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1. INTRODUCTION

Ebola virus (EBOV) is one of the deadliest pathogens faced by human-

kind being the etiological agent of a viral hemorrhagic fever named Ebola

virus disease (EVD) affecting humans and nonhuman primates (NHPs) with

high mortality rates. In less than 45 years, since its first discovery in 1976,

EBOV claimed more than 11,000 deaths through several highly mortal out-

breaks. In particular, across the years 2014 and 2016 a dreadful outbreak of

EVD spread in West Africa, claiming more cases and deaths than all other

previous epidemics combined.1 The ability of the infection to spread

between countries, starting in Guinea and subsequently moving across land

borders to Sierra Leone and Liberia, and also exporting cases in extra-African

countries, turned the spotlight on EVD as a global health emergency to be

strongly counteracted. EBOV belongs to the viral orderMononegavirales that

gathers together related viruses with a nonsegmented, linear, and single-

stranded negative-sense RNA genome (ssRNA�). Ebolavirus genera is

one of the three genera along with Marburgvirus (MARV) and Cuevavirus,

within the family Filoviridae and includes five distinct species: Bundibugyo

ebolavirus,Reston ebolavirus, Sudan ebolavirus,Taı̈ Forest ebolavirus, and the type

species Zaire ebolavirus. The EBOV ssRNA(�) genome is approximately

19 kb in size and encodes for seven proteins: the nucleoprotein NP, the

polymerase cofactor VP35, the matrix proteins VP40 and VP24, the surface

glycoprotein GP, the transcription activator VP30, and the large (L) RNA-

dependent RNA polymerase.

While EBOV is considered a zoonotic pathogen capable to affect

humans and several animal species, its natural reservoir is not conclusively

defined yet, even though many reports pointed the attention to the fruit

bat from Pteropodidae family.2,3 Animals carrying the virus can infect other

animals and, after a spillover event introducing EBOV into the human pop-

ulation, the disease can spread among human communities. Viral transmis-

sion, including human-to-human, can occur through several mechanisms:

direct contact of broken skin or mucous membranes with infected blood,

secretions, organs, or other bodily fluids, in utero (during delivery from

infected mother), and with surfaces and materials (e.g., bedding and cloth-

ing) contaminated with body fluids.4,5

EVD is a severe acute viral illness (2–21 days of incubation). Fever onset
is a typical sign of the disease which begins through a nonspecific symptom

period (2–3 days of fatigue, malaise, muscular soreness, and gastrointestinal
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manifestations) followed by a fast deteriorating period (2–4 days of severe

sore throat, chest and abdominal pain, maculopapular skin rash, gastrointes-

tinal, circulatory and vascular function impairment manifested by diarrhea,

vomiting, and in some cases both internal and external bleeding). In the

highly frequent lethal cases, this clinical picture evolves in septic shock, mul-

tiorgan failure, and death (6–9 days from clinical disease onset). Importantly,

EVD survivors show long-term consequences affecting different body dis-

tricts (eyes, ears, brain, joints, muscles, uterus, and testis).6,7 EVD laboratory

findings include early leucopenia, lymphopenia, and subsequent neu-

trophilia, followed by the presence of atypical lymphocytes, thrombocyto-

penia, hyperproteinemia, and proteinuria.8

Although EBOV exerts a broad cell tropism, cells of the monocyte/mac-

rophage lineage, and dendritic cells are early and preferred replication sites of

the virus, followed by a variety of other cell targets.2 In fact, an innate

immune response dysregulation is the first event in EBOV infection, mainly

occurring through a robust inhibition of the type I interferon α/β (IFN-α/β)
responses mediated by the viral proteins VP24 and VP35.9 Extensive infec-

tion of dendritic cells also determine a massive release of proinflammatory

cytokines and chemokines, leading to the typical EVD cytokine storm

additionally contributing to disease progression and blunting of the adap-

tive immune response.2

The lack of proven specific treatments, the challenge of early diagnosis

and the high number of fatalities justify the consideration of EVD as a global

threat.10 Primarily driven by concerns on the potential misuse of the virus as

a bioweapon (the Centers of Diseases Control and Prevention classifies

EBOV as Category A agent), the search for effective countermeasures to

treat EBOV infections has been in progress for several decades. In the last

40 years, a number of antiviral compounds have shown some therapeutic

promises in both in vitro and animal studies and some of these were admin-

istered to EVD patients, or to persons undergoing clinical trial evaluation, in

particular during the 2014–16 West African epidemic. The unprecedented

magnitude and scale of theWest Africa outbreak, combined with the poten-

tial spread to other corners of the world, led to a recent renewed focus on

medical interventions for EVD.10 However, despite the tremendous efforts

spent in the discovery of therapeutics and in conducting some clinical trials

during the biggest outbreak setting, no EBOV-specific therapy has been con-

clusively proven efficacious, nor has any therapy achieved regulatory approval

for use in humans to date.10 A promising vaccine candidate, the rVSVΔG-
ZEBOV-GP, has been granted Breakthrough Therapy Designation by the
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FDA and PRIority Medicines status from the European Medicines Agency

(Merck Press Release, July 25, 2016) and is currently awaiting a license.11

The vaccine showed 100% protection during a ring vaccination trial in

Guinea, Sierra Leone, and Conakry, and now it is still in use in the ongoing

outbreak of Democratic Republic of Congo (May 2018).11

This chapter focuses on the different agents, including small molecules,

antisense therapies, and immunotherapeutics, shown to be able to counter-

act EBOV in either in silico, in vitro, in vivo, or in clinical studies. The anti-

EBOV agents reported in this chapter are categorized based on their pro-

posed mechanism of action against specific steps of the viral life cycle,

including entry, replication, packaging, and release of viral progeny from

target cells (Fig. 1).

2. EBOV ENTRY INHIBITORS

Viral attachment on target cells occurs through the binding of the

fusogenic virus envelope glycoprotein (GP1,2) produced by the cleavage

of a precursor (GP0) obtained by the translation of the mRNA of the hom-

onymous fourth gene on the EBOV genome. The glycoprotein GP1,2 is

constituted by two subunits: GP1, responsible for the interaction of the viral

particle with surface cell receptors, and GP2, containing a fusion loop critical

for membrane fusion. Filoviruses have been shown to engage host cell

attachment factors including the C-type lectin DC-SIGN (dendritic cell-

specific ICAM3-grabbing nonintegrin), L-SIGN (liver and lymph node

SIGN), and the folate receptor-α (FR-α).12 The receptor binding domain

of the EBOV GP has been also shown to bind T-cell immunoglobulin

mucin (TIM) domain-containing proteins 1 and 4.12 Moreover, different

cell surface proteins such as integrins and tyrosine protein kinase receptor

3 (TYRO3) family components have been shown to enhance filovirus entry

even if they do not act as physical viral receptors.13 Following binding to the

cell surface, the uptake of EBOV virions into cells can involve different pro-

cesses. In fact, EBOV entry mainly occurs through a macropinocytic path-

way characterized by actin-dependent membrane ruffling. However, it is

believed that also endocytic pathways can take place, even if studies charac-

terizing the type of endocytosis, dependent on clathrin or caveolin, have

shown conflicting results.14–16 From the early endosome, the virus is subse-

quently trafficked to a late endocytic compartment containing the cysteine

proteases cathepsin B (CatB) and cathepsin L (CatL).12,13 These proteases
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Fig. 1 EBOV life cycle and viral steps targeted by antiviral agents.



digest GP1,2 to a 19 kDa form, which is then triggered to initiate fusion

between the viral and endosomal membranes.13

Preventing the entry of EBOV into host cells is an attractive antiviral

strategy. A consistent number of small molecules have been found to be

active against EBOV entry through multiple mechanisms, including some

drugs approved by the Food and Drug Administration (FDA) for the treat-

ment of malaria, cancer, Parkinson’s disease, and other diseases. The first

promising target for antiviral development is GP1,2, the only surface-

expressed protein. Furthermore, since the process of viral entry involves

the modulation of different cellular signaling pathways, therapeutic strategies

were also aimed to identify compounds that act by targeting host cell com-

ponents, such as G protein-coupled receptors (GPCRs) (histamine, seroto-

nin, and estrogen receptors), cholesterol transporter, and multiple ion

channels.

2.1 Endocytosis and/or Macropinocytosis Inhibitors
Through a large-scale compound screening (319,855 small molecules), Ana-

ntpadma and colleagues selected nine compounds that blocked filoviral infec-

tion (both EBOV and MARV) acting on different key steps of the infection

process such as the macropinocytosis-mediated uptake and the endosomal

trafficking. Among them, MLS000394177 and MLS000733230 exhibited

a potent inhibition of EBOV infection in HeLa cells (EC50¼1.9 and

6.7 μM, respectively) and a cell toxicity lower than the commonly accepted

macropinocytosis inhibitor ethylisopropylamiloride.17 Importantly, both

compounds inhibited EBOV infection in primary human macrophages.17

It has been demonstrated that low pH is required for the GP-mediated

membrane fusion.12 Indeed, inhibitors of endosomal acidification

bafilomycin A1 (Fig. 2) and clathrin-mediated endocytosis chlorproma-

zine have been shown to inhibit EBOV entry into the host cells in an

in vitro replication-competent viral assay (inferred EC50 values around

10 nM and 13 μM, respectively), providing a promising scaffold for the

development of novel EBOV therapeutics.18

EBOV requires calcium channels, termed two-pore channels (TPCs),

in endosomal membranes for successful entry. The alkaloid tetrandrine

(Fig. 2), a very well-known remedy in Traditional Chinese Medicine

(TCM) for the treatment of a number of diseases such as tuberculosis, dys-

entery, malaria, cancer, and fever,19 isolated from different species of plants

from theMenispermaceae family, was shown to inhibit EBOV entry into host
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cells and infection of human macrophages (EC50¼55 nM) by binding to

TPC. Tetrandrine also showed therapeutic efficacy in an EBOV mice

model.20

Madrid et al. showed that the antimalarial chloroquine (CQ) (Fig. 2)

inhibited EBOV entry in both viral pseudotype entry and replication assays

with EC50 values of 4.7 and 16 μM, respectively.21 They also demonstrated

that the treatment of infected micewith 90 mg/kg of CQ4 h before infection

was able to significantly reduce mortality, leading to a 90% survival benefit

13 days postinfection. CQ has been shown to act by multiple mechanisms.

First, it was shown to directly perturb virus trafficking that results in aggrega-

tion of the viral particles, inhibiting their progression through the cytoplasm.

Second, its antiviral activity appeared to be in part due to its inhibitory effects

on the pH-dependent CatB and CatL, which have been shown to play a cru-

cial role in EBOVGP1,2 processing events prior to fusion.21 However, more

recent studies showed that CQ fails to protect against infection and disease in

mice, hamsters, and guinea pig models as well as in patients.22–24

2.2 Microtubule Integrity Inhibitors
Entry of enveloped viruses requires the presence of an intact microtubule

network to allow the correct trafficking from the cell surface to the appro-

priate acidified vesicular compartment.12 Agents that affect the integrity

and/or function of actin filaments such as cytochalasin B, cytochalasin

D, latrunculin A, and jasplakinolide, and the microtubule-disrupting

agent nocodazole (Fig. 2), were investigated and showed to impair the

microfilament function thus affecting the entry and fusion of EBOV GP

Fig. 2 Chemical structures of uptake and trafficking inhibitors.
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pseudotype with EC50 values between 0.04 and 2 μM.16 An image-based

high-throughput screening identifiedD011-2120,withEBOVinhibitory abil-

ity in the micromolar range (EC50¼54 μM). It has been reported that D011-

2120 acts, similarly to nocodazole, by depolymerizing microtubules and

disrupting traffickingof virions from theGolgi to the cellmembraneduringviral

egress.25 Among microtubule inhibitors also vinblastine (EC50¼48 nM),

vinorelbine (EC50¼66 nM), vincristine (EC50¼140 nM), colchicine

(EC50¼238 nM), mebendazole (EC50¼3.4 μM), and albendazole

(EC50¼4.8 μM) displayed anti-EBOV entry activity.26

2.3 GP Cleavage Inhibitors
The digestion of EBOV GP1 is a crucial step necessary for membrane fusion.

Blocking theGP cleavagewith the use of the cysteine and serine protease inhib-

itor leupeptin led to a reduction of EBOV infection in macrophages

(EC50¼117 μM).27,28 Similarly, other cysteine protease inhibitors, E-64 and

E-64d, reduced viral antigen titer by 0.47 log10 and 1.5 log10, respectively,

in a quantitative ELISA assay.29,30 The treatment of infected cells with the

CatL inhibitors also showed to reduce EBOV infection. In particular, a

tetrahydroquinoline oxocarbazate (PubChem CID 23631927) blocked EBOV

replication in HEK293T cells (EC50¼193 nM)28 and the triazine derivatives

5705213 and 7402683 were reported to inhibit the entry of pseudotyped

viruses carrying GP1,2 (EC50¼15 and 10 μM, respectively).31 Other studies

showed that the CatB inhibitors CA-074 and CA-074Me (EC50¼20 μM
and 4 μM, respectively), the CatL inhibitor Z-FY(t-Bu)-DMK

(EC50¼1 μM), and the CatB/CatL inhibitor FY-DMK (EC50¼2 μM) also

markedly reduced infectious EBOV progeny production.27,30,32

More recently, a series of derivatives of the Chinese natural product

aloperine, substituted with a 12N-dichlorobenzyl group, were reported.33

Among the 23 derivatives synthesized, compound 2e (Fig. 3) exhibited

the most potent activity in vitro (EC50¼4.8 μM) and also in vivo (a dose

of 1 mg/mL led to 58% of reduction in an anti-EBOV assay performed on

BALB/c mice infected with human immunodeficiency virus [HIV] pseudo-

typed viruses with GP1,2 of EBOV), and a good pharmacokinetic and safety

profile (low median lethal doses when administered intragastrically, intraper-

itoneally, and intravenously in mice). Mechanism of action studies showed

that compound 2e could block a late stage of viral entry, mainly targeting

the CatB activity.33
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2.4 GP Binding Fusion Inhibitors
In a recent study, Cheng et al. showed that known antagonists of different

classes of GPCRs, including histamine receptors, 5-HT (serotonin) recep-

tors, muscarinic acetylcholine receptors, and adrenergic receptors, were

potent inhibitors of EBOV and MARV entry. In particular, benztropine,

a drug clinically used for the treatment of Parkinson’s disease, effectively

blocked replication of both infectious viruses (EC50¼3.7 and 13.2 μM,

respectively), also suggesting a crucial role of GPCRs in filoviral entry

mechanisms, and pointing out to the potential broad antiviral activity of

GPCR antagonists.34 Interestingly, time-of-addition experiments and

microscopic studies have provided evidence that GPCR antagonists block

filoviral entry inhibiting a step following the initial attachment and prior

to the viral/cell membrane fusion.34 It has been thus proposed either that

filoviral GP can directly bind to one or multiple GPCRs and that such inter-

action could be critical for viral entry, or that EBOV can somehow trigger

GPCR signaling, suggesting that GPCRs would be indirectly involved in

filoviral entry.34

Fig. 3 Chemical structures of fusion inhibitors.
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Several antagonists of histamine receptors and serotonin receptors have

been shown to block the entry of EBOV virus-like particles (VLPs).26

Among them, the anticancer drug toremifene (Fig. 3), an estrogen receptor

modulator, was capable to block VLPs entry into host cells mediated by

EBOV surface GP at submicromolar concentrations (EC50¼0.56 μM).26

Treatment of infected mice with toremifene resulted in statistically signifi-

cant survival benefit (50%).35 The modulatory activity of toremifene was

confirmed by Zhao et al. in 2016, showing that both the toremifene and

the painkiller ibuprofen bind EBOV GP1,2 decreasing its thermal stabil-

ity.36 Toremifene and ibuprofen bind in a cavity between the attachment

(GP1) and fusion (GP2) subunit. This interaction triggers premature release

of GP2 resulting in inhibition of viral fusion to the endosome membrane.36

Of note, crystal studies showed that the ibuprofen binding site is different to

the one predicted by an in silico analysis37 suggesting the possible existence

of two different binding sites for the compound on the EBOVGP.38 Recent

results in cell culture assays (EC50¼100 μM) seem to confirm its potential as

a molecular template for the further drug development in the search for an

anti-EBOV treatment.38 Following the same thread, another library screen-

ing (of about 2600 compounds among FDA-approved drugs and common

mechanistic probes) identified 30 compounds with anti-EBOV activity in

both Vero E6 and human HepG2 cell lines, including the selective serotonin

reuptake inhibitors sertraline (Fig. 3) (EC50¼3.1 and 1.4 μM, respectively)

and paroxetine (EC50¼7.4 and 1.4 μM, respectively) and the calcium

channel blocker bepridil (Fig. 3) (EC50¼5 and 3.2 μM, respectively).39

Sertraline and bepridil showed also a strong in vivo antiviral activity by

affecting EBOV entry at a step after the internalization, inhibiting VLP-

GP entry in a dose-dependent manner.39 More recently, crystallographic

analysis and thermal shift assays demonstrated that sertraline, bepridil, par-

oxetine, and benztropine interact with the same toremifene EBOV GP

pocket, thus affecting the thermal stability of the protein, destabilizing it

and consequently leading to the block of virus/endosomal membrane

fusion.40 However, it must be mentioned that high dosage of sertraline

did not protect rhesus macaques in a subsequent challenge with a lethal

EBOV dose (Makona strain), having no protective effect on viral load,

morbidity, or survival.41

Finally, a benzodiazepine derivative (compound 7) has been identified to

inhibit EBOV and MARV in cell-based entry assays with EC50 values of

10 and 12 μM, respectively.42 Compound 7 has been shown to act at an
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early stage of viral entry, probably by binding to a hydrophobic pocket

(S2) in the prefusion conformation of EBOV GP. Its high selectivity sets

the bases for further optimization toward novel filoviral inhibitors.42

2.5 NPC1-Mediated Fusion Inhibitors
During the fusion process, additional host factors in the endosome are

required for viral/membrane fusion. One of them is the endo/lysosomal

cholesterol transporter protein Niemann–Pick C1 (NPC1). Studies using

primary fibroblasts derived from human NPC1 disease patients and

Npc1-null Chinese hamster ovary (CHO) cells demonstrated that NPC1

function impairment led to total resistance to EBOV infections.43 Small

molecules such as the androstenon derivative U18666A (Fig. 3) and the

antidepressant imipramine caused a phenotype similar to NPC1 defi-

ciency, probably by targeting the NPC1 pathway. A brief exposure of Vero

cells with U18666A strongly inhibited EBOV infection (EC50¼6 μM).43 In

the same study, the treatment of HAP1 cells with imipramine (2 μM) led to a

�80% reduction in the number of cells infected by a replication-competent

recombinant vesicular stomatitis virus (rVSV) bearing the EBOV GP.43

After cleavage of the glycosylated domains of GP1 by CatB, the

aminoterminal domain is available for the binding toNPC1, thus promoting

membrane fusion by the GP2 subunit. A benzylpiperazine adamantane

diamide (compound 3.0) inhibited infection of Vero cells by VSV particles

pseudotyped with EBOV GP (EC50¼2.5 μM). The addition of a

methoxycarbonyl-benzyl group at the ortho-position of the benzene ring,

compound 3.47 (Fig. 3), significantly increased the potency of inhibition

(EC50¼30 nM). Importantly, it has been demonstrated that these molecules

interfere with the binding of the cleaved GP to NPC1 in a concentration-

dependent manner.44

Multiple cationic amphiphiles (AY 9944, clomiphene, Ro 48-8071,

terconazole, triparanol) inhibited EBOV entry (EC50¼1.6–8.0 μM)

blocking EBOV fusion in an NPC1-dependent mode with a mechanism

distinct from the one shown by compound 3.47, suggesting that there are

at least two mechanisms of counteracting the NPC1-dependent path-

way.45 In particular, clomiphene (Fig. 3), a drug approved for treating

women anovulation, showed EC50 values of 11 and 3.8 μM against the

two strains EBOV-95 and EBOV-76, respectively, and a 90% of survival

benefit for infected mice.35
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Compounds that are nonspecific ion channel inhibitors such as

amiodarone (Fig. 3) and dronedarone, inhibitors of L-type calcium chan-

nels (verapamil) and sodium–potassium pump inhibitors (digoxin) were

also investigated for the inhibition of EBOV infection. In vitro cell-based

assays showed that all these agents were able to strongly inhibit EBOV entry

(EC50¼2, 3, 40, and 0.8 μM, respectively).26,46

In particular, amiodarone is a pleiotropic drug that targets calcium, potas-

sium, sodium channels, and α- and β-adrenergic receptors. In one efficacy

study, treatment of mice with amiodarone initially resulted in a small, but

significant, increase of survival, however in the same study such observation

was not confirmed.47 It has been suggested that amiodarone might target

different early phases of EBOV life cycle, affecting the entry of viral particles

blocking the fusion of the EBOV GP with the endosomal membrane, and

also modifying the cellular distribution of glycosphingolipids, sphingo-

myelin, cholesterol, and its transporter NPC-1.48,49 Moreover, it has been

demonstrated that amiodarone interferes with the progression of the viral

particles along the endocytic pathway at multiple steps, decreasing the effi-

ciency of the viral binding to target cells, and diminishing the acquisition of

late endocytic markers to the compartment in which the virus is internal-

ized.50 Noteworthy, the finding that molecules such as verapamil, targeting

the L-type calcium channel, inhibited EBOV fusion also suggests a role for

calcium currents in filoviral entry.46

2.6 Combination of Molecules With Different Entry Targets
Since EBOV entry involves endocytosis, macropinocytosis, intracellular traf-

ficking, and fusion, that require different host factors, in particular CatB and

CatL,30 NPC1 protein,43,44 acid sphingomyelinase (ASM),51 and TPCs,20

the synergistic effect of different compound combinations in counteracting

EBOV entry was investigated. Zheng et al. screened 795 unique three-drug

combinations in an EBOV entry assay.52 Among them, two sets of three-drug

combinations, toremifene–mefloquine–posaconazole and toremifene–
clarithromycin–posaconazole, effectively blocked EBOV entry via func-

tional inhibition of NPC1, ASM, and NAADP-stimulated lysosomal calcium

release showing�5-fold reduction inEC50 valueswith respect to the single drug

EC50 values. This result was further validated in a mice model for EBOV infec-

tion in which the rate of survival for both combinations was 74% and >90%,

respectively. Importantly, the individual drug concentrations in the combina-

tions were reduced to clinically relevant levels with no cytotoxic effect.52
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2.7 GP-Targeting Antibody-Based Therapies
Among the different treatments developed to counteract EBOV entry into

the host cells, therapeutic antibodies showed promising results. Human sur-

vivors to EVD tend to mount an early, vigorous, and long-lasting neutral-

izing antibody (NAb) response. NAbs can bind to EBOV structural

envelope GP.53 However, since a single antibody may not be able to neu-

tralize every single viral particle, a cocktail of Abs is typically required. Pro-

duced in vitro from convalescent blood, NAbs are in the form of cocktails of

monoclonal antibodies (mAbs) against EBOV GP.54

Among them, MB-003 (Mapp), ZMAb (Defyrus/PHAC), and in par-

ticular ZMapp (a cocktail combining the best components of the two for-

mer treatments), have demonstrated in animal models some of the most

significant therapeutic potential for treating EVD, showing to be highly

effective in postexposure prophylaxis of NHPs against EBOV. NHPs treat-

ment with 50 mg/kg cocktail MB-003, manufactured in the tobacco plant

Nicotiana benthamiana, protected either 43%55 or 67%56 of animals chal-

lenged with EBOV, whereas controls with the same challenge stocks

succumbed to infection.55,56 Administration of 25 mg/kg murine mAb

cocktail ZMab (mAbs: m1H3, m2G4, and m4G7) to NHPs 24 h after

EBOV challenge showed 100% effectiveness (50% after 48 h), while

50 mg/kg ZMapp treatment showed 100% protection when administered

3 days postinfection.57 Furthermore, the coadministration of ZMab and

an adenovirus-vectored IFN-α (Ad-IFN) as investigated by Qiu et al.

demonstrated high effectiveness in seven out of eight NHPs when the treat-

ment was provided 3 days postinfection.58 In a further experimental design,

NHPs were treated with both Ad-IFN 1 day postinfection after challenge

and ZMAb at 4 days postinfection after challenge, with two out of four

cynomologus macaques surviving with robust specific immune responses.58

ZMab was also tested on rhesus macaques in combination with IFN-β
showing to prolong the survival, but not impact on mortality.59 Thus,

to extend the antibody half-life in humans and to facilitate the clinical

acceptance, the ZMab cocktail was chimerized with human constant

regions and produced inN. benthamiana, obtaining the Ab cocktail ZMapp

(cocktail of three chimeric mAbs: c13C6, c2G4, and c4G7) that targets the

GP base and glycan cap.60,61 To solve the limitation of Abs manufacturing

in N. benthamiana and its supplies in an outbreak context, the manufactur-

ing of ZMapp in CHO cells was also attempted.62 However, recently, a

third-generation anti-CD20 antibody, Obinutuzumab, was instead pro-

duced inN. benthamiana leaves with yield amounts comparable to the ones
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observed in CHO cells, opening a new perspective in this field.63 Finally, a

more detailed structural analysis of ZMapp revealed a redundancy in mAbs

c2G4 and c4G7 that recognize overlapping epitopes on the EBOV GP and

compete with each other for binding. To solve this conflict, a chimeric

MIL77E mAb cocktail was recently produced in engineered CHO cells

on the basis of the mAbs c13C6 and c2G4 and showed to be fully protec-

tive in NHPs when administered at 50 mg/kg 3 days after challenge with a

lethal dose of EBOV (variant Makona, responsible for the 2014–15 West-

ern Africa outbreak).64

Indeed, ZMAb and ZMapp cocktails were used under emergency com-

passionate protocols in humans to treat EBOV infections during the 2014

EVD outbreak in Western Africa. Among them, seven patients were

reported to be treated with ZMapp, with five surviving, while six patients

were reported to be treated with ZMAb, with 100% surviving.60,65,66 In the

PREVAIL II study during the 2014–16 outbreak, a randomized controlled

trial performed in the countries of Guinea, Liberia, Sierra Leone, and the

United States, ZMapp was administered to patients (often in combination

with other therapies), however, due to low enrollment numbers, the study

did not produce any statistically significant conclusion on the efficacy of

ZMapp treatment.67

3. EBOV TRANSCRIPTION AND REPLICATION
INHIBITORS

After entry andmembrane fusion, the ribonucleoprotein (RNP) com-

plex is released into the cytoplasm and serves for transcription and replication

of the viral genome (Fig. 1). In the RNP, the nucleoprotein NP, the

polymerase cofactor VP35, the transcription activator VP30, and the

L RNA-dependent RNA polymerase are tightly associated with the EBOV

ssRNA(�). Since both the genomic ssRNA(�) and the antigenomic

ssRNA(+) are present only in the RNP form during the entire virus repli-

cation cycle, the molecular interactions between these proteins within the

RNP complex represent the driving force for transcription and replication.

In particular, the L protein must interact with VP35 to form a functional

replicase and transcriptase complex. Moreover, the binding of VP35

(N-terminal peptide) to NP (C-terminal domain) promotes the release of

the RNA from the NP-RNA complex allowing RNA to be ready for tran-

scription. The EBOV mRNA synthesis starts at 6–7 h postinfection. The

leader region of each ssRNA(�) is targeted by the EBOV RNA-dependent
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RNA polymerase which slides along the RNA template, transcribing genes

with a mechanism strongly dependent by VP30. Among the seven genes,

NP is the most transcribed. When enough NP is present to encapsidate

neosynthetized genomes, the replication process could start. During repli-

cation, a full-length, positive sense antigenomic RNA is synthetized and

serves as a template for production of progeny negative sense genomes.12,68

3.1 L RNA-Dependent RNA Polymerase Inhibitors
Most of the advanced therapeutics to counteract EVD are small molecule

inhibiting the viral L protein. Coded by the homonymous, seventh EBOV

gene, this large protein of about 2200 amino acids (250 kDa) constitutes the

catalytic site of the EBOV RNA-dependent RNA polymerase complex.10

Nucleoside and nucleotide analogs have thus far been the most successful

class of antivirals given their success in treating HIV, hepatitis B and

C virus, and herpes viruses, and some of them have been reported to be also

effective as anti-EBOV agents.

The pyrazinecarboxamide derivative T-705 (favipiravir) is licensed in

Japan for the treatment of pandemic influenza virus infections not

responding to conventional therapies, shows a broad-spectrum antiviral

activity against RNA viruses of different virus families including EBOV

(EC50¼67 μM), and has been used in the European centers that treated

EVD in the last outbreak.69 The drug is converted intracellularly into its

active, phosphoribosylated form, which is recognized as a substrate by the

viral RNA-dependent RNA polymerase. In rodent models, favipiravir

induced rapid EBOV clearance when administered in infected mice lacking

the type I IFN receptor as late as day 6 following EBOV inoculation,69 and

led to 100% survival rate in infected A129 mice when first administered at

1 h postinfection.70 However, in a NHP model, oral dosing of favipiravir

did not result in a survival benefit but only in reduced levels of viral

RNA and in an extended time-to-death.10 In agreement with this, in a non-

randomized study conducted during the 2014–16 Western Africa outbreak,

no reduction in viral load or in mortality rate was observed among 99 EVD

patients (adults and adolescents), treated with favipiravir when compared to

untreated historical control subjects (91%mortality rate in those treated with

favipiravir vs 85% in historic controls).10,71

Brincidofovir (CMX001) (Fig. 4) is the 3-hexadecyloxy-1-propanol

(HDP) lipid conjugate of the acyclic nucleoside phosphonate cidofovir

(CDV), a drug originally developed as a treatment for double-stranded
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Fig. 4 Chemical structures of transcription and replication inhibitors.



DNA virus infections and approved for the treatment of CMV retinitis.

Even though the mechanism of action against RNA viruses is not well char-

acterized, in vitro studies demonstrated that the anti-EBOV activity

(EC50¼120 nM to 1.3 μM) of brincidofovir was associated with the lipid

nucleotide conjugate. In fact, the lipid alone was 29-fold less active than

the conjugate while the nucleotide CDV alone had no detectable activity.72

Brincidofovir has been experimentally used in emergency situations to treat

one of the first EBOV patients transferred in the United States, and under-

went a phase II clinical trial that was however halted due to the limited num-

ber of enrolled patients.73–75

BCX4430 (Fig. 4) is an adenosine nucleoside analog currently under

investigation as a treatment for a number of viral infections including

EBOV.76 This compound showed efficacy in preexposure treatment of

EBOV in vitro (EC50¼11.8 μM) and in small animal models.73 When

administered in a NHP MARV model 48 h after infection it demonstrated

100% protection, hence, further NHP studies were planned to verify its

potential against EVD.10

As BCX4430, GS-5734 (Fig. 4) is another but newest RNA poly-

merase inhibitor being evaluated as a therapeutic for EBOV. It is a mono-

phosphoramidate prodrug of an adenosine analog that is rapidly converted to

its pharmacologically active triphosphate form (EC50¼ 0.086–0.14 μM).77

In an NHP EBOV model, intravenous administration of 10 mg/kg for

12 days resulted in 100% survival. Importantly, since GS-5734 has been

found to distribute into the testes, epididymis, eyes, and brain, its use has

been envisaged also in post-EVD patients (in which viral replication is still

ongoing) and for eradication of persistent viral replication in the genital

tract.77 For this reason, the drug was used in the case of a nurse who suffered

an EBOV relapse causing meningoencephalitis and in an infant in Guinea,

and both individuals survived infection.78 In addition, given that GS-5734

rapidly distributes to cells of the blood mononuclear lineage maintaining

drug levels sufficient for viral inhibition for approximately 24 h, it may also

be valuable for postexposure prophylaxis of high-risk exposures.77

In the fall of 2014, it was reported that EVD patients in Liberia were

successfully treated with the antiviral drug lamivudine, typically used to

treat HIV and hepatitis B virus infections.79,80 Thirteen patients out of

15 treated with the drug survived to the disease and were declared free

from EVD. However, subsequent studies aimed at further investigating

the anti-EBOV activity of lamivudine showed divergent results.81 To solve

this contrast, the activity of lamivudine and another antiretroviral drug,
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zidovudine, was thoroughly evaluated in diverse cell lines (including Vero

E6, Huh-7, HeLa, Hep G2, and 293T cells) and primary monocyte-derived

macrophages, with different time courses of drug treatment and assay end-

points, and using varying multiplicities of infections against two variants of

wild-type EBOV (Kikwit and Makona). As a result of this investigation,

both compounds showed to be ineffective against EBOV replication, never

achieving greater than 30% viral inhibition.81 Collectively, the results of this

study found no evidence to support the therapeutic use of lamivudine for the

treatment of EVD.81

Filone et al. identified an indoline alkaloid-type compound,

CMLDBU3402, efficiently reducing EBOV infection in cell-based assays

(EC50¼20 μM). CMLDBU3402 exerted its antiviral effect blocking viral

gene expression at an early stage of infection. While its mechanism of action

has not been elucidated yet, CMLDBU3402 might inhibit the viral RNA

polymerase activity.82

Nucleic acid-based inhibitors and small-interfering RNAs (siRNAs)

had shown promise as EBOV therapeutics in nonclinical studies prior to

the West Africa EBOV outbreak. In particular, siRNAs were shown to

be effective in reducing EBOV mortality in NHPs.83,84 Among them,

TKM-Ebola (formerly Tekmira), a combination of siRNAs formulated

in stable nucleic acid lipid particles targeting the EBOV L polymerase,

VP24 and 35 protected all of six NHPs from EBOV infection, with good

tolerance of the drug.83,84 However, during phase I clinical trials, the FDA

placed the drug on hold due to safety concerns consequent to induction of

high cytokine levels.

3.2 VP40-RNA Binding Inhibitors
The VP40 matrix protein has a role during the replication process, participat-

ing in viral and host cell RNA metabolism, virus assembly, and egress.85,86

The X-ray structure of the complex VP40-RNA (PBD: 1H2C) suggested

that the VP40 amino acid residues F125 and R134 mainly interact with

RNA.87 These interactions play a crucial role in VP40 octamer formation

necessary for promoting EBOV replication in the early stage of infection.88

Mutations of the amino acid residue F125 partially abolished the ability

of VP40 to bind RNA, while mutations of the amino acid R134 completely

disrupt VP40-RNA binding and octamer formation.89

In order to identify novel EBOV inhibitors, different in silico studies have

beenperformed to characterizeVP40-RNA interaction.90–92 In particular, the
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TCM Database (TCMD)93 was used to identify inhibitors of this interaction

and two hits, emodin-8-beta-D-glucoside and tonkinochromane_G,

were found to form a hydrogen bond with R134 and interact with other

key residues, negatively influencing the VP40-RNA binding and being hence

potentially able to inhibit EBOV replication process.90

Another in silico study by Shah et al. characterized the binding affinity

to VP40 of a few compounds and reported that deslanoside (Fig. 4)

(score¼�11.6), a drug approved for congestive heart failure and cardiac

arrhythmia, and its analog ZINC67911768 (score¼�8.6), show a strong

interaction with the VP40 amino acid residue N130.91

3.3 Targeting Host Factors Involved in Transcription
and Replication

Silvestrol (Fig. 4) is a secondary metabolite, isolated from the plant Aglaia

foveolata, that acts as a potent and highly specific inhibitor of the ATP-

dependent DEAD-box RNA helicase eIF4A,94 implicated in disabling

the recruitment of ribosomes to the 50-UTR of mRNAs in eukaryotes.95

It has been proposed that silvestrol increases the affinity of eIF4A to mRNA,

thereby stalling the helicase on its RNA substrate, which leads to a depletion

of eIF4A from mRNA-bound eIF4F complexes.96 Biedenkopf et al.

observed that silvestrol inhibited EBOV replication at low nanomolar con-

centration (EC50¼0.8 nM).97 More recently, silvestrol has been also shown

to inhibit positive sense RNA genome viruses of the genera Coronavirus,

Picornavirus, and Flavivirus, suggesting its potential role as broad range viral

replication inhibitor.98,99 Phosphorylation and dephosphorylation of

VP30, which involve N-terminal serine residues and T52, are functionally

important to modulate EBOV transcription. In particular, nonphosphorylated

VP30 is distributed throughout the cytoplasmwhere transcription is activated,

while the phosphorylation of two N-terminal VP30 serines positively regu-

lates its binding to NP-induced inclusions to form the nucleocapsid structure

and negatively regulates the VP30 transcription activation function. Since the

VP30 dephosphorylation is mediated by intracellular phosphatases (PP1,

PP2A, and PP2C), treatment of EBOV-infected cells with okadaic acid,

an inhibitor of PP1 and PP2A, led to an increase of VP30 phosphorylation,

an accumulation of inactive VP30, a reduction in transcription activation,

and a block of viral replication (EC50¼130 nM).100

A number of structural adenosine analogs, for example, 3-

deazaaristeromycin (C-c3Ado) (Fig. 4) and 3-deazaneplanocin A (c3-

Npc A), were reported to inhibit EBOV replication in vitro by blocking
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S-adenosyl-L-homocystein (SAH) hydrolase (EC50¼30 and 2 μM,

respectively).101,102 SAH hydrolases are enzymes involved in methylation

reactions that depend on S-adenosylmethionine (SAM) as the methyl

donor. They play a crucial role in the methylation of 50-end guanine of

viral mRNA, regulating the capping process. Adenosine analogs are

potential SAH hydrolase inhibitors, blocking the cleavage of SAH into

homocysteine and adenosine, which can be further metabolized into

AMP, adenine, and inosine. SAH hydrolase inhibition leads to its accu-

mulation into the cell, causing the inhibition of the SAM-dependent

methylation processes including those necessary for the maturation (i.e.,

500-capping) of viral mRNAs. As a consequence, the production of prog-

eny virus particles is suppressed. When EBOV-infected mice were treated

twice a day with C-c3Ado and c3-Npc A, a prolonged survival was

observed. Treatment with C-c3Ado doses �0.7 mg/kg every 8 h on

day 0 or 1 after challenge resulted in dose-dependent protection, with

complete mortality prevention.101–104 Interestingly, Bray et al. reported

that the protective effect of c3-Npc A was due to massive increase of

IFN-α production in EBOV-infected, but not uninfected, mice.105

The c3-Npc A analog 100,600-isoneplanocin A enantiomers (D-like

and L-like), also showed antiviral activity against several viruses, including

EBOV in the submicromolar range (D-like EC50¼0.38 μM, L-like

EC50¼0.76 μM).106 An in vitro screening utilizing a variant of EBOV-

GFP resulted in the identification of the compound FGI-103, that

inhibited EBOV infection in a dose-dependent manner (EC50¼
100 nM), with >90% EBOV inhibition with 0.8 μM of compound.107

A single intraperitoneal FGI-103 dose (10 mg/kg) delivered 24 h post-

infection was sufficient to completely protect mice against a lethal EBOV

challenge.107 The same dose of a FGI-103 derivative, FGI-104 (Fig. 4),

delivered 2 h before infection resulted in a 100% of survival rate in the same

EBOV mouse model.108 Moreover, a diazacrysene derivative, named FGI-

106, and its analogs, FGI 106-a and FGI-106-b, also showed significant ant-

iviral activity against EBOV.109–111 Interestingly, FGI-106 was able to reduce

dose dependently the mortality rate in mice, leading a survival benefit of

100% with a dose of 5 mg/kg administered 1 h before infection.109 It

has been demonstrated that FGI-106 inhibits replication of both ssRNA

(�) and ssRNA(+) viruses, suggesting it may affect a cellular pathway,

however the molecular mechanism of action of these derivatives is not

understood yet.109
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4. GLYCOSYLATION INHIBITORS

N-linked glycosylation is the most common glycosylation type and is

needed for the correct folding, sorting, secretion, and function of glycopro-

teins including viral envelope glycoproteins.112 The process occurs in the

ER lumen of eukaryotes and involves the sequential cleavage of the three

glucose residues from the high-mannose N-linked glycans attached to

nascent glycoproteins by the two ER glycoside cleaving enzymes,

α-glucosidases I and II. This allows glycoproteins to properly fold and inter-
act with ER chaperones, calnexin and calreticulin, to be moved to the Golgi

complexes for further processing.113 Abrogation of glycoprotein trafficking

and processing by inhibition of ER α-glucosidases I and II results in the pro-
duction of misfolded glycoproteins, which may be retained in the ER and

ultimately driven to degradation.114 Although the viral envelope is rich

in glycoproteins, mammalian viruses do not codify for their own glucosi-

dases, thus host cell glucosidases represent validated antiviral targets for mul-

tiple enveloped viruses including EBOV. The antiviral effects of glucosidase

inhibitors, such as the iminosugar compound deoxynojirimycin (DNJ) and

its derivatives, in which an oxygen has been substituted by a nitrogen atom

that serves as competitive substrate and inhibit ER α-glucosidases I and II,115

have been observed for many types of viruses.116 Miglustat is a clinically

approved glucosidase inhibitor used for treating lysosomal storage diseases

(Gaucher’s disease) that have also been evaluated in phase II trials for

HIV infection showing limited efficacy due to its low potency and for

the difficulties to achieve steady-state therapeutic concentrations.117,118

Three Miglustat-derived iminosugars IHVR11029 (Fig. 5), IHVR17028,

and IHVR19029 dose dependently blocked the assembly and secretion

of EBOV envelope GP pseudotyped lentiviral particles in cell-based assays

Fig. 5 Chemical structures of glycosylation inhibitors.
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(EC50¼30 μM) and were active against lethal infections of EBOV in mice

(50%–80% of survival rate).119

Another known N-glycosylation inhibitor, tunicamycin (Fig. 5), has

been also shown to decrease>90% EBOV infection in HeLa and HOP cells

at a concentration of 3 and 15 μg/mL, respectively.120

A different possible strategy against N-glycosylated viruses including

EBOV is the use of GP-targeting immunotherapeutics such as mannose-

binding lectin (MBL). MBL is a C-type lectin that recognizes hexose

sugars including mannose, glucose, fucose, and N-acetylglucosamine on

the surface of many pathogens, preferentially glycosylated viruses. It has been

shown that recombinant human MBL (rhMBL) bind EBOV (Zaire) and

MARV (Musoke) envelope GPs, mediating complement-dependent virus

neutralization.121 In vitro studies showed that 100 ng/mL of rhMBL was

the minimum concentration needed to inhibit >90% infectivity of HepG2

cells using EBOV GP pseudotyped lentiviral particles and to inhibit >90%

EBOV infectivity in Vero E6 cells using recombinant EBOV-eGFP. Treat-

ment of infected mice with a higher single intraperitoneal dose of 350 μg
rhMBL either 1 h before or 12 h after EBOV challenge led to an increased

survival �40% and allowed the development of an effective adaptive

immune response (higher B lymphocyte and CD11b+ granulocyte counts

and downregulation of intrahepatic cytokines that may mitigate the detri-

mental effects of the characteristic cytokine storm following the

infection).10,122

5. MODULATION OF IFN RESPONSE

The severity of the disease associated with EBOV infection is deter-

mined by systemic virus replication, with the subsequent cellular disability to

implement an efficacious defense. At the base of the abundant EBOV rep-

lication and spread is its ability to effectively counteract the cellular antiviral

response, in particular the type I IFN system. This suppression, together

with the excessive virus-induced expression of several inflammatory medi-

ators such as cytokines, TNFα, and reactive oxygen and nitrogen species,

results in an immunological imbalance that strongly contributes to the pro-

gression of EVD. EBOV-mediated IFN inhibition occurs through multiple

mechanism123 and is carried out by the VP35 and VP24 proteins that block

its production and signaling, respectively.124–127 Since the IFN suppression

is a key feature in filovirus pathogenesis, considerable efforts have beenmade
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to develop agents able to restore IFN response. This aim can be achieved by

either targeting the viral proteins involved in this process, VP35 and VP24,

or enhancing the IFN response acting on cellular host factors. Since, as

already mentioned, VP35 and VP24 are not only involved in IFN response

evasion, the following sections will list all VP35 and VP24 targeted inhib-

itors even if they affect other steps of the virus life cycle.

5.1 VP35 Inhibitors
The VP35 multifunctional protein potently inhibits the RIG-I-like recep-

tors (RLR), RIG-I and MDA5 signaling,128–130 resulting in (i) an IFN pro-

duction reduction, (ii) a downregulation of various antiviral genes subsets

and, importantly, (iii) in the inhibition of dendritic cell maturation, likely

contributing to the suppression of adaptive immune responses develop-

ment.131 Located at the very C-terminal portion of the protein, the EBOV

VP35 IFN inhibitory domain (IID) is the fundamental region important for

the powerful suppression of the host innate immune response. It includes

two basic patches with a high degree of sequence similarity among

filoviruses: a first basic patch (FBP), important for replication complex for-

mation through interactions with the viral NP, and central basic patch

(CBP) important for VP35-dsRNA binding, IFN inhibition, and innate

immune antagonism.128,132 This latter feature led to term the IID also as

RNA binding domain (RBD) and shows a unique fold that does not follow

the α-β-β-β-α organization observed for canonical RBDs. Previous studies

revealed that mutation of key basic residues within the VP35 IID results in

significant EBOV attenuation, diminished, or abolished suppression of IFN-

β induction, both in vitro and in vivo.132–137 Therefore, VP35 is a validated
key target for drug development and a potential avenue for therapeutic

intervention would be to target it to restore the innate immune functions.

Structure-based in silico screening studies were performed and small

molecules targeting a VP35 binding pocket were identified. In particular,

different compounds with similar structure containing a pyrrolidinone scaf-

fold have been shown to potentially counteract VP35 function. Docking

studies highlighted the FDA-approved antimalarialsCQ and amodiaquine

(Fig. 6) as compounds possibly targeting VP35.21,138 However, as already

mentioned, a few studies showed that CQ was not able to increase the sur-

vival rate either in animals or in EVD patients.22–24 Differently, when

71 patients with confirmed EVD were treated with a combination of

artesunate–amodiaquine, it was observed a lower risk of death compared
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to other 194 EVD-confirmed patients treated with artemether–lumefantrine,

a first-line antimalarial combination drug.139

Other compounds with the pyrrolidinone scaffold were also reported. In

particular, the pyrrole-based compound (GA017) (Fig. 6) was shown to

bind the VP35 IID FBP (PDB-ID: 3FKE), disrupting the VP35-NP inter-

action by in vitro pull down assay and inhibit EBOV minigenome replica-

tion (EC50¼50 μM).140 Another study identified five GA017 derivatives

that inhibited VP35 with IC50 values <200 μM, with one of them,

ZINC05328460 (Fig. 6), that showed an IC50 value of 4 μM.141

A virtual screening study combining a pharmacophore model (HypoA of

4-acetyl-3-hydroxy-1-phenyl-1H-pyrrol-2(5H)-one derivatives), with 3D

QSAR and docking models, was performed identifying seven compounds

(named cpd 1–7), as new VP35 potential inhibitors with novel scaffolds.142

In another in silico study, more than 45,000 compounds were docked

to the EBOV IID FBP and 13 compounds were selected for their

potential to inhibit VP35, showing binding affinities between �9.2 and

�7.0 kcal/mol.143 Among them, the dicoumarin carboxamide derivative,

Timtec-ST45161107 (Fig. 6) displayed the best binding energy.

As already stated, plants metabolites are potential antiviral molecules.

As an example molecular dynamics simulations showed that curcumin,

curcuminoids, and the metabolite tetrahydrocurcumin (Fig. 6) could bind

to simulated structures of EBOV proteins. In particular, etrahydrocurcumin

showed the best binding energy against EBOV VP35.144

Fig. 6 Chemical structures of VP35 inhibitors.

158 Elisa Fanunza et al.



Recently, it was also found that the extract from the leaves of Asphodelus

microcarpus Salzm et Vivi (Asphodelaceae) was highly effective in counteracting

EBOV VP35-mediated inhibition of IFN-β production in a luciferase

reporter assay.145,146

5.2 VP24 Inhibitors
EBOV VP24 is also an excellent target for drug development because of its

role exerted in suppressing the IFN signaling cascade that contributes to

EBOV virulence and pathogenesis.147,148 VP24 inhibition of both IFN type

I and II signaling occurs through the block of the interaction between phos-

phorylated STAT1 (P-STAT1) and karyopherin-α (KPNA) which is essen-

tial for P-STAT1 nuclear translocation and the consequent expression of the

IFN stimulating genes (ISGs).125–127 Recently, it has been showed that

VP24 could also directly bind P-STAT1.149 The crucial role of VP24 deter-

mined the development of novel drug discovery techniques and the iden-

tification of a number of inhibitors.150–153

AVI-7537, a phosphorodiamidate morpholino oligomer containing five

positively charged linkages (PMOplus) was designed based on the EBOV

VP24 sequence.150 AVI-7537 acts as steric inhibitor of gene expression

by physically blocking the binding of translation complex elements to the

VP24 transcript RNA. The suppression of VP24 translation resulted in mice

and guinea pigs protection against EBOV lethal challenge.150 AVI-6002, a

combination of AVI-7539, targeting VP35, and AVI-7537 for VP24, led to

a survival of 61% in NHPs, while the survival rate for AVI-6003, a combi-

nation of AVI-7287 (VP24) and AVI-7288 (NP), was 100%.150 In a subse-

quent study to determine the minimum PMO elements required for

protection against EBOV in NHPs, the efficacy of AVI-7537 or AVI-

7539 alone compared to the one of AVI-6002 was analyzed revealing that

the PMOplus targeting VP24 alone was sufficient to confer protection from

lethal EBOV infection but no protection was achieved with PMOplus

targeting VP35 alone.151

These studies confirmed the importance of VP24 as key antiviral target

for EBOV. However, there is currently a lack in molecules that specifically

counteract the VP24 function in suppressing the IFN signaling. Only a

recent work provided the evidence that the binding between VP24 and

KPNA may be druggable. Indeed, a macrocyclic peptide, eVpeD2

(Fig. 7), has been identified that blocks the VP24-KPNA5 interaction at
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Fig. 7 Chemical structures of VP24 inhibitors.



low micromolar range in vitro (EC50¼9 μM).152 Moreover, the recent res-

olution of the structure of the VP24-KPNA5 complex (PDB-ID: 4U2X)

allowed to perform a number of in silico studies to identify possible inhib-

itors.154–156 Docking studies showed a certain VP24 binding affinity to some

plant polyphenols such as epigallocatechin gallate, 1,2,3,6-tetragalloyl

glucose (1,2,3,6-TGG) (Fig. 7), and theaflavin-3,30-digallate.157

Three small molecules extracted from Indian medicinal plants, limonin

(Fig. 7), samarcandin and gummosin were reported to have high

docked energy in complex with VP24.158 Moreover, a screening of 4500

compounds resulted in high docking score (�8.252) and glide energy

(�34.633 kcal/mol) for the interaction between VP24 (PDB-ID: 4M0Q)

and ST059622, also known as gossypetin, a flavonol compound isolated

from Hibiscus sabdariffa and Alchemilla mollis, already known from their ant-

iviral activity on other viruses including influenza virus A/WSN/33.159–161

In the same in silico screening, a strong interaction was identified between

VP24 and ST060285 ortaxifolin, a flavonoid commonly present in different

conifer species including Taxus chinensis and Larix sibirica, whose antiviral

properties have been known for a long time.161–163 While gossypetin and

taxifolin have been found to interact also with other protein targets,

VP40, VP35, and VP30, the flavonoid ST101866 (Fig. 7) was specific

for VP24.161 In another pharmacophore-based virtual screening and molec-

ular docking study, deslanoside and digoxin with their respective analogs

(ZINC85911633 and ZINC77291634) have been identified, among

56 FDA-approved drugs, to possess high binding affinity for VP24.91 Using

a structural system pharmacology approach, Zhao et al. identified indinavir,

a HIV protease inhibitor, as a possible ligand for VP24. Comparing the bind-

ing pattern of indinavir with its primary target, HIV protease (PDB-ID:

2AVO), it has been shown that the same indinavir atoms (O2, N4, and

O4) forming hydrogen bonds with HIV protease also interact with VP24.

Hence, the predicted binding mode of indinavir to VP24 suggests that

the compound may function as VP24 inhibitor.164

VP24 is not only involved in IFN signaling antagonism but it plays sev-

eral functions during the EBOV life cycle. A study using affinity tagging

coupled to label-free quantitative mass spectrometry was aimed to identify

cellular proteins that could potentially interact with VP24.165 Among

approximately 50 proteins that were found to bind VP24, a high binding

ratio was reported for an ATPase involved in establishing and maintaining

Na+ and K+ electrochemical gradients, ATP1A1. Treatment of EBOV-

infected MRC-5 cells at 24 and 48 h postinfection with 20 nM of ouabain
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(Fig. 7), a small molecule inhibitor of ATP1A1, resulted in a 30% and 50%

decrease in progeny virus, respectively, suggesting that this protein may have

a functional role in EBOV replication, even if it has not been demonstrated

that ouabain acts counteracting the binding between ATP1A1 and VP24.165

5.3 IFN Response Enhancers
A very recent high-throughput screening assay identified the anthracycline

antibiotics doxorubicin, daunorubicin, epirubicin, and aklavine hydro-

chloride, together with the topical antiseptic aminacrine (9-aminoacridine),

as IFN response inducers. Anthracycline antibiotics are a class of compounds

that include commonly used cancer chemotherapy drugs that inhibit type II

topoisomerase intercalating DNA, hence triggering the DNA damage

response. These compounds induced IFN responses in an ATM kinase-

dependent manner, triggered the DNA-sensing cGAS-STING pathway of

IFN induction and suppressed EBOV replication in vitro, also inducing

IFN in the presence of IFN-antagonist proteins from multiple negative sense

RNA viruses.166

6. EBOV BUDDING INHIBITORS

Drugs that counteract filovirus budding are attractive therapeutics

since they would be expected to potently reduce the spread of the viral par-

ticles allowing the immune system to gain time for contrasting the infection.

Among the seven proteins encoded by EBOV, NP, VP35, and VP24 are

requested for NC assembly, and expression of the matrix protein VP40

allows the budding of filamentous virions. The interaction of NP with

VP40 is demonstrated to be crucial for NC transport to the cell surface

and for its incorporation into virions, leading to the formation of mature

virus particles.167 EBOV VP40 contains two late-(L-) domain motifs

(PTAP and PPEY) that are critical for efficient egress of virions, as they spe-

cifically bind cellular proteins involved in vacuolar protein sorting pathways

to facilitate the final step of virus–cell separation.168 The PTAP L-domain

recruits host Tsg101, involved in the protein endosomal sorting pathway,

while the PPxY motif interacts with the host Nedd4 ubiquitin ligase leading

to ubiquitination of VP40 and enhancing viral egress. Small molecules that

inhibit these interactions would be predicted to reduce virus budding and

spread. In an in silico screening on 2.4 million compounds investigated

for inhibiting the binding between PTAP L-domain and Tsg101, the top

six scoring molecules identified were tested for their ability to disrupt the
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VP40-Tsg101 interaction. Of them, 5539-0062 (Fig. 8) exhibited PTAP-

specific inhibition of the VP40-Tsg101 complex formation and the VP40

VLP egress (40% at 50 μM and >90% at 100 μM). The compound showed

specific antiviral activity also in cells infected with a recombinant VSV

(VSV-M40) expressing the PTAP L-domain of EBOV VP40.168 Another

in silico study combined with functional VLP and virus budding assays iden-

tified compounds 4 (Fig. 8) and 5 that have broad-spectrum antibudding

activity, including antifiloviruses, by competitively disrupting viral PPxY-

host Nedd4 interaction.169 Compound 4 inhibited egress of EBOV VP40

VLPs by 3- and 10-folds at concentrations of 0.5 and 1.0 μM, respectively,

while compound 5 inhibited it by 3.3- and 7-folds, respectively, at the same

concentrations.169

Tyrosine kinase c-Abl1 is involved in phosphorylation of tyrosine 13 of

VP40 which modulates the release of EBOV particles. This step of the virus

life cycle therefore may represent a target for antiviral therapy. The Abl-

family kinase inhibitors imatinib (for the treatment of chronic myeloge-

nous leukemia) and nilotinib (Fig. 8) (for the treatment of chronic myelog-

enous leukemia) blocked the egress of VLPs in a cell culture cotransfection

system (EC50¼15 and 10 μM, respectively) through themechanism involv-

ing phosphorylation of VP40 and significantly inhibited the productive rep-

lication of the highly pathogenic EBOV Zaire strain.170

Another compound affecting viral egress is the oxo-thiazepino-

indole-carboxamide derivative, G202-0362 (Fig. 8) (EC50¼16.1 μM)

that has been demonstrated to block viral budding from the trans Golgi.74

Fig. 8 Chemical structures of budding inhibitors.
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The finding that it does not alter either the Golgi structure or the cytoskel-

eton organization, cell, or nucleus size makes it a promising hit for drug

development.25

7. CONCLUSIONS

EBOV is an extremely virulent pathogen responsible of a severe hem-

orrhagic fever in humans and NHPs. The high mortality rate and the rapid

spread of the recent outbreak highlight the need to identify efficacious anti-

EBOV therapeutics. To date, several antiviral agents showed inhibitory

potency in in vitro studies as well as in animal models and patients. Among

them, different drugs already approved have been proposed to be repurposed

with the aim of accelerating the process of FDA approval. Analysis of the so

far identified anti-EBOV agents based on their mode of action against spe-

cific viral proteins or host factors involved in the viral life cycle, shows that

the majority of these agents target the viral entry or proteins involved in viral

in transcription and genome replication. In addition, a number of com-

pounds targeting cell signaling pathways have also been reported. An exam-

ple is the modulation of the IFN response, a crucial step at the base of the

pathogenesis of EBOV infection. Human clinical data have been reported

for different agents such as BCX4430, GS-5734, AVI-6002, AVI-7537

which completed phase I trials, while compounds such as brincidofovir,

amiodarone were evaluated in phase II clinical trials that, however, were

early terminated. ZMapp is currently considered the best option to treat

EBOV patients, in particular in combination with other antiviral agents,

such as favipiravir or GS-5734, that likely contributed to the improved out-

come. In conclusion, we provide a description of the state-of-the-art in

EBOV drug development, focusing on the molecular mechanisms of EBOV

infection and reporting the possible strategies that could be exploited by

anti-EBOV agents to subvert its virulence.
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