formulation and tolerability studies for bepridil, sertraline 

and toremifene. Details on the preparation of drugs in the 10 test vehicles analyzed are given in the Supple-

mental Document. The tolerability studies were performed with bepridil, sertraline and toremifene prepared 

in Vehicle 8 (V8, which is 80% PEG 400/ 20% of 0.1% Tween-20 in Water) on female C57BL/6 mice that were 

administered drugs orally (PO) for 11 consecutive says (once/day), followed by a 7-day recovery period. 

Eurofins Scientific (St. Charles, MO) performed the pharmacokinetic (PK) studies. In brief, bepridil-HCl, 

sertraline-HCl and toremifene citrate were prepared in V8 according to procedures outlined in the Supple-

mentary Document. Single oral doses of bepridil (150 and 500 mg/kg), sertraline (30 and 60 mg/kg) and 

toremifene (100 and 200 mg/kg) were administered to female C57BL/6 mice (provided by BioLasco Taiwan, a 

Charles River Laboratories Licensee) and analyzed for the indicated parameters according to standard Eu-

rofins procedures. All aspects of the work, including housing, experimentation, and disposal of animals were 

performed in general accordance with the Guide for the Care and Use of Laboratory Animals: Eighth Edition 

(National Academy Press, Washington, D. C., 2011) in an AAALAC-accredited laboratory animal facility. The 

animal care and use protocols were reviewed and approved by the respective IACUCs at Pharmacology Dis-

covery Services Taiwan, Ltd. (approval number PK001-09212018) and SRI International (approval number 

02006). 

2.5. Mathematical modeling studies 

2.5.1. Human pharmacokinetic data  

Mean bepridil PK data were extracted from Reference [35] using WebPlotDigitizer (WebPlotDigitizer - 

Extract data from plots, images, and maps), where 5 healthy male volunteers (20 ~ 49 years old) were 

administered 400 mg bepridil-HCl orally. Mean toremifene PK data were extracted from reference [36] using 

the same extraction method, where volunteers were orally administered 50 mg (n = 3) and 100 mg (n = 3) 

toremifene. Sertraline PK data were gathered from reference [37], containing raw data for 14 healthy male 
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volunteers (28 ~ 40 years old) given a single oral dose of 100 mg sertraline (Teva-Sertraline 100 mg, Sertraline 

HCl). 

2.5.2. Pharmacokinetic modeling of bepridil, sertraline and toremifene 

To model the PK of bepridil, sertraline and toremifene (Figure 1A), we fitted PK data (as mentioned 

above) to available PK models in Monolix [38]. We selected the best PK model for each drug which has the 

lowest Aikaike Information Criteria (AIC) score (Supplemental Figures 1-3 and Supplemental Tables 1-3). AIC 

rewards for close fit to data and penalizes for unnecessary complexity. 

 

Figure 1. Frameworks for studying the advantage of drug combinations against EBOV infection. (A) PK modeling 
(drug concentration in human plasma or serum over time). (B) PD modeling (drug concentration dependent inhibition 
of EBOV replication) of single drugs (top) and drug combinations (bottom). (C) EBOV dynamics model (plasma viral 
load over time in cynomolgus macaques [29]). (D) The PK, PD (single drugs and drug combinations), and EBOV viral 
load dynamics model, are combined under different assumptions of in vivo IC50s (the plasma concentration of drug 
required to inhibit EBOV replication by 50%, the true in vivo drug potency against EBOV, in humans) to predict EBOV 
viral load trajectories in humans in the presence of single or drug combinations. Panel C was adapted from Reference 
[29]. See text for sources of input data. 

2.5.3. Pharmacodynamic (PD) modeling of single drugs and drug combinations 

PD data of single drugs, bepridil, sertraline, and toremifene, as well as drug combinations of (sertraline + 

bepridil) and (sertraline + toremifene), were gathered from [22]. The in vitro IC50s and hill coefficients of 

bepridil, sertraline, and toremifene applied alone are from Reference [22] and are reported in Supplemental 

Table 4. The efficacy of a single drug (%) equals [20]: 

𝐸𝑠𝑖𝑛𝑔𝑙𝑒 = 100 ∗ (1 − 𝑓𝑢𝑖)                                                     𝐸𝑞𝑛. 1 

where fui is the fraction of infection events unaffected by drug i, that: 

𝑓𝑢𝑖 =
1

1 + (
𝐷𝑖
𝐼𝐶50,𝑖

)𝑚𝑖
 

𝑫𝒊 is the concentration of drug i (𝛍𝐌). 𝑰𝑪𝟓𝟎,𝒊 and 𝒎𝒊 are the concentration of drug i (𝛍𝐌) required for 50% 

inhibition and the hill coefficient of drug i when drugs were used alone. 

To model the efficacy of drug combinations, we modified a pre-existing Bliss independence model [20] by 

adding a power factor, a, to the percentage of infection events unaffected by both drugs (pu1+2), in order to 

capture the possible synergistic effects of drug combinations (Figure 1B): 

𝐸𝑐𝑜𝑚𝑏𝑜 = 100 − 𝑝𝑢1+2
𝑎 = 100 − (100 × 𝑓𝑢1 × 𝑓𝑢2)

𝑎        𝐸𝑞𝑛. 2 

Parameters of 𝑰𝑪𝟓𝟎,𝒊 and 𝒎𝒊 in the expression of fui were re-estimated in drug combination assays. 
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We previously defined in vivo IC50 as the plasma drug concentration at which viral replication is inhibited 

by 50% in vivo [39,40]. Since in vivo IC50s of bepridil, sertraline and toremifene in humans in single drug 

treatments and combined drug treatments are unknown, we made various assumptions based on in vitro IC50s 

measured in the dose response assays for the single drugs and drug combinations. Specifically, we assumed 

that in vivo IC50s are 0.1X, 1X, 5X and 10X of empirically observed in vitro IC50s, and then projected pharma-

codynamics of single drugs (Supplemental Figure 4) and drug combinations (see section 3.5.1). PK and PD 

models were then linked to estimate percent of viral replication events inhibited as a function of time. 

 

2.5.4. Mathematical modeling of EBOV viral dynamics  

To study the possible advantage of drug combinations against EBOV infection, we used a previously built 

EBOV viral dynamics model [29], which is composed of viral production-inhibition, a cell defense mechanism 

mediated by IFN𝛼, innate immune response and adaptive immune response (Figure 1C). 

We assume that drugs impact viral replication in the model according to drug plasma/serum 

concentration and PD curve according to the equation: 

𝑑𝑉

𝑑𝑡
= (1 −

𝜀

100
)

⏟      
𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛

𝑜𝑓 𝑣𝑖𝑟𝑎𝑙 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛
𝑏𝑦 𝑑𝑟𝑢𝑔

× 𝑝𝐼2⏟
𝑅𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑖𝑜𝑛
𝑜𝑓 𝑣𝑖𝑟𝑖𝑜𝑛𝑠

− 𝑐𝑉⏟
𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒
𝑜𝑓 𝑣𝑖𝑟𝑖𝑜𝑛𝑠

              𝐸𝑞𝑛. 3 

where 𝜀 is the efficacy of a single drug (Esingle, %) or the efficacy of a drug combination (Ecombo, %), which is a 

function of the plasma/serum concentration of a drug (Eqn. 1) or drugs (Eqn. 2). Then (1- 𝜀/100) describes 

the fraction of inhibition on viral replication (pI2) from reproductively infected I2 cells, where p stands for 

production rate of virions (V). Virions have a clearance rate c. Thus, Eqn. 3 is the mathematical expression of 

the rate change of viruses (V). 

 

So, the EBOV viral dynamics model (Figure 1C) consists of a system of ordinary differential equations 

[29]: 

𝑑𝑇

𝑑𝑡
= −𝛽𝑇𝑉 −

𝜙𝑇𝐹

𝐹 + 𝜃𝑇
 

𝑑𝐼1
𝑑𝑡
= 𝛽𝑇𝑉 − 𝑘𝐼1 

𝑑𝐼2
𝑑𝑡

= 𝑘𝐼1 − 𝛿𝐼2 − 𝜅𝐼2𝐸2 

𝑑𝑅

𝑑𝑡
=

𝜙𝑇𝐹

𝐹 + 𝜃𝑇
 

𝑑𝑉

𝑑𝑡
= (1 −

𝜀

100
)𝐼2𝑝 − 𝑐𝑉 

𝑑𝐹

𝑑𝑡
= 𝑞𝐼2 − 𝑑𝐹𝐹 

𝑑𝐿

𝑑𝑡
= 𝑞𝐿𝐼2 − 𝑑𝐿𝐹 

𝑑𝑁

𝑑𝑡
= 𝑞𝑁𝐼2 − 𝑑𝑁𝐹 

𝑑𝐸1
𝑑𝑡

= 𝜎 −
𝜁𝐹𝐸1
𝐹 + 𝜃𝐸

− 𝛿𝐸𝐸1 

𝑑𝐸2
𝑑𝑡

= 𝜌𝐸2 (1 −
𝐸2
𝐸0
) − 𝛿𝐸𝐸2 
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3. Results 

3.1. Selection of Drugs for Combination Tests in Mice 

We previously reported on 78 pairwise combinations of approved drugs against EBOV in Huh7 cells [22]. 

The seven most synergistic combinations are listed in Table 1. We chose to pursue the second (bepridil + ser-

traline) and fourth (sertraline + toremifene) pairs for the following reasons. We excluded the top pair (ari-

piprazole + piperacetazine) because piperacetazine is now only licensed for veterinary use in the United States 

of America (USA) and because in a first test (aripiprazole + piperacetazine) caused hypersomnolence in mice 

infected with EBOV, and thus malnutrition and dehydration likely contributed to the low (10%) survival rate 

[7]. We excluded the third pair (sertraline + clomiphene) because of poor human plasma exposure following 

oral administration of clomiphene (Supplemental Table 5) and variable survival rates in mice treated with 

clomiphene as a single agent (Supplemental Table 6). We also chose to exclude combinations ranked as num-

bers 5-7 (apilimod paired with clomiphene, azithromycin, or toremifene). Although apilimod has potent ac-

tivity against EBOV in cell cultures [32,41,42] and has a human Cmax/IC50 >1 (Supplemental Table 5) suggesting 

potential activity in vivo, in a first test as a single agent in female C57BL/6 mice challenged with 

mouse-adapted EBOV (ma-EBOV), apilimod provided no survival advantage (Supplemental Figure 5). 

This was likely because apilimod is known to inhibit IL12/23 production [43,44], thereby interfering with 

IL12-mediated inhibition of EBOV infection (via interferon γ production) in macrophages [45], which are key 

targets of EBOV infection [2]. Hence the components chosen for pairwise tests in mice were bepridil, sertraline 

and toremifene in the combinations (bepridil + sertraline) and (sertraline + toremifene). 

Table 1. Top synergistic drug pairs from Ref. [22], rank ordered based on Matrix 3, Log Volume scores. 

Drug 1 Drug 2 
Matrix 1 

(DBSumNeg) 

Matrix 2 
(DBSumNeg) 

Matrix 3 
(DBSumNeg) 

Matrix 3 

(Log Volume 1) 

Aripiprazole Piperacetazine nd nd -5.14      28.0 

Bepridil Sertraline nd nd -3.06 17.2 

Sertraline Clomiphene -5.47 -5.85 -2.45 16.2 

Sertraline Toremifene -4.40 -4.75 -3.09 16.2 

Apilimod Clomiphene -4.90 na 2 -1.79 10.2 

Apilimod Azithromycin nd nd -2.35  9.4 

Apilimod Toremifene -4.35 na 2 -0.59  5.2 

Drugs were tested against EBOV/Mak in Huh7 cells (moi 0.21) in three 6x6 checkerboard experiments: Matrix 1, Matrix 2, 
and Matrix 3 [22] (all data available at: https://tripod.nih.gov/matrix-client/). Data from the Matrix 3 test were also 
analyzed with MacSynergy, which considers scores  >9, Strong; >5, moderate; 2-5, minor; <2 insignificant. 1Log Volume 
scores are at the 99.9% confidence level. 2The apilimod used in this experiment did not have the correct chemical 
structure [22,46]. na, not applicable; nd, not done.  

Bepridil, sertraline and toremifene are orally available drugs (Supplemental Table 5) that block infections 

by EBOV and MARV in vitro [6,7,9]. Sertraline (Zoloft) and toremifene (Fareston) are prescribed in the USA 

and abroad for depression and metastatic breast cancer, respectively. While in use in several countries, 

Bepridil (Vascor) has been withdrawn as an antihypertensive in the USA. All three drugs showed efficacy via 

the intraperitoneal (IP) route in a mouse model of EBOV infection [6,7] (also see Supplemental Table 6), and 

bepridil, which showed 100% protection in the mouse model [7], also strongly protected female Balb/c mice 

challenged with 195 PFU of ma-MARV Angola [47]. Sertraline was not effective at the dose employed in a test 

in rhesus macaques challenged with 1090 PFU of EBOV/Mak-C05 [48] (see Discussion). Bepridil, sertraline and 

toremifene block EBOV entry into cells through late endosomes (LE) that bear the EBOV receptor, Nie-

mann-Pick C1 (NPC1) [49–53]; they do not block EBOV binding to host cells, internalization from the cell 

surface or trafficking to NPC1+ LE [6,7,54]. Two co-functioning mechanisms likely account for their anti-EBOV 

action: (i) binding to a pocket in EBOV GP [55,56], with consequent effects on GP interaction with NPC1 [54] 

and conformational changes needed to elicit fusion [55–57], as well as (ii) disruptive effects on the composition 

and function of LEs [34,54]. Bepridil has also been reported to bind to two-pore calcium channel 2 (TPC2) [58], 

a host LE protein required for EBOV entry [59]. 
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3.2. Selection of Drug Doses for Combination Tests in Mice 

For combination tests we aim to achieve doses resulting in 20-25% survival as single agents when given 

orally to mice enabling assessment of whether administration in pairs results in greater than 50% survival (i.e., 

more than an additive effect). We therefore chose top doses of each drug (Table 2) that should be safe in mice 

(based on LD50) and achieve ≥ 50% survival, contemplating down-dosing (following a dose-down study) to 

achieve 20-25% survival as single drugs. The reasonings for the top dose of each drug are as follows (see 

Supplemental Tables 5 and 6 for details). Bepridil: The aim is to achieve a Cmax of ~4 μM (average IC50, 

Supplemental Table 5) to yield >/~50% survival. An oral dose (PO) of 150 mg/kg yielded a Cmax of 1.5 μM [35]. 

Hence 2.67-fold (4/1.5) more bepridil would be needed, suggesting a top oral dose of 400 mg/kg. As the oral 

LD50 is 2,069 mg/kg, we opted for a top dose of 500 mg/kg. We note that the Cmax for the IP dose (12 mg/kg) of 

bepridil that yielded 100% protection was 3.3 μM (P. Glass, personal communication). Sertraline: 10 mg/kg 

sertraline IP on a BID schedule (twice daily dosing) yielded 70% survival (Supplemental Table 6). We 

approximated that daily dosing with 30 mg/kg would yield a similar level of protection. We found that the 

oral Cmax of sertraline (prepared in 0.9% saline) was ~ ½ that obtained via the IP route (Table 2). Hence we 

predicted that 30 mg/kg PO should yield ~35% survival. Given an oral LD50 of 336 mg/kg we chose 60 mg/kg as 

the top dose. Toremifene: 60 mg/kg toremifene (IP) on a QOD schedule (d0, d1 and then every other day for a 

total of six doses) yielded 50% survival. We approximated that 30 mg/kg SID (once daily) would also protect 

~50% of infected mice. A comparison of PO (in 0.9% saline) to IP (in DMSO) administration indicated that the 

Cmax for oral sertraline is 1/7 that seen via the IP route (Table 2). We therefore reasoned that 30 mg/kg PO SID 

would yield ~7% survival indicating a need for ~7-fold higher dosing. Based on the oral LD50 of 3000 mg/kg, 

we opted for 200 mg/kg as the top toremifene dose (estimated to yield ~50% survival). 

 Table 2: Rationale for choice of top oral doses. 

Drug 

 

IP Dose 

(mg/kg) 

Regimen 

 

 

Survival 

(%) 

 

 

Oral 

Dose 

(mg/kg) 

 

 

Oral 

Vehicle 

  

 

Oral 

Cmax 

(μM) 

 

 

Top Oral 

Dose  

(mg/kg) 

Bepridil 12 BID 100 150 Acacia  1.5 500 

Sertraline 10 BID 70 10 Saline  0.43 60 

Toremifene 60 QOD 50 10 Saline  0.16 200 

Mouse survival data are from references [6] and [7]. Bepridil Cmax is from reference [35]. Cmax for sertraline and 
toremifene were determined for this study. BID, twice daily dosing (d0-d9); QOD, dosing d0, d1, 3, 5, 7, and 9.  

3.3. Oral Formulation, Stability and Activity Tests of Bepridil, Sertraline and Toremifene  

The next step was to identify a vehicle compatable for PO delivery of all three drugs. For this purpose we 

tested the solubility of bepridil, sertraline and toremifene in 10 vehicles. As seen in Supplemental Table 7, none 

of the drugs were soluble in aqueous solution, but all three were soluble in Vehicles (V) 7-9. For further studies 

we adopted V8: 80% PEG 400/ 20% of 0.1% Tween-20 in water. Details for the preparation of V1-10 and stock 

solutions of bepridil, sertraline and toremifene are given in the Supplemental Document. As noted there, 

Bepridil requires resuspension following storage in V8 at 4°C or RT. 

We next tested the stability of bepridil, sertraline and toremifene in V8. We first did this using VSV 

pseudovirions bearing EBOV GPΔ (GP deleted for its mucin domain) and encoding Renilla luciferase (Luc), a 

system that can be used under BSL2 conditions to monitor EBOV entry [33,60,61]. In a first test, stock solutions 

in V8 were prepared and stored at 4°C for 1-15 days. HEK293/T17 cells were pre-treated each day for 1 hr with 

the indicated concentration of the indicated drug. Cells were then infected with VSV- EBOV-GPΔ-Luc and 

infection scored 24 hr later based on the Luc reporter. As seen in Figure 2A, whereas bepridil maintained 

inhibitory activity over 15 days, sertraline and toremifene began to lose activity after ~1 week. In a second 

experiment, all three drugs appeared stable in V8 over an 8 day period with possible small losses of activity 

between days 7 and 8 (Figure 2B). We extended these studies to authentic EBOV (Makona isolate; EBOV/Mak), 

testing drugs in V8 stored at either 4°C or RT for seven days. As seen in Figure 3, all of the drugs were stable 

for 7 days, with possible small loss of potency (<2-fold) for Bepridil stored at 4°C.  
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We then assessed the potency of drugs stored for seven days at RT against EBOV/Mak and ma-EBOV, as 

the latter would be used for efficacy tests in mice. Similar potencies were seeen for all three drugs whether 

prepared in DMSO or V8. Lower activity was noted for toremifene against ma-EBOV compared to EBOV/Mak, 

but this was seen for toremifene prepared in both DMSO and V8  (Figure 4). 

 

Figure 2. Activity of bepridil, sertraline and toremifene in V8 against VSV-EBOV-GPΔ-Luc over time. Bepridil-HCl 
(50 mg/ml), sertraline-HCl (6 mg/ml), and toremifene citrate (8.5 mg/ml) were prepared in V8 on day 1 (d1) as described 
in the Supplementary Document, and stored at 4°C for (A) 15 or (B) 8 days. On the indicated day the stock was brought 
to RT. HEK293T/17 cells were pretreated with drugs as indicated, infected with VSV-EBOV-GPΔ-Luc, and scored for 
infection as described in the Methods section. All samples were analyzed in triplicate, and the data are averages +/- sd. 

3.4. Pharmacokinetic and Tolerability Tests of Reformulated Bepridil, Sertraline and Toremifene 

Having demonstrated solubility and defined stability of bepridil, sertraline and toremfene in V8, we 

conducted pharmacokinetic (PK) analyses in female C57BL/6 mice administered the drugs (in V8) by oral 

gavage. For each drug, the planned top dose and one lower dose were tested. The Cmax, t1/2 and mean residence 

time (MRT) are given in Table 3, along with average IC50s and consequent Cmax/IC50 values. The pre-PK 

predictions for Cmax at the top doses (based on considerations in section 3.2) were: bepridil ~3 μM, sertraline 

~1.2 μM, and toremifene ~4.4 μM. The Cmax values obtained (at the top doses) were near the predictions: ~1.8 

and 1.2 fold higher for bepridil and sertraline, respectively and ~1.4 fold lower for toremifene. 
 

 

 
 

Figure 3. Activity of bepridil, sertraline and toremifene in V8 against EBOV/Mak over seven days. Drug stocks were 

prepared on d0 in V8 as for Figure 2, stored at 4°C (blue bars) or RT (orange bars), and then tested in 8 point dose response 
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curves on d0, d3, d5, and d7 using 2-fold serial dilutions in V8. Huh7 cells were pretreated with the indicated drugs and 

infected with EBOV/Mak (moi 0.21). Two experiments were conducted; for each, dose response curves were run on 

duplicate plates with 3 replicates of each dose on each plate, and analyzed to obtain IC50s as described in the Methods 

section. Data from the triplicate technical replicates on each plate were averaged. The data shown are the averages of the 

average IC50s +/- sd from two to four plates. Data from plates with Z’ factor < 0.2 were not included. 

 

 

Figure 4. Activity of bepridil, sertraline and toremifene in DMSO and V8 against EBOV/Mak and ma-EBOV. Drug 
treatments and infections were conducted as described in the Methods section and legend to Figure 3. The data shown 
are the average IC50s +/- sd from four plates excepting one plate with Z’ factor < 0.2. 

Table 3. Oral PK in mice following drug administration in V8  

Drug 
Dose 

(mg/kg) 

Cmax 

(ng/ml) 

Cmax 

(μM) 

MRT 

(hr) 

T1/2 

(hr) 

IC50 1 

(μM) 

Cmax/ 

IC50 1 

Bepridil 150 765 2.09 6 0.5 4.5 0.46 

 500 1948 5.31 9 0.5  1.18 

Sertraline 30 188 0.61 11 1.0 2.6 0.23 

 60 453 1.48 5 1.0  0.56 

Toremifene 100 498 1.23 6 0.5 1.8 0.67 

 200 1295 3.19 16 0.2  1.74 

1average of IC50s from two studies (see Supplementary Table 5). MRT, Mean Residence Time. 

 

We therefore tested the tolerability of the three drugs in V8, given once daily PO, for eleven consecutive 

days (drugs were freshly prepared in V8 every 5 or 7 days and stored at RT) in female mice that were weighed 

and observed for a total of 18 days. Bepridil and toremifene were administered at the top planned doses (500 

and 200 mg/kg, respectively); sertraline was administered at the top planned (60 mg/kg) and one higher (100 

mg/kg). As seen in Figure 5, no aberrations in weight gain were seen. All mice survived, and no toxicologically 

significant changes were seen. Hence, bepridil, sertraline and toremifene are well tolerated in mice at the top 

target doses.  

 

Figure 5. Bepridil, sertraline and toremifene (in V8) are well-tolerated by mice. Female C57BL/6 mice (5/group) were 
administered the indicated doses of bepridil, sertraline and toremifene in V8 by oral gavage for 11 consecutive days. Daily 
average weights for 18 days for each group are shown +/- sd. 
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3.5. Mathematical modeling studies to predict in vivo efficacy of drug combinations in humans 

3.5.1 Pharmacodynamic (PD) modeling of drug combinations (see section 2.5 for definitions of terms and details) 

We developed a pharmacodynamic (PD) model to project the in vivo efficacy of drug combinations in 

humans. For combinations of (sertraline + bepridil) and (sertraline + toremifene), the in vitro IC50s and Hill 

coefficients for each drug, as well as the power factors which assess synergy (a), are provided in Table 4. The 

high R2 (> 0.93), indicates good model fit to the data. Hill coefficients exceeding 1 denote a steep dose response 

relationship and a~1 indicates limited synergy on average across all combinations of drug levels. The good fit 

provided by the Bliss model implies potent multiplicative drug effects. Because the model does not capture the 

regions of high synergy noted in reference [22] (also see Figures 6A, 6C), its projection of in vivo potency at 

certain drug level combinations represents a minimum projection of potency. 

Table 4. In vitro PD parameters for drug combinations  

 Sertraline – Bepridil   Sertraline – Toremifene  

Parameters 
Drug 1 

Sertraline 

Drug 2 

Bepridil 

Drug 1 

Sertraline 

Drug 2 

Toremifene 

mi 2.736 4.043 1.996 1.628 

IC50,i 2.961 2.688 1.888 0.7673 

a 1.005 1.013 

R2 0.9435 0.9317 

𝑰𝑪𝟓𝟎,𝒊 and 𝒎𝒊 are the concentration of drug i (𝜇𝑀) required for 50% viral inhibition and the hill coefficient of drug i when 

drugs are applied in combination. a is a power factor, capturing the possible synergistic effects of drug combinations. R2 is 

a statistical quantity indicating the proportion of variance explained by a model. 

We visually compared the empirical in vitro data from [22], displayed in (Figures 6A, 6C), and our model 

predictions for human in vivo efficacy under the condition where in vivo efficacy equals in vitro efficacy 

(Figures 6B, 6D). For both combinations, our model provides good predictions of efficacies when both drugs 

are present, but somewhat poorer predictions when only one drug is present (compare heat maps for top row 

and left-most column in Figures 6B, 6D vs. 6A, 6C). This does not affect our results when investigating the 

effects of single drugs and drug combinations on EBOV viral load dynamics, because when only one drug is 

present, we simulated the efficacy of the single drug using the PD model for the single drug (Eqn. 1) and 

parameters provided in Supplemental Table 4. Further, our model underestimated synergy in highly 

synergistic regions (indicated with red boxes in Figures 6A, 6C), and hence our projected efficacies are lower 

than empirical effficacies. 

3.5.2 Projections of PK, PD, and EBOV viral dynamics in humans treated with sertraline, bepridil or their combination 

We combined PK, PD and EBOV viral dynamic models (Figure 1) to sertraline and bepridil alone and 

together, to study if the drug combination provides more protection against EBOV infection than the 

components as single drug treatments. Treatments started on day 0, representing a post exposure prophylaxis 

scenario where people have had close contact with an infected patient, but do not yet have symptoms. With 10 

days of 200 mg/day sertraline treatment, 10 days of 300 mg/day bepridil treatment, and 10 days of combined 

treatment (200 mg/day sertraline and 300 mg/day bepridil), we projected the plasma concentration of 

sertraline and bepridil over time (Figures 7A, 7B, 7C).  

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

 
Figure 6. Empirical and projected efficacies of drug combinations. (A, C) Empirically quantified efficacies of (bepridil 

HCl + sertraline HCl) and (sertraline HCl + toremifene citrate) in Huh7 cells [22]. Highly synergistic regions are 

highlighted in red boxes, which have ∆Bliss values < - 0.3. (B, D) Model-projected efficacies of (bepridil HCl + sertraline 

HCl) and (sertraline HCl + toremifene citrate) using the Bliss model. Colors in each heatmap represent the percentage of 

inhibition, with 0 for no inhibition and 100 for complete inhibition of EBOV replication.  

We further simulated the percentage of viral replication inhibited over time under each treatment 

assuming different in vivo IC50s (Figures 7D, 7E, 7F), which were set at 0.1, 1, 5, and 10 times the in vitro IC50s. 

This is because true in vivo IC50s (the plasma concentration of drug required to inhibit replication by 50% in 

vivo) of a drug used alone or in combinations are unknown. Our past work on antiviral therapies 

demonstrated that the in vivo IC50 may be 5-10 fold higher than in vitro estimates thereby necessitating higher 

drug peaks and troughs [39,40]. 

Sertraline alone limited only ~30% of EBOV viral replication even when the in vivo IC50 was assumed to be 

much lower (0.1X) than the in vitro IC50 estimated from the dose response (D) of the single drug, with a ~0.5-1.0 

log consistent reduction in viral load (Fig 7G). Bepridil completely prevented viral replication and infection 

when the in vivo IC50 was modeled to be 0.1X the in vitro IC50 (Figures 7E, 7H). Moreover, when the in vivo 

IC50 of bepridil was assumed to equal its in vitro estimate, it also suppressed viral load through day 14. With 

the drug combination (sertraline + bepridil), the efficacy is boosted such that anti-viral efficacy is seen even 

when the in vivo IC50 was assumed to be 1X and 5X the in vitro IC50 estimate from drug combination assays 

(Figures 7F, 7I). Thus, the combination of sertraline and bepridil may provide better protection against EBOV 

infection compared with treatments with either sertraline alone or bepridil alone, when the human in vivo IC50 

is 1X or even 5X of the in vitro IC50. 

 

3.5.3 Projections of PK, PD, and Ebola viral dynamics in humans treated with sertraline, toremifene or their combination 

Similarly, we investigated whether the combination of (sertraline + toremifene) may be more efficient in 

limiting EBOV viral replication than single drug therapy, by combining PK, PD and Ebola viral dynamic 

models (Figure 8). Treatments started on day 0 and continued for 10 days. We projected the concentration of 

sertraline and toremifene over time in plasma or serum, respectively, with doses of 200 mg/day for sertraline 

(Figure 8A), 150 mg/day of toremifene with a 300 mg/day loading dose on day 0 (Figure 8B), and their 

combination (Figure 8C). We further simulated the percentage of viral replication eliminated by each 

treatment assuming different valus for in vivo IC50s (Figures 8D, 8E, 8F) as described above for the 

combination (bepridil + sertraline). Sertraline as a single agent is discussed in the previous section with data 

from Figures 7A, 7D, and 7G replotted in Figures 8A, 8D, and 8G. 
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Figure 7. Projections of pharmacokinetics (PK), pharmacodynamics (PD), and EBOV viral load dynamics when 

sertraline and bepridil are used alone and together. Treatment periods start on day 0 and end on day 10, as indicated 

with gray backgrounds. Doses are 200 mg/day for the single sertraline treatment (A, D, G), 300 mg/day for the single 

bepridil treatment (B, E, H), and 200 mg/day sertraline – 300 mg/day bepridil for the treatment of the drug combination 

(C, F, I). We assumed various in vivo IC50s in each treatment, which are shown in colors of sky blue for 10X, orange for 

5X, red for 1X and dark red for 0.1X of in vitro IC50s (panels D - I). (A, B, C) PK projections of sertraline (in green) and 

bepridil (in purple) and their combination. Note: The concentration of sertraline equals 0 µM over time in the single 

bepridil therapy (B), while it is greater than 0 µM (~0.25 µM) during the treatment period (gray shaded region) in the 

drug combination therapy (C). (D, E, F) Projected efficacies of single sertraline, single bepridil, and their combination 

under assumptions of various in vivo IC50s. (G, H, I) Model-simulated EBOV viral load dynamics (log10(Cp/ml), 

log10(copy number/ml)) under different treatment regimens: single sertraline, single bepridil and their combination, 

when in vivo IC50s were varied. In graphs G, H, and I, in cases where curves overlap (e.g., for the 5X and 10X 

simulations of in vivo IC50s), the lines were shifted just enough to better visualize the predicted viral loads. Note: a 

straight line at zero (e.g., in panels H and I) indicates a lack of detectable remaining virus.  

 

Toremifene alone was more efficient in limiting viral replication compared with sertraline alone when the in 

vivo IC50 was asssumed to be much lower (0.1X) than the in vitro IC50 estimated in the dose response curve for 

the single drugs (Figures 8E, 8H vs. 8D, 8G). However, neither sertraline alone nor toremifene alone protected 

against viral replication when the in vivo IC50 was assumed to equal the in vitro values (i.e., for 1X in Figures 

8D, 8E, 8G, 8H, red curves). In contrast, the combination of (sertraline + toremifene) effectively increased the 

efficacy of the combination and eliminated viral replication with high potency when the in vivo IC50 was 

assumed to be both 0.1X and 1X the in vitro IC50 (Figures 8F, 8I; dark red and red curves). These findings 

suggest that (sertraline + toremifene) may provide better inhibition of viral replication than correseponding 

single drug therapies. 

4. Discussion 

Filoviruses from the Ebolavirus and Marburgvirus genera cause life-threatening diseases of global con-

cern. While an effective vaccine and two monoclonal antibody therapies have recently been approved for the 

management of disease caused by Ebola ebolavirus (EBOV), neither vaccines nor therapies are available for 

other consequential filoviruses including Sudan, Bundibugyo, and Taï Forest viruses, Marburgvirus, nor for 

potential emergent filoviruses [2–5]. We contend that there remains a pressing need for shelf-ready low-cost 

oral therapeutics that could be easily distributed and administered to mitigate disease at the earliest identifi-

cation of a disease-causing filovirus, especially in resource-challenged regions around the world. We posit that 

a cost-effective treatment will include a synergistic combination of orally-available approved drugs. Synergis-

tic combinations are favored over monotherapies due to their dose-lowering abilities and reduced chances of 

generating resistant viral strains [19,21,27,28]. Moreover, while two low molecular weight drugs appeared 
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promising as intravenous monotherapies in non-human primate (NHP) models [62–64], two others provided 

by the oral route did not [48,65], and no small molecule monotherapies have yet proven highly effective 

against EBOV disease (EVD) in humans [66]. 

 
 

Figure 8. Projections of pharmacokinetics (PK), pharmacodynamics (PD), and EBOV viral dynamics when sertraline 

and toremifene are used alone and together. Treatment periods start on day 0 and end on day 10, as indicated with 

gray backgrounds. Doses are 200 mg/day for the single sertraline treatment (A, D, G), 150 mg/day with a loading dose of 

300 mg/day (on day 0) for the single toremifene treatment (B, E, H), and 200 mg/day sertraline – 150 mg/day toremifene 

with a loading dose of 300 mg/day (on day 0) for the treatment of the drug combination (C, F, I). We assumed various in 

vivo IC50s in each treatment, which are shown in colors of sky blue for 10X, orange for 5X, red for 1X and dark red for 

0.1X of in vitro IC50s (D, E, F, G, H, I). A, B, C) PK projections of sertraline (in green) and toremifene (in purple). D, E, F) 

Projected efficacies of single sertraline, single toremifene, and their combination under assumptions of various in vivo 

IC50s. G, H, I) Model-simulated EBOV viral load dynamics (log10(Cp/ml), log10(copy number/ml)) in different treatments: 

single sertraline, single toremifene and their combination, when in vivo IC50s were varied. In graphs G, H, and I, in cases 

where curves overlap (e.g., for the 5X and 10X simulations of in vivo IC50s), the lines were shifted just enough to better 

visualize the predicted viral loads. Note: a straight line at zero (e.g., in panel I) indicates a lack of detectable remaining 

virus. 

Towards the goal of developing a cocktail of orally-available approved drugs with which to treat EVD 

patients, several laboratories have identified combinations of approved drugs that synergistically inhibit 

EBOV in cell cultures [22–26]. However, to date there has been no clear report of drug synergy against EBOV 

in an animal model.  Based on our prior work [22] and addition tests (Table 1 and Supplemental Table 8), we 

advocate tests of (bepridil + sertraline) and (sertraline + toremifene) in the mouse model of EVD. Our rationale 

for these drug pairs is given in section 3.1. Pursuing those choices, we identified a common solubilizing vehi-

cle for oral delivery and demonstrated drug stability and efficacy upon storage. Based on pharmacokinetic 

(PK) and tolerability tests, we provide evidence that it should be possible to assess if (bepridil + sertraline) 

and/or (sertraline + toremifene), given by oral gavage, synergistically increase survival in mice challenged 

with EBOV. We also provide a modeling study demonstrating that both drug pairs are projected to function 

synergistically in humans. 

Bepridil, sertraline and toremifene have all shown survival benefits in the mouse model of EVD as single 

agents (Table 2 and Supplemental Table 6) (also see [6,7]), and the combinations of (bepridil + sertraline) and 

(sertraline + toremifene) were found to be synergistic against EBOV in Huh7 cells (Table 1) (also see [22]). 

From data in Dyall 2018 [22], efficacies for the three drugs were enhanced ~2 to 4-fold. In mice, the oral 

Cmax/IC50 for the drugs at the top doses proposed for initial testing, which are well-tolerated (Figure 5), were 

calculated to be 1.18 μM, 0.56 μM, and 1.74 μM, respectively, for bepridil, sertraline and toremifene (Table 3). 

Assuming ~3-fold dose reductions when used in combinations all of the drugs should yield mouse plasma 

exposures greater than their respective IC50 values (well above for bepridil and toremifene). Hence, we posit 
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that the proposed top oral doses should yield significant protection and that, perhaps requiring lower doses 

following a dose-down study, it will be possible to attain survival levels of 20-25%, thus enabling tests of 

whether either of these drug combinations functions synergistically in mice. All three drugs protect against 

multiple species of Ebolavirus and two species of Marburgvirus in cell cultures [6,7] and, in addition to 

strongly protecting mice against EBOV (Table 2 and Supplemental Table 6) [6,7], bepridil has provided strong 

protection in a mouse model of marbugvirus disease [47]. Hence there is potential that the proposed combi-

nations would be pan-filoviral.  

Regarding sertraline, we are aware that it did not protect macaques when given orally as a single agent 

[48]. In the cited study the dose was 200 mg/day (in treat tablets), which represented a mean daily dose of 55 

mg/kg. In the reported retrospective PK test of a single dose (50 mg/kg) of sertraline in uninfected macaques, 

the Cmax was 179 ng/ml (0.58 μM) [48], which is ~4.5-fold below the average IC50 for sertraline against EBOV in 

liver cells in vitro (Supplemental Table 5). The in vivo IC50 of sertraline (in infected macaques) may be even 

higher. Our simulations suggest the possibility of a potent antiviral effect of the combination (bepridil + ser-

traline) even if the in vivo IC50 in humans is 1X or 5X of the in vitro IC50, with anti-viral activity seen even if the 

in vivo IC50 is 10X the in vitro IC50 (Figure 7F). Collectively these findings suggest a need for a higher dose of 

sertraline to curb EBOV infections, and we propose that the effectiveness of sertraline would be boosted in a 

combination, for example with bepridil. Similar reasoning supports a focus on drug combinations in drug 

repurposing efforts for diseases caused by other high consequence viral pathogens. 

Our modeling studies (Figures 7 and 8) indicate that the combinations of (bepridil + sertraline) and (ser-

traline + toremifene) could deliver the additional potency required for a clinically meaningful decrease in 

EBOV viral load, depending on the actual in vivo IC50. Indeed, in a retrospective analysis, viral loads in EVD 

survivors were found to be ~1 log lower than in non-survivors [67,68], which is comparable to what our model 

projects for certain scenarios.  

The next steps are to do a dose down study of bepridil, sertraline and toremifene in V8 in mice challenged 

with EBOV, starting with the top doses proposed in Table 3. Once the ~20-25% survival doses are determined 

the stage would be set to perform combined oral PK studies and to test if the drug pairs (bepridil + sertraline) 

and (sertraline + toremifene), with each drug dosed to yield ~25% survival, yield a greater than additive effect 

(i.e., greater than 50% survival). Following that, one of the pairs may warrant a test in an NHP model of EVD. 

This is currently advised, as drugs that have shown activity in rodent models as single agents have often failed 

in the NHP model [69]. Such an approach, when coupled with serial measurements of viral load could also 

provide initial estimates of the in vivo IC50 in a mammal, which could then be leveraged to more accurately 

simulate clinical trials in humans, allowing more precise selection of combination agents, dose selection and 

dosing interval. 

In recent years, other combinations [23,24,26] (also see Supplemental Table 8) and other approved drugs 

have been identified with anti-EBOV activity in cell cultures; the latter include tilorone, pyronaridine and 

quinacrine [70], teicoplanin [71] and arbidol [72]. Ones deemed suitable for oral delivery may warrant addi-

tional studies as drug combinations. In addition, if approved, several investigational drugs may warrant 

testing in combinations. These include novel selective estrogen receptor modulators [73] and amodiaquine 

analogues [74], agents that target the HR2 region of EBOV GP2 [75,76], potentially broad-spectrum drugs that 

target the viral polymerase [77], or drugs that target other EBOV or host cell proteins or their interactions [78–

80]. Moreover, the possibility exists of adding a third drug as supported by current therapeutic strategies 

against HIV [19,20] and HCV [21]. In the case of EBOV, such combinations could substantially increase po-

tency, particularly if the agents work via different mechanisms leading to multiplicative rather than additive 

antiviral effects. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Pharmacokinetic 

model of bepridil, Figure S2: Pharmacokinetic model of sertraline, Figure S3: Pharmacokinetic model of toremifene, Figure 

S4: Pharmacodynamic projections of single drugs’ efficacies assuming various in vivo IC50s, Figure S5: Apilimod does not 

protect mice challenged with ma-EBOV, Table S1: PK parameters for bepridil, Table S2: PK parameters for sertraline, Table 

S3: PK parameters for toremifene, Table S4: In vitro PD parameters for single drugs, Table S5: Predicted drug exposures 

(Cmax) in humans following PO administration compared to drug efficacy (IC50) vs. EBOV in cultured liver cells, Table S6: 

Prior studies of drug efficacies as single agents in mouse models of lethal EBOV infection, Table S7: Solubility of bepridil, 

sertraline and toremifene in ten test vehicles, Table S8: Additional in vitro drug synergy tests, and a Supplementary 

Document.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

Author Contributions: Conceptualization, J.M.W., C.L.F., J.D., L.M.J., G.G.O, and J.T.S.; methodology, J.M.W., C.L.F., J.D., 

L.E.D., C.J.T., J.C.M., B.K., and J.T.S.; validation, J.M.W., C.L.F., J.D., C.J.T., J.C.M., B.K., and J.T.S.; formal analysis, J.M.W., 

C.L.F., J.D., S.X., E.A.N., C.J.T., J.C.M., and B.K.; investigation, C.L.F., J.D., S.X., E.A.N., E.P., J.Y.L., H.Z., L.E.D., A.W., X.X., 

E.H., P.J.M., L.H.N., and M.P.A.; data curation, J.M.W., C.L.F., J.D., E.P., L.E.D., C.J.T., J.C.M., and B.K.; writing—original 

draft preparation, J.M.W.; writing—review and editing, J.M.W., C.L.F., and J.D.; visualization, J.M.W., C.L.F., J.D., S.X., 

E.A.N., L.E.D., and B.K.; supervision, J.M.W., C.L.F., J.D., L.E.D., C.J.T., J.C.M., and B.K.; project administration, J.M.W., 

C.J.T., J.C.M., B.K., M.R.H., L.E.H., P.B.J., and C.S.; funding acquisition, J.M.W. and J.T.S.  

Funding: This research was funded by grants AI114776 (JMW) and AI121129 (JTS) from the National Institute of Allergy 
and Infectious Diseases. It was also funded in part with Federal funds from the National Institute of Allergy and Infec-
tious Diseases, National Institutes of Health, Department of Health and Human Services, under Contract No. 
HHSN272201800005I as well as through Battelle Memorial Institute's former prime contract with the US National Insti-
tute of Allergy and Infectious Diseases (NIAID) under Contract No. HHSN272200700016I and Laulima Government 
Solutions, LLC's current prime contract with NIAID under Contract No. HHSN272201800013C. C.L.F, and E.P. per-
formed this work as former employees of Battelle Memorial Institute and current employees of Tunnell Government 
Services (TGS), a subcontractor of Laulima Government Solutions, LLC under Contract No. HHSN272201800013C. J.Y.L, 
L.E.D. and M.R.H. performed this work as former employees of Battelle Memorial Institute and current employees of 
Laulima Government Solutions. 
 

Institutional Review Board Statement: Not applicable 

Informed Consent Statement: Not applicable 

Data Availability Statement: Data are available upon request from a corresponding author (J.M.W., J.T.S.). 

Acknowledgments: We thank Jiro Wada for figure production and Stephen Polyak for comments on the work.  

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the study; in the 

collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results. 

References 

1. Kuhn, J. H.; Amarasinghe, G. K.; Basler, C. F.; Bavari, S.; Bukreyev, A.; Chandran, K.; Crozier, I.; Dolnik, O.; Dye, J. M.; 

Formenty, P. B. H.; Griffiths, A.; Hewson, R.; Kobinger, G. P.; Leroy, E. M.; Mühlberger, E.; Netesov Нетёсов Сергей 

Викторович, S. V.; Palacios, G.; Pályi, B.; Pawęska, J. T.; Smither, S. J.; Takada 高田礼人, A.; Towner, J. S.; Wahl, V.; Ictv 

Report Consortium ICTV virus taxonomy profile: filoviridae. J. Gen. Virol. 2019, 100, 911–912. 

2. Feldmann, H.; Sprecher, A.; Geisbert, T. W. Ebola. N. Engl. J. Med. 2020, 382, 1832–1842. 

3. Malvy, D.; McElroy, A. K.; de Clerck, H.; Günther, S.; van Griensven, J. Ebola virus disease. Lancet 2019, 393, 936–948. 

4. Lo, T. Q.; Marston, B. J.; Dahl, B. A.; De Cock, K. M. Ebola: anatomy of an epidemic. Annu. Rev. Med. 2017, 68, 359–370. 

5. Yang, X.-L.; Tan, C. W.; Anderson, D. E.; Jiang, R.-D.; Li, B.; Zhang, W.; Zhu, Y.; Lim, X. F.; Zhou, P.; Liu, X.-L.; Guan, 

W.; Zhang, L.; Li, S.-Y.; Zhang, Y.-Z.; Wang, L.-F.; Shi, Z.-L. Characterization of a filovirus (Měnglà virus) from 

Rousettus bats in China. Nat. Microbiol. 2019, 4, 390–395. 

6. Johansen, L. M.; Brannan, J. M.; Delos, S. E.; Shoemaker, C. J.; Stossel, A.; Lear, C.; Hoffstrom, B. G.; Dewald, L. E.; 

Schornberg, K. L.; Scully, C.; Lehár, J.; Hensley, L. E.; White, J. M.; Olinger, G. G. FDA-approved selective estrogen 

receptor modulators inhibit Ebola virus infection. Sci. Transl. Med. 2013, 5, 190ra79. 

7. Johansen, L. M.; DeWald, L. E.; Shoemaker, C. J.; Hoffstrom, B. G.; Lear-Rooney, C. M.; Stossel, A.; Nelson, E.; Delos, S. 

E.; Simmons, J. A.; Grenier, J. M.; Pierce, L. T.; Pajouhesh, H.; Lehár, J.; Hensley, L. E.; Glass, P. J.; White, J. M.; Olinger, 

G. G. A screen of approved drugs and molecular probes identifies therapeutics with anti-Ebola virus activity. Sci. Transl. 

Med. 2015, 7, 290ra89. 

8. Madrid, P. B.; Chopra, S.; Manger, I. D.; Gilfillan, L.; Keepers, T. R.; Shurtleff, A. C.; Green, C. E.; Iyer, L. V.; Dilks, H. H.; 

Davey, R. A.; Kolokoltsov, A. A.; Carrion, R.; Patterson, J. L.; Bavari, S.; Panchal, R. G.; Warren, T. K.; Wells, J. B.; Moos, 

W. H.; Burke, R. L.; Tanga, M. J. A systematic screen of FDA-approved drugs for inhibitors of biological threat agents. 

PLoS One 2013, 8, e60579. 

9. Kouznetsova, J.; Sun, W.; Martínez-Romero, C.; Tawa, G.; Shinn, P.; Chen, C. Z.; Schimmer, A.; Sanderson, P.; McKew, J. 

C.; Zheng, W.; García-Sastre, A. Identification of 53 compounds that block Ebola virus-like particle entry via a 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

repurposing screen of approved drugs. Emerg. Microbes Infect. 2014, 3, e84. 

10. Dowall, S. D.; Bewley, K.; Watson, R. J.; Vasan, S. S.; Ghosh, C.; Konai, M. M.; Gausdal, G.; Lorens, J. B.; Long, J.; 

Barclay, W.; Garcia-Dorival, I.; Hiscox, J.; Bosworth, A.; Taylor, I.; Easterbrook, L.; Pitman, J.; Summers, S.; 

Chan-Pensley, J.; Funnell, S.; Vipond, J.; Charlton, S.; Haldar, J.; Hewson, R.; Carroll, M. W. Antiviral Screening of 

Multiple Compounds against Ebola Virus. Viruses 2016, 8. 

11. Luthra, P.; Liang, J.; Pietzsch, C. A.; Khadka, S.; Edwards, M. R.; Wei, S.; De, S.; Posner, B.; Bukreyev, A.; Ready, J. M.; 

Basler, C. F. A high throughput screen identifies benzoquinoline compounds as inhibitors of Ebola virus replication. 

Antiviral Res. 2018, 150, 193–201. 

12. Schafer, A.; Cheng, H.; Xiong, R.; Soloveva, V.; Retterer, C.; Mo, F.; Bavari, S.; Thatcher, G.; Rong, L. Repurposing 

potential of 1st generation H1-specific antihistamines as anti-filovirus therapeutics. Antiviral Res. 2018, 157, 47–56. 

13. Lee, N.; Shum, D.; König, A.; Kim, H.; Heo, J.; Min, S.; Lee, J.; Ko, Y.; Choi, I.; Lee, H.; Radu, C.; Hoenen, T.; Min, J.-Y.; 

Windisch, M. P. High-throughput drug screening using the Ebola virus transcription- and replication-competent 

virus-like particle system. Antiviral Res. 2018, 158, 226–237. 

14. Bixler, S. L.; Duplantier, A. J.; Bavari, S. Discovering drugs for the treatment of ebola virus. Curr. Treat. Options Infect. 

Dis. 2017, 9, 299–317. 

15. Iversen, P. L.; Kane, C. D.; Zeng, X.; Panchal, R. G.; Warren, T. K.; Radoshitzky, S. R.; Kuhn, J. H.; Mudhasani, R. R.; 

Cooper, C. L.; Shurtleff, A. C.; Nasar, F.; Sunay, M. M.; Duplantier, A. J.; Eaton, B. P.; Zumbrun, E. E.; Bixler, S. L.; 

Martin, S.; Meinig, J. M.; Chiang, C.-Y.; Sanchez-Lockhart, M.; Palacios, G. F.; Kugelman, J. R.; Martins, K. A.; Pitt, M. L.; 

Crozier, I.; Saunders, D. L. Recent successes in therapeutics for Ebola virus disease: no time for complacency. Lancet 

Infect. Dis. 2020, 20, e231–e237. 

16. Edwards, M. R.; Basler, C. F. Current status of small molecule drug development for Ebola virus and other filoviruses. 

Curr Opin Virol 2019, 35, 42–56. 

17. Salata, C.; Calistri, A.; Alvisi, G.; Celestino, M.; Parolin, C.; Palù, G. Ebola virus entry: from molecular characterization 

to drug discovery. Viruses 2019, 11. 

18. Bai, J. P. F.; Hsu, C.-W. Drug repurposing for ebola virus disease: principles of consideration and the animal rule. J. 

Pharm. Sci. 2019, 108, 798–806. 

19. Gulick, R. M.; Mellors, J. W.; Havlir, D.; Eron, J. J.; Gonzalez, C.; McMahon, D.; Richman, D. D.; Valentine, F. T.; Jonas, 

L.; Meibohm, A.; Emini, E. A.; Chodakewitz, J. A. Treatment with indinavir, zidovudine, and lamivudine in adults with 

human immunodeficiency virus infection and prior antiretroviral therapy. N. Engl. J. Med. 1997, 337, 734–739. 

20. Jilek, B. L.; Zarr, M.; Sampah, M. E.; Rabi, S. A.; Bullen, C. K.; Lai, J.; Shen, L.; Siliciano, R. F. A quantitative basis for 

antiretroviral therapy for HIV-1 infection. Nat. Med. 2012, 18, 446–451. 

21. Shafran, S. D.; Shaw, D.; Charafeddine, M.; Agarwal, K.; Foster, G. R.; Abunimeh, M.; Pilot-Matias, T.; Pothacamury, R. 

K.; Fu, B.; Cohen, E.; Cohen, D. E.; Gane, E. Efficacy and safety results of patients with HCV genotype 2 or 3 infection 

treated with ombitasvir/paritaprevir/ritonavir and sofosbuvir with or without ribavirin (QUARTZ II-III). J Viral Hepat 

2018, 25, 118–125. 

22. Dyall, J.; Nelson, E. A.; DeWald, L. E.; Guha, R.; Hart, B. J.; Zhou, H.; Postnikova, E.; Logue, J.; Vargas, W. M.; Gross, R.; 

Michelotti, J.; Deiuliis, N.; Bennett, R. S.; Crozier, I.; Holbrook, M. R.; Morris, P. J.; Klumpp-Thomas, C.; McKnight, C.; 

Mierzwa, T.; Shinn, P.; Glass, P. J.; Johansen, L. M.; Jahrling, P. B.; Hensley, L. E.; Olinger, G. G.; Thomas, C.; White, J.  M. 

Identification of combinations of approved drugs with synergistic activity against ebola virus in cell cultures. J. Infect. 

Dis. 2018, 218, S672–S678. 

23. Sun, W.; He, S.; Martínez-Romero, C.; Kouznetsova, J.; Tawa, G.; Xu, M.; Shinn, P.; Fisher, E.; Long, Y.; Motabar, O.; 

Yang, S.; Sanderson, P. E.; Williamson, P. R.; García-Sastre, A.; Qiu, X.; Zheng, W. Synergistic drug combination 

effectively blocks Ebola virus infection. Antiviral Res. 2017, 137, 165–172. 

24. Bekerman, E.; Neveu, G.; Shulla, A.; Brannan, J.; Pu, S.-Y.; Wang, S.; Xiao, F.; Barouch-Bentov, R.; Bakken, R. R.; Mateo, 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

R.; Govero, J.; Nagamine, C. M.; Diamond, M. S.; De Jonghe, S.; Herdewijn, P.; Dye, J. M.; Randall, G.; Einav, S. 

Anticancer kinase inhibitors impair intracellular viral trafficking and exert broad-spectrum antiviral effects. J. Clin. 

Invest. 2017, 127, 1338–1352. 

25. McCarthy, S. D. S.; Majchrzak-Kita, B.; Racine, T.; Kozlowski, H. N.; Baker, D. P.; Hoenen, T.; Kobinger, G. P.; Fish, E. 

N.; Branch, D. R. A Rapid Screening Assay Identifies Monotherapy with Interferon-ß and Combination Therapies with 

Nucleoside Analogs as Effective Inhibitors of Ebola Virus. PLoS Negl. Trop. Dis. 2016, 10, e0004364. 

26. Du, X.; Zuo, X.; Meng, F.; Wu, F.; Zhao, X.; Li, C.; Cheng, G.; Qin, F. X.-F. Combinatorial screening of a panel of 

FDA-approved drugs identifies several candidates with anti-Ebola activities. Biochem. Biophys. Res. Commun. 2020, 522, 

862–868. 

27. Lehár, J.; Krueger, A. S.; Avery, W.; Heilbut, A. M.; Johansen, L. M.; Price, E. R.; Rickles, R. J.; Short, G. F.; Staunton, J. 

E.; Jin, X.; Lee, M. S.; Zimmermann, G. R.; Borisy, A. A. Synergistic drug combinations tend to improve therapeutically 

relevant selectivity. Nat. Biotechnol. 2009, 27, 659–666. 

28. Cheng, Y.-S.; Williamson, P. R.; Zheng, W. Improving therapy of severe infections through drug repurposing of 

synergistic combinations. Curr. Opin. Pharmacol. 2019, 48, 92–98. 

29. Madelain, V.; Baize, S.; Jacquot, F.; Reynard, S.; Fizet, A.; Barron, S.; Solas, C.; Lacarelle, B.; Carbonnelle, C.; Mentré, F.; 

Raoul, H.; de Lamballerie, X.; Guedj, J. Ebola viral dynamics in nonhuman primates provides insights into virus 

immuno-pathogenesis and antiviral strategies. Nat. Commun. 2018, 9, 4013. 

30. Covés-Datson, E. M.; Dyall, J.; DeWald, L. E.; King, S. R.; Dube, D.; Legendre, M.; Nelson, E.; Drews, K. C.; Gross, R.; 

Gerhardt, D. M.; Torzewski, L.; Postnikova, E.; Liang, J. Y.; Ban, B.; Shetty, J.; Hensley, L. E.; Jahrling, P. B.; Olinger, G. 

G.; White, J. M.; Markovitz, D. M. Inhibition of ebola virus by a molecularly engineered banana lectin. PLoS Negl. Trop. 

Dis. 2019, 13, e0007595. 

31. Postnikova, E.; Cong, Y.; DeWald, L. E.; Dyall, J.; Yu, S.; Hart, B. J.; Zhou, H.; Gross, R.; Logue, J.; Cai, Y.; Deiuliis, N.; 

Michelotti, J.; Honko, A. N.; Bennett, R. S.; Holbrook, M. R.; Olinger, G. G.; Hensley, L. E.; Jahrling, P. B. Testing 

therapeutics in cell-based assays: Factors that influence the apparent potency of drugs. PLoS One 2018, 13, e0194880. 

32. Nelson, E. A.; Dyall, J.; Hoenen, T.; Barnes, A. B.; Zhou, H.; Liang, J. Y.; Michelotti, J.; Dewey, W. H.; DeWald, L. E.; 

Bennett, R. S.; Morris, P. J.; Guha, R.; Klumpp-Thomas, C.; McKnight, C.; Chen, Y.-C.; Xu, X.; Wang, A.; Hughes, E.; 

Martin, S.; Thomas, C.; Jahrling, P. B.; Hensley, L. E.; Olinger, G. G.; White, J. M. The phosphatidylinositol-3-phosphate 

5-kinase inhibitor apilimod blocks filoviral entry and infection. PLoS Negl. Trop. Dis. 2017, 11, e0005540. 

33. Schornberg, K.; Matsuyama, S.; Kabsch, K.; Delos, S.; Bouton, A.; White, J. Role of endosomal cathepsins in entry 

mediated by the Ebola virus glycoprotein. J. Virol. 2006, 80, 4174–4178. 

34. Shoemaker, C. J.; Schornberg, K. L.; Delos, S. E.; Scully, C.; Pajouhesh, H.; Olinger, G. G.; Johansen, L. M.; White, J. M. 

Multiple cationic amphiphiles induce a Niemann-Pick C phenotype and inhibit Ebola virus entry and infection. PLoS 

One 2013, 8, e56265. 

35. Wu, W. N.; Pritchard, J. F.; Ng, K. T.; Hills, J. F.; Uetz, J. A.; Yorgey, K. A.; McKown, L. A.; O’Neill, P. J. Disposition of 

bepridil in laboratory animals and man. Xenobiotica 1992, 22, 153–169. 

36. DeGregorio, M. W.; Wurz, G. T.; Taras, T. L.; Erkkola, R. U.; Halonen, K. H.; Huupponen, R. K. Pharmacokinetics of 

(deaminohydroxy)toremifene in humans: a new, selective estrogen-receptor modulator. Eur J Clin Pharmacol 2000, 56, 

469–475. 

37. Ruderman, E. B. Effects of Acute Aerobic Exercise on the Pharmacokinetics of the Anti-anxiety/Anti-depressant Drug 

Sertraline. Master thesis, University of Toronto, 2013. 

38. France, A. Monolix version 2019R2. Lixoft SAS 2019. 

39. Schiffer, J. T.; Swan, D. A.; Corey, L.; Wald, A. Rapid viral expansion and short drug half-life explain the incomplete 

effectiveness of current herpes simplex virus 2-directed antiviral agents. Antimicrob. Agents Chemother. 2013, 57, 5820–

5829. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

40. Schiffer, J. T.; Swan, D. A.; Magaret, A.; Corey, L.; Wald, A.; Ossig, J.; Ruebsamen-Schaeff, H.; Stoelben, S.; Timmler, B.; 

Zimmermann, H.; Melhem, M. R.; Van Wart, S. A.; Rubino, C. M.; Birkmann, A. Mathematical modeling of herpes 

simplex virus-2 suppression with pritelivir predicts trial outcomes. Sci. Transl. Med. 2016, 8, 324ra15. 

41. Kang, Y.-L.; Chou, Y.-Y.; Rothlauf, P. W.; Liu, Z.; Soh, T. K.; Cureton, D.; Case, J. B.; Chen, R. E.; Diamond, M. S.; 

Whelan, S. P. J.; Kirchhausen, T. Inhibition of PIKfyve kinase prevents infection by Zaire ebolavirus and SARS-CoV-2. 

Proc. Natl. Acad. Sci. USA 2020, 117, 20803–20813. 

42. Qiu, S.; Leung, A.; Bo, Y.; Kozak, R. A.; Anand, S. P.; Warkentin, C.; Salambanga, F. D. R.; Cui, J.; Kobinger, G.; Kobasa, 

D.; Côté, M. Ebola virus requires phosphatidylinositol (3,5) bisphosphate production for efficient viral entry. Virology 

2018, 513, 17–28. 

43. Wada, Y.; Cardinale, I.; Khatcherian, A.; Chu, J.; Kantor, A. B.; Gottlieb, A. B.; Tatsuta, N.; Jacobson, E.; Barsoum, J. ; 

Krueger, J. G. Apilimod inhibits the production of IL-12 and IL-23 and reduces dendritic cell infiltration in psoriasis. 

PLoS One 2012, 7, e35069. 

44. Wada, Y.; Lu, R.; Zhou, D.; Chu, J.; Przewloka, T.; Zhang, S.; Li, L.; Wu, Y.; Qin, J.; Balasubramanyam, V.; Barsoum, J.; 

Ono, M. Selective abrogation of Th1 response by STA-5326, a potent IL-12/IL-23 inhibitor. Blood 2007, 109, 1156–1164. 

45. Rogers, K. J.; Shtanko, O.; Stunz, L. L.; Mallinger, L. N.; Arkee, T.; Schmidt, M. E.; Bohan, D.; Brunton, B.; White, J. M.; 

Varga, S. M.; Butler, N. S.; Bishop, G. A.; Maury, W. Frontline Science: CD40 signaling restricts RNA virus replication in 

Mϕs, leading to rapid innate immune control of acute virus infection. J. Leukoc. Biol. 2020. 

46. Morris, P. J.; Moore, C.; Thomas, C. J. Apilimod. IUCrData 2017, 2. 

47. DeWald, L. E.; Dyall, J.; Sword, J. M.; Torzewski, L.; Zhou, H.; Postnikova, E.; Kollins, E.; Alexander, I.; Gross, R.; Cong, 

Y.; Gerhardt, D. M.; Johnson, R. F.; Olinger, G. G.; Holbrook, M. R.; Hensley, L. E.; Jahrling, P. B. The calcium channel 

blocker bepridil demonstrates efficacy in the murine model of marburg virus disease. J. Infect. Dis. 2018, 218, S588–S591. 

48. Honko, A. N.; Johnson, J. C.; Marchand, J. S.; Huzella, L.; Adams, R. D.; Oberlander, N.; Torzewski, L. M.; Bennett, R. 

S.; Hensley, L. E.; Jahrling, P. B.; Olinger, G. G. High dose sertraline monotherapy fails to protect rhesus macaques from 

lethal challenge with Ebola virus Makona. Sci. Rep. 2017, 7, 5886. 

49. Côté, M.; Misasi, J.; Ren, T.; Bruchez, A.; Lee, K.; Filone, C. M.; Hensley, L.; Li, Q.; Ory, D.; Chandran, K.; Cunningham, 

J. Small molecule inhibitors reveal Niemann-Pick C1 is essential for Ebola virus infection. Nature 2011, 477, 344–348. 

50. Carette, J. E.; Raaben, M.; Wong, A. C.; Herbert, A. S.; Obernosterer, G.; Mulherkar, N.; Kuehne, A. I.; Kranzusch, P. J.; 

Griffin, A. M.; Ruthel, G.; Dal Cin, P.; Dye, J. M.; Whelan, S. P.; Chandran, K.; Brummelkamp, T. R. Ebola virus entry 

requires the cholesterol transporter Niemann-Pick C1. Nature 2011, 477, 340–343. 

51. Miller, E. H.; Obernosterer, G.; Raaben, M.; Herbert, A. S.; Deffieu, M. S.; Krishnan, A.; Ndungo, E.; Sandesara, R. G.; 

Carette, J. E.; Kuehne, A. I.; Ruthel, G.; Pfeffer, S. R.; Dye, J. M.; Whelan, S. P.; Brummelkamp, T. R.; Chandran, K. Ebola 

virus entry requires the host-programmed recognition of an intracellular receptor. EMBO J. 2012, 31, 1947–1960. 

52. Spence, J. S.; Krause, T. B.; Mittler, E.; Jangra, R. K.; Chandran, K. Direct visualization of ebola virus fusion triggering 

in the endocytic pathway. MBio 2016, 7, e01857-15. 

53. Simmons, J. A.; D’Souza, R. S.; Ruas, M.; Galione, A.; Casanova, J. E.; White, J. M. Ebolavirus Glycoprotein Directs 

Fusion through NPC1+ Endolysosomes. J. Virol. 2016, 90, 605–610. 

54. Mittler, E.; Alkutkar, T.; Jangra, R. K.; Chandran, K. Direct Intracellular Visualization of Ebola Virus-Receptor 

Interaction by In Situ Proximity Ligation. MBio 2021, 12. 

55. Ren, J.; Zhao, Y.; Fry, E. E.; Stuart, D. I. Target Identification and Mode of Action of Four Chemically Divergent Drugs 

against Ebolavirus Infection. J. Med. Chem. 2018, 61, 724–733. 

56. Zhao, Y.; Ren, J.; Harlos, K.; Jones, D. M.; Zeltina, A.; Bowden, T. A.; Padilla-Parra, S.; Fry, E. E.; Stuart, D. I. 

Toremifene interacts with and destabilizes the Ebola virus glycoprotein. Nature 2016, 535, 169–172. 

57. White, J. M.; Whittaker, G. R. Fusion of enveloped viruses in endosomes. Traffic 2016, 17, 593–614. 

58. Penny, C. J.; Vassileva, K.; Jha, A.; Yuan, Y.; Chee, X.; Yates, E.; Mazzon, M.; Kilpatrick, B. S.; Muallem, S.; Marsh, M.; 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

Rahman, T.; Patel, S. Mining of Ebola virus entry inhibitors identifies approved drugs as two-pore channel pore 

blockers. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 1151–1161. 

59. Sakurai, Y.; Kolokoltsov, A. A.; Chen, C.-C.; Tidwell, M. W.; Bauta, W. E.; Klugbauer, N.; Grimm, C.; Wahl-Schott, C.; 

Biel, M.; Davey, R. A. Ebola virus. Two-pore channels control Ebola virus host cell entry and are drug targets for 

disease treatment. Science 2015, 347, 995–998. 

60. Fénéant, L.; Szymańska-de Wijs, K. M.; Nelson, E. A.; White, J. M. An exploration of conditions proposed to trigger the 

Ebola virus glycoprotein for fusion. PLoS One 2019, 14, e0219312. 

61. Hulseberg, C. E.; Fénéant, L.; Szymańska, K. M.; White, J. M. Lamp1 increases the efficiency of lassa virus infection by 

promoting fusion in less acidic endosomal compartments. MBio 2018, 9. 

62. Warren, T. K.; Jordan, R.; Lo, M. K.; Ray, A. S.; Mackman, R. L.; Soloveva, V.; Siegel, D.; Perron, M.; Bannister, R.; Hui, 

H. C.; Larson, N.; Strickley, R.; Wells, J.; Stuthman, K. S.; Van Tongeren, S. A.; Garza, N. L.; Donnelly, G.; Shurtleff, A. 

C.; Retterer, C. J.; Gharaibeh, D.; Zamani, R.; Kenny, T.; Eaton, B. P.; Grimes, E.; Welch, L. S.; Gomba, L.; Wilhelmsen, C. 

L.; Nichols, D. K.; Nuss, J. E.; Nagle, E. R.; Kugelman, J. R.; Palacios, G.; Doerffler, E.; Neville, S.; Carra, E.; Clarke, M. O.; 

Zhang, L.; Lew, W.; Ross, B.; Wang, Q.; Chun, K.; Wolfe, L.; Babusis, D.; Park, Y.; Stray, K. M.; Trancheva, I.; Feng, J. Y.; 

Barauskas, O.; Xu, Y.; Wong, P.; Braun, M. R.; Flint, M.; McMullan, L. K.; Chen, S.-S.; Fearns, R.; Swaminathan, S.; 

Mayers, D. L.; Spiropoulou, C. F.; Lee, W. A.; Nichol, S. T.; Cihlar, T.; Bavari, S. Therapeutic efficacy of the small 

molecule GS-5734 against Ebola virus in rhesus monkeys. Nature 2016, 531, 381–385. 

63. Bixler, S. L.; Bocan, T. M.; Wells, J.; Wetzel, K. S.; Van Tongeren, S. A.; Dong, L.; Garza, N. L.; Donnelly, G.; Cazares, L. 

H.; Nuss, J.; Soloveva, V.; Koistinen, K. A.; Welch, L.; Epstein, C.; Liang, L.-F.; Giesing, D.; Lenk, R.; Bavari, S.; Warren, 

T. K. Efficacy of favipiravir (T-705) in nonhuman primates infected with Ebola virus or Marburg virus. Antiviral Res. 

2018, 151, 97–104. 

64. Guedj, J.; Piorkowski, G.; Jacquot, F.; Madelain, V.; Nguyen, T. H. T.; Rodallec, A.; Gunther, S.; Carbonnelle, C.; Mentré, 

F.; Raoul, H.; de Lamballerie, X. Antiviral efficacy of favipiravir against Ebola virus: A translational study in 

cynomolgus macaques. PLoS Med. 2018, 15, e1002535. 

65. DeWald, L. E.; Johnson, J. C.; Gerhardt, D. M.; Torzewski, L. M.; Postnikova, E.; Honko, A. N.; Janosko, K.; Huzella, L.; 

Dowling, W. E.; Eakin, A. E.; Osborn, B. L.; Gahagen, J.; Tang, L.; Green, C. E.; Mirsalis, J. C.; Holbrook, M. R.; Jahrling, 

P. B.; Dyall, J.; Hensley, L. E. In Vivo Activity of Amodiaquine against Ebola Virus Infection. Sci. Rep. 2019, 9, 20199. 

66. Mulangu, S.; Dodd, L. E.; Davey, R. T.; Tshiani Mbaya, O.; Proschan, M.; Mukadi, D.; Lusakibanza Manzo, M.; Nzolo, 

D.; Tshomba Oloma, A.; Ibanda, A.; Ali, R.; Coulibaly, S.; Levine, A. C.; Grais, R.; Diaz, J.; Lane, H. C.; 

Muyembe-Tamfum, J.-J.; PALM Writing Group; Sivahera, B.; Camara, M.; Kojan, R.; Walker, R.; Dighero-Kemp, B.; Cao, 

H.; Mukumbayi, P.; Mbala-Kingebeni, P.; Ahuka, S.; Albert, S.; Bonnett, T.; Crozier, I.; Duvenhage, M.; Proffitt, C.; 

Teitelbaum, M.; Moench, T.; Aboulhab, J.; Barrett, K.; Cahill, K.; Cone, K.; Eckes, R.; Hensley, L.; Herpin, B.; Higgs, E.; 

Ledgerwood, J.; Pierson, J.; Smolskis, M.; Sow, Y.; Tierney, J.; Sivapalasingam, S.; Holman, W.; Gettinger, N.; Vallée, D.; 

Nordwall, J.; PALM Consortium Study Team A randomized, controlled trial of ebola virus disease therapeutics. N. Engl. 

J. Med. 2019, 381, 2293–2303. 

67. Vernet, M.-A.; Reynard, S.; Fizet, A.; Schaeffer, J.; Pannetier, D.; Guedj, J.; Rives, M.; Georges, N.; Garcia-Bonnet, N.; 

Sylla, A. I.; Grovogui, P.; Kerherve, J.-Y.; Savio, C.; Savio-Coste, S.; de Séverac, M.-L.; Zloczewski, P.; Linares, S.; 

Harouna, S.; Abdoul, B. M.; Petitjean, F.; Samake, N.; Shepherd, S.; Kinda, M.; Koundouno, F. R.; Joxe, L.; Mateo, M.; 

Lecine, P.; Page, A.; Tchamdja, T. M.; Schoenhals, M.; Barbe, S.; Simon, B.; Tran-Minh, T.; Longuet, C.; L’Hériteau, F.; 

Baize, S. Clinical, virological, and biological parameters associated with outcomes of Ebola virus infection in Macenta, 

Guinea. JCI Insight 2017, 2, e88864. 

68. Lanini, S.; Portella, G.; Vairo, F.; Kobinger, G. P.; Pesenti, A.; Langer, M.; Kabia, S.; Brogiato, G.; Amone, J.; Castilletti, 

C.; Miccio, R.; Zumla, A.; Capobianchi, M. R.; Di Caro, A.; Strada, G.; Ippolito, G.; INMI-EMERGENCY EBOV Sierra 

Leone Study Group Blood kinetics of Ebola virus in survivors and nonsurvivors. J. Clin. Invest. 2015, 125, 4692–4698. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1


 

69. Geisbert, T. W.; Strong, J. E.; Feldmann, H. Considerations in the use of nonhuman primate models of ebola virus and 

marburg virus infection. J. Infect. Dis. 2015, 212 Suppl 2, S91-7. 

70. Lane, T. R.; Ekins, S. Toward the target: tilorone, quinacrine, and pyronaridine bind to ebola virus glycoprotein. ACS 

Med. Chem. Lett. 2020, 11, 1653–1658. 

71. Zhou, N.; Pan, T.; Zhang, J.; Li, Q.; Zhang, X.; Bai, C.; Huang, F.; Peng, T.; Zhang, J.; Liu, C.; Tao, L.; Zhang, H. 

Glycopeptide Antibiotics Potently Inhibit Cathepsin L in the Late Endosome/Lysosome and Block the Entry of Ebola 

Virus, Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and Severe Acute Respiratory Syndrome 

Coronavirus (SARS-CoV). J. Biol. Chem. 2016, 291, 9218–9232. 

72. Hulseberg, C. E.; Fénéant, L.; Szymańska-de Wijs, K. M.; Kessler, N. P.; Nelson, E. A.; Shoemaker, C. J.; Schmaljohn, C. 

S.; Polyak, S. J.; White, J. M. Arbidol and Other Low-Molecular-Weight Drugs That Inhibit Lassa and Ebola Viruses. J. 

Virol. 2019, 93. 

73. Cooper, L.; Schafer, A.; Li, Y.; Cheng, H.; Medegan Fagla, B.; Shen, Z.; Nowar, R.; Dye, K.; Anantpadma, M.; Davey, R. 

A.; Thatcher, G. R. J.; Rong, L.; Xiong, R. Screening and Reverse-Engineering of Estrogen Receptor Ligands as Potent 

Pan-Filovirus Inhibitors. J. Med. Chem. 2020, 63, 11085–11099. 

74. Sakurai, Y.; Sakakibara, N.; Toyama, M.; Baba, M.; Davey, R. A. Novel amodiaquine derivatives potently inhibit Ebola 

virus infection. Antiviral Res. 2018, 160, 175–182. 

75. Singleton, C. D.; Humby, M. S.; Yi, H. A.; Rizzo, R. C.; Jacobs, A. Identification of ebola virus inhibitors targeting GP2 

using principles of molecular mimicry. J. Virol. 2019, 93. 

76. Si, L.; Meng, K.; Tian, Z.; Sun, J.; Li, H.; Zhang, Z.; Soloveva, V.; Li, H.; Fu, G.; Xia, Q.; Xiao, S.; Zhang, L.; Zhou,  D. 

Triterpenoids manipulate a broad range of virus-host fusion via wrapping the HR2 domain prevalent in viral envelopes. 

Sci. Adv. 2018, 4, eaau8408. 

77. Sheahan, T. P.; Sims, A. C.; Zhou, S.; Graham, R. L.; Pruijssers, A. J.; Agostini, M. L.; Leist, S. R.; Schäfer, A.; Dinnon, K. 

H.; Stevens, L. J.; Chappell, J. D.; Lu, X.; Hughes, T. M.; George, A. S.; Hill, C. S.; Montgomery, S. A.; Brown, A. J.; 

Bluemling, G. R.; Natchus, M. G.; Saindane, M.; Kolykhalov, A. A.; Painter, G.; Harcourt, J.; Tamin, A.; Thornburg, N. J.; 

Swanstrom, R.; Denison, M. R.; Baric, R. S. An orally bioavailable broad-spectrum antiviral inhibits SARS-CoV-2 in 

human airway epithelial cell cultures and multiple coronaviruses in mice. Sci. Transl. Med. 2020, 12. 

78. Weston, S.; Baracco, L.; Keller, C.; Matthews, K.; McGrath, M. E.; Logue, J.; Liang, J.; Dyall, J.; Holbrook, M. R.; Hensley, 

L. E.; Jahrling, P. B.; Yu, W.; MacKerell, A. D.; Frieman, M. B. The SKI complex is a broad-spectrum, host-directed 

antiviral drug target for coronaviruses, influenza, and filoviruses. Proc. Natl. Acad. Sci. USA 2020. 

79. Bennett, R. P.; Finch, C. L.; Postnikova, E. N.; Stewart, R. A.; Cai, Y.; Yu, S.; Liang, J.; Dyall, J.; Salter, J. D.; Smith, H. C.; 

Kuhn, J. H. A Novel Ebola Virus VP40 Matrix Protein-Based Screening for Identification of Novel Candidate Medical 

Countermeasures. Viruses 2020, 13. 

80. Lasala, F.; García-Rubia, A.; Requena, C.; Galindo, I.; Cuesta-Geijo, M. A.; García-Dorival, I.; Bueno, P.; Labiod, N.; 

Luczkowiak, J.; Martinez, A.; Campillo, N. E.; Alonso, C.; Delgado, R.; Gil, C. Identification Of Potential Inhibitors Of 

Protein-Protein Interaction Useful To Fight Against Ebola And Other Highly Pathogenic Viruses. Antiviral Res. 2021, 

105011. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 February 2021                   doi:10.20944/preprints202102.0293.v1

https://doi.org/10.20944/preprints202102.0293.v1

