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A B S T R A C T   

Despite the efforts to develop new treatments against Ebola virus (EBOV) there is currently no antiviral drug 
licensed to treat patients with Ebola virus disease (EVD). Therefore, there is still an urgent need to find new drugs 
to fight against EBOV. In order to do this, a virtual screening was done on the druggable interaction between the 
EBOV glycoprotein (GP) and the host receptor NPC1 with a subsequent selection of compounds for further 
validation. This screening led to the identification of new small organic molecules with potent inhibitory action 
against EBOV infection using lentiviral EBOV-GP-pseudotype viruses. Moreover, some of these compounds have 
shown their ability to interfere with the intracellular cholesterol transport receptor NPC1 using an ELISA-based 
assay. These preliminary results pave the way to hit to lead optimization programs that lead to successful 
candidates.   

Infectious diseases represent one of the major concerns for human 
and veterinary public health and, as a consequence, for the global 
economy. Due to climate and environmental changes and travel and 
trade globalization, infectious agents spread more rapidly and widely 
than in the last century. This is shown by the number of emerging and 
reemerging viral infections appeared since 2000, such as the 2009 
pandemic H1N1 influenza virus, the widespread epidemic of Ebola virus 
(EBOV) from West Africa that generated cases also in Europe and 
America and the unprecedented pandemic caused by a novel coronavi-
rus (SARS-CoV-2/COVID-19) in December 2019. Moreover, additional 
emerging viruses have been identified for the first time in Spain, most of 
them causing potentially lethal infections in humans, such as Crimean- 
Congo hemorrhagic fever, Dengue or West Nile viruses. Due to these 
sporadic outbreaks, these emerging viruses require a continuous sur-
veillance activity that needs a significant effort of the National Health 
Systems and of the International Authorities (Wolfe et al., 2007; Zhou 
et al., 2020). 

In December 2013, an outbreak caused by EBOV began in West 

Africa. The epidemic lasted until 2016 with 28,616 cases and 11,301 
deaths (WHO Ebola Response Team et al., 2016). This was the largest 
and most complex outbreak so far, being declared by the WHO as a 
public health emergency of international concern. There were more 
cases and deaths in this outbreak than in all the others combined. In 
addition, it also spread between countries, starting in Guinea then 
moving across land borders to Sierra Leone and Liberia. For the first 
time, EBOV infected individuals appeared and were subsequently 
treated in the US and some European countries. Spain was the first 
country to ever have a case of EBOV transmission out of Africa (Lópaz 
et al., 2015). The 2014 outbreak highlighted the scarcity of antivirals 
and vaccines against this highly pathogenic virus which precludes not 
only medical care but also epidemic control. In 2016, the largest 
epidemic of Ebola virus disease finally ended. However, the risk of 
re-emergences was made evident by the 2018–2020 outbreak in the 
Democratic Republic of the Congo (DRC) and the current situation in 
this country (Rohan and McKay, 2020). Currently, despite the 280.000 
persons have been vaccinated (Saphire, 2020), the epidemics continue 

* Corresponding author. 
E-mail address: carmen.gil@csic.es (C. Gil).   

1 These authors have contributed equally to this work. 

Contents lists available at ScienceDirect 

Antiviral Research 

journal homepage: www.elsevier.com/locate/antiviral 

https://doi.org/10.1016/j.antiviral.2021.105011 
Received 25 October 2020; Received in revised form 29 December 2020; Accepted 4 January 2021   

mailto:carmen.gil@csic.es
www.sciencedirect.com/science/journal/01663542
https://www.elsevier.com/locate/antiviral
https://doi.org/10.1016/j.antiviral.2021.105011
https://doi.org/10.1016/j.antiviral.2021.105011
https://doi.org/10.1016/j.antiviral.2021.105011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.antiviral.2021.105011&domain=pdf


Antiviral Research 186 (2021) 105011

2

and it seems necessary to concentrate research efforts in antivirals. 
Consequently, the WHO is trying to accelerate trials with experimental 
drugs in the expectation of reducing the number of deaths and pro-
tecting those who are in contact with the patients. Actually, the first 
clinical trials with the nucleoside analogue remdesivir (GS-5734), the 
single monoclonal antibody MAb 114 or combinations of monoclonal 
antibodies such as ZMapp (the control group) or the triple monoclonal 
antibody REGN-EB3 have been performed (Malvy et al., 2019; Mulangu 
et al., 2019). 

The objective of the present work is to identify new therapeutics to 
fight against highly pathogenic viruses with limited or non-available 
vaccines or treatment options and with the potential to produce emer-
gences of catastrophic consequences such as those caused by EBOV. 
With the aim of developing anti-EBOV drugs, a host target-based 
approach was followed. Our search is focused on blocking the specific 
EBOV pathway for human infection. We have directed our efforts to the 
inhibition of the protein-protein interaction between the envelope 
glycoprotein of Ebola virus (EBOV-GP) and domain C of the late endo-
somes protein Niemann-Pick 1 (NPC1) as a drug target. Blocking this 
protein-protein interaction, the delivery of genetic viral material inside 
the host cells will be blocked at the stage of endosomal exit and the 
subsequent infection stopped. With this therapeutic action, the endo-
some containing EBOV would follow the degradative pathway and 
cleared. 

EBOV binds a number of attachment factors at the plasma membrane 
mediating its entry by macropinocytosis. Once the virus is engulfed in 
endosomes, cysteine proteases, cathepsins B and L, mediate the priming 
of the EBOV-GP. The primed glycoprotein (GPcl) can then bind to the 
NPC1 that is an indispensable host receptor required for viral fusion/ 
entry (Carette et al., 2011; Côté et al., 2011). EBOV-GPcl binding to 
NPC1 is the key in the lock that mediates fusion with the endosomal 

membrane and allows the viral nucleic acid to be delivered in the 
cytoplasm (Miller et al., 2012). Of note, this sequence of events is similar 
in a number of highly pathogenic emerging viruses affecting humans 
and animals (Del Campo et al., 2012; Cuesta-Geijo et al., 2016). 

To identify the desired protein-protein interaction inhibitors as new 
antiviral agents, a virtual screening was performed initially. We used our 
in-house chemical library (MBC library) (Sebastian-Pérez et al., 2017) 
and the crystal structure of the complex EBOV-GPcl/NPC1 domain C 
(Wang et al., 2016) focusing the screening in the interface between both 
proteins. As filter, the interaction with the key residues Phe503 and 
Phe504 of NPC1 located in the protruding loop 2, which play a major 
role by contributing to the majority of the tight hydrophobic in-
teractions with the GPcl head cavity was used (Wang et al., 2016). The 
druggability of this interaction was previously validated and reported 
with different antiviral compounds directed to inhibit the 
EBOV-GPcl/NPC1 binding, such as adamantane dipeptide piperazine 
3.47, (Côté et al., 2011) triazole thioether MBX2270 and amino-
acetamide sulfonamide MBX2254 (Basu et al., 2015). The study here 
presented has allowed the selection and identification of novel candi-
dates to be evaluated as anti-EBOV agents. 

From this initial virtual screening, 34 compounds were selected to be 
evaluated as antivirals based on best docking scores and chemical di-
versity (Table S1). All selected compounds were located between the 
interface of the GPcl/NPC1 domain C complex, The compounds with 
best scoring are located between loop 1 and loop 2 of NPC1 domain C 
showing interactions with key residues involved in the interaction such 
as Phe503, and Phe504 (Fig. S1). Noteworthy, compounds MBX2254 y 
MBX2270, (Basu et al., 2015) previously reported as inhibitors of the 
target interaction were used as reference controls being near the top of 
the ranking. Compounds 1–34 were tested in a first step using a lenti-
viral EBOV-GP-pseudotyped infection assay (Table S2) using as 

Table 1 
Biological activity and chemical structure of active compounds from the first selection in EBOV-GP-pseudotype virus (pEBOV) and ASFV.  

Comp. Chemical structure IC50
a (pEBOV) CC50

b (HeLa) SIc (pEBOV) (CC50/IC50) IC50
a (ASFV) CC50

b (Vero) SIc (ASFV) (CC50/IC50) 

2 0.37 μM 7 μM 19 2.54 16.56 6.5 

9 0.37 μM 96 μM 258 inactive >100 – 

12 64.9%@10 μM – – inactive >100 – 

14 4.69 μM 30 μM 11 35.17 >100 >2.8 

19 70.9%@10 μM – – inactive >100 – 

26 2.04 μM 60 μM 26 15.75 >100 >6.34 

30 61.2%@10 μM – – inactive >100 –  

a IC50: 50% inhibitory concentration. 
b CC50: 50% cytotoxic concentration. 
c SI: Selectivity Index. 
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references of the assay (Basu et al., 2015) MBX2254 (IC50 = 2.5 μM) and 
MBX2270 (IC50 = 14.2 μM). This system of virus-like-particles 
expressing on their surface the EBOV-GP allowed us to explore the ef-
fects showed by the tested molecules in the viral entry under BSL-2 fa-
cilities. Initially, all the compounds were tested at 10 μM and those that 
inhibited the infection by more than 60% at this concentration were 
further analyzed for potency, selectivity and cytotoxicity in HeLa cells. 
Seven of the 34 tested compounds showed viral inhibition to merit 
further studies (Table 1). These seven compounds belong to three 
diverse chemical families, with no structural similarities to previously 
described anti-EBOV drugs: benzothiazepine (9, 12, 19 and 30), 
carbazole (2) and sulfide (14 and 26) derivatives. 

The best compounds in terms of percentage of inhibition were 
selected to calculate the IC50 (50% inhibitory concentration) and CC50 
(50% cytotoxic concentration). Benzothiazepine 9 and carbazole 2 
showed an IC50 of 0.37 μM, while sulfides 14 and 26, 4.69 μM and 2.04 
μM respectively. With regard to cytotoxicity in HeLa cells, although the 
four selected compound showed cytotoxic concentrations under their 
respective inhibitory concentrations (Table 1) is remarkable the high 
selectivity index (CC50/CI50) of 9. 

In order to confirm the mechanism of action of these novel classes of 
antiviral compounds, we investigated the effect of the four hits in the 
binding of EBOV-GPcl to NPC1 domain C using an enzyme-linked 
immunosorbent assay (ELISA)-based assay and compounds MBX2254 
and MBX2270, with a reported inhibition of this interaction, as positive 
controls (Basu et al., 2015), while the cholesterol synthesis inhibitor 
U18666A was used as negative control (Côté et al., 2011). As the 

interaction between EBOV-GP and NPC1 requires the removal of a part 
of the EBOV-GP (mucin and glycan cap domains), we use thermolysin to 
mimic this process. Lentiviral EBOV-GP-particles previously cleaved by 
thermolysin, were then captured on an ELISA plate using the anti-EBOV 
GP monoclonal antibody KZ52 (Lee et al., 2008). Then, a purified human 
NPC1-domain C with a Flag tag was added, and the binding to GPcl 
detected by anti-Flag antibody conjugated to horseradish peroxidase 
(HRP) using a colorimetric substrate (TMB) and quantified by absor-
bance at 450 nm. 

As it can be observed, benzothiazepine 9 is the less potent by inter-
fering the EBOV-GPcl/NPC1 interaction. Sulfides 14 and 26 clearly 
inhibited this interaction, while carbazole 2 does it to a lesser extent 
(Fig. 1). 

Based on the antiviral effect found in EBOV-GP-pseudotyped virus, 
we decided to test the seven most active compounds (Table 1) in another 
highly pathogenic virus, described to require also NPC1 integrity and 
function for a successful infection, such as African swine fever virus 
(ASFV) (Cuesta-Geijo et al., 2016), which has a great sanitary and so-
cioeconomic impact. Compounds were first evaluated for cell viability 
and cytotoxicity to select non-cytotoxic working concentrations. Then, 
compounds were added to Vero cell monolayers before infection with 
BPP30GFP, a recombinant ASFV expressing the GFP gene fused to the 
promoter of the early viral p30 protein at a moi of 1 pfu/cell. Viral 
infectivity was analyzed by flow cytometry. Results depicted in Table 1, 
showed that carbazole 2 and sulfides 14 and 26, also presented antiviral 
activity in this virus at micromolar range (non-cytotoxic). By contrast, 
members of the benzothiazepine family showed no activity at all. 

The different antiviral profile of the three chemical classes could be 
explained on basis to the binding of thermolysin-cleaved EBOV-GP to 
NPC1-domain C determination using ELISA-based assay. Results pointed 
to the fact that carbazoles and sulfides potentially act through inhibition 
of NPC1-GP interaction, while benzothiazepines do not affect this 
interaction. The two groups of chemicals able to inhibit the infection of 
both viruses, carbazoles and sulfides, probably share a common mech-
anism of action relevant for both viruses. In contrast, benzothiazepines 
could act against EBOV through a novel specific mechanism that is 
currently under study. While further studies to assess experimentally the 
mechanism of action of these new compounds are in progress, a hit to 
lead optimization program is ongoing to show the therapeutic potential 
in in vivo EBOV infections and to evaluate their possible clinical value. 
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Figures S2 and S3 (dose-response curves for top compounds) and Ma-
terial and Methods section. 

Supplementary data to this article can be found online at https://doi. 
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Fig. 1. Inhibitory effect of compounds on EBOV-GPcl/NPC1-domain C inter-
action. The effect of selected compounds on this interaction was quantified by 
an ELISA method. ELISA plate previously coated with monoclonal antibody 
KZ52 was incubated with EBOV-GPcl particles. Unbound viral particles were 
washed off, and purified NPC1-domain C Flag protein was added in the absence 
(control) or in presence of 50 μM of each compound. After that, samples were 
incubated with an Anti-Flag-Peroxidase monoclonal antibody and absorbance 
was measured at 450 nm after addition of TMB substrate. The values of per-
centage of binding presented on the graph correspond to the mean of 3 inde-
pendent experiments with error bars corresponding to the standard errors of the 
mean with respect to the control (no compound added). Analyses were per-
formed using the GraphPad Prism v6.0 software. 
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