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1. Introduction

Interest in antiviral research has changed focus within the scientific

community over the years. After the pioneering work in the 1960s–1970s
on herpesviruses that led to the identification of acyclovir as the gold

standard for the treatment of herpes simplex virus (HSV) infections, the field

subsequently boomed in the 1980s–1990s after the discovery of the immu-

nodeficiency virus (HIV) as the causative agent of acquired immuno-

deficiency syndrome (AIDS). In the early 2000s, direct acting antivirals

(DAAs) were developed for the treatment of hepatitis C (HCV), following
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a tremendous medicinal chemistry effort that culminated in the discovery

of sofosbuvir in 2007. Over a period of approximately 50 years, the focus

has shifted from DNA viruses to retroviruses, and further onto RNA viruses

as targets for drug discovery. At this moment, worldwide efforts are

ongoing to discover new drugs, including nucleoside analogues, against

the newly emerged severe acute respiratory syndrome coronavirus type 2

(SARS-CoV-2). An important question to answer is which viruses remain

to be treated and against which viral infections drug discovery is focusing in

2021. Due to climate change, frequent international travel, profound demo-

graphic shift, increasing air pollution, overpopulation in certain regions,

changes in the population age distribution, virus infections are in a contin-

uous flux. Global warming might lead to a continuous re-emergence of

hemorrhagic fever viruses in the future, bringing these pathogens closer

to the northern countries. Globally prevalent respiratory tract infections,

such as influenza, respiratory syncytial virus (RSV) and rhinoviruses, have

been declining thanks to current containment measures for SARS-CoV-

2; however, increase in air pollution is expected to increase mortality and

morbidity due to these viral respiratory infections.

Virus infections of zoonotic origin (e.g., rabies, coronaviruses) will never

be eradicated, and new viruses might emerge using wild or domesticated

animals as vectors. Other infections that were almost eradicated due to

vaccination (e.g., measles, polio) may come back given irregular immuniza-

tion coverage caused by inequitable global access to vaccines and growing

vaccine hesitancy across the world. Bioterrorism could, in theory, also

make use of deadly viruses as weapons. For those viruses known to be

life-threatening, prophylactic treatment can be considered. Likewise, the

population may benefit from the development of antivirals against viruses

that may cause cancer or neurological diseases; in this way antivirals may

contribute to the general fitness of the society. In this review, we describe

the efforts that have been conducted during the last 3 years to discover anti-

virals against several of these treats. This review highlights some important

new discoveries, and it is not meant to give a complete survey of every

ongoing effort.

2. Severe acute respiratory syndrome coronavirus type
2 (SARS-CoV-2)

The ongoing coronavirus disease 2019 (COVID-19) pandemic

caused by the highly transmissible and pathogenic severe acute respiratory
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syndrome coronavirus 2 (SARS-CoV-2) can be anticipated to be resolved

by vaccination; however, it might be important for future prevention

and control to develop a pan-coronavirus vaccine (see also discussion in

Section 13), as initiated by VBI vaccines Inc. with a trivalent eVLP

Vaccine candidate encoding the antigenic spike proteins of SARS-CoV-2,

SARS-CoV, and Middle East respiratory syndrome coronavirus (MERS-

CoV) in a single particle.1 This expectation is obviously contingent on a

number of factors including equitable access to vaccines, widespread accep-

tance, high uptake, and sustained coverage specially against rapidly emerging

variants. Even in the event of SARS-CoV-2 becoming an endemic pathogen,

the future emergence of related epidemic or pandemic outbreaks cannot be

ruled out, making critical the availability of effective therapeutic strategies

for those who are infected.

The diverse repertoire of structural, non-structural, and accessory

proteins encoded by the SARS-CoV-2 RNA genome2 reveals multiple

opportunities for antiviral therapeutic targeting, which are all being relent-

lessly pursued as it can be expected that a cocktail of compounds acting at

different steps of the viral life cycle will be needed to efficiently suppress viral

replication in vivo. These may include inhibitors of viral entry, polyprotein

proteolytic processing, and viral RNA synthesis, which can be additionally

complemented by other classes of antivirals interfering with host-mediated

regulatory functions. More detailed information about this quickly evolving

drug discovery panorama can be retrieved from recent literature reviews.3–5

At present, the only investigational drug to have received emergency

use authorization for the treatment of adults and children from 12 year

old with severe COVID-19 is the pyrrolo[2,1-f][triazin-4-amino]adenine

1’-cyano substituted C-nucleoside ProTide remdesivir 1 (GS-5734,

Veklury®, Gilead Sciences, Fig. 1),6 an RNA-dependent RNA polymerase

(RdRp) inhibitor.7 In a placebo-controlled trial, remdesivir was found to

speed the recovery time in hospitalized adult patients with confirmed

SARS-CoV-2 lower respiratory tract infection.8 However, the results of a

recently published meta-analysis of randomized trials suggested little or no

mortality benefit associated with the intravenous administration of remdesivir

in COVID-19 patients.9 Being a phosphoramidate prodrug, remdesivir is

converted on cell entry to its corresponding modified nucleoside monop-

hosphate by the sequential action of esterases and phosphoramidases; such

metabolic step occurs primarily in liver cells where the expression of these

hydrolytic enzymes is more pronounced. As this prodrug designwas originally

not intended for lung delivery, debate is ongoing on whether respiratory
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viruses such as SARS-CoV-2 that predominantly infect alveolar epithelial

cells might be better inhibited by nucleoside prodrugs that could be selectively

converted to the active drug in the infected tissue. In a recent study, the

nucleoside GS-441524, which turned out to be a major metabolite present

in the bloodstream after administration of remdesivir, was demonstrated to

significantly reduce viral titers and improve inflammation in the lungs of

SARS-CoV-2-infected mice,10 suggesting that a more favorable lung tissue

distribution could be achieved with this compound.11 Regardless of this con-

sideration, remdesivir remains an intriguing molecule that may inspire future

structural optimization programs for the development of potent RdRp inhib-

itors against SARS-CoV-2 infection. One possibility could be the synthesis of

more lipophilic prodrugs of remdesivir or its analogues for the delivery

of 5’-monophosphates in the cells.12

The potential impact of the prodrug moiety on the inhibitory effect

of nucleoside analogues towards SARS-CoV-2 replication can be further

surmised by the in vitro inactivity of sofosbuvir against this virus in Vero

cells versus an EC50 of 6.3 μM displayed by its cyclic phosphate prodrug

congener.13 Two moderately active nucleoside lead compounds are

Fig. 1 Selected nucleoside and protease inhibitors against SARS-CoV-2.

52 Elisabetta Groaz et al.



2’-methyl-cytidine and 2’-methyl-7-fluoro-7-deazaadenosine that dis-

played antiviral activity against SARS-CoV-2 in Vero cells at 9.2 and

7.6 μM, respectively.13

AT-527 (Atea Pharmaceuticals/Roche), compound 2 (Fig. 1), is an

oral double prodrug of a 2’-fluoro-2’-methyl guanosine analogue that

recently entered clinical trials for the treatment of mild or moderate

COVID-19 disease in non-hospitalized patients [NCT04396106 and

NCT04709835 (Phase II); NCT04889040 (Phase III)]. Its free base, desig-

nated as AT-511, was described to exert sub-micromolar activity

(EC90 ¼0.47 μM) in human airway epithelial cells (HAE) infected with

SARS-CoV-214; however, this activity profile was not supported by an

independent study using similar cellular assays,15 leaving the in vivo efficacy

of this molecule to be ascertained.

Another broad-spectrum polymerase inhibitor currently in Phase II clin-

ical trials for the treatment of COVID-19 is the 5’-isobutyryl ester prodrug

of N4-hydroxycytidine (NHC) known as molnupiravir (3, EIDD-2801;

Ridgeback Biotherapeutic in partnership with Merck), which was recently

shown to be well tolerated and effectively reduce nasopharyngeal

SARS-CoV-2 infectious virus and viral RNA.16 This orally administered

antiviral agent was shown to potently inhibit SARS-CoV-2 replication as

well as suppress viral transmission in vivo in different animal models.17,18

Therapeutic and prophylactic administration of 3 in immunodeficient mice

implanted with authentic human lung tissue (LoM) revealed a>4 log reduc-

tion of infectious virus titers and effective prevention of SARS-CoV-2

infection, respectively.19 However, the biochemical mechanism mediating

the mutagenic effect of N4-hydroxycytidine has yet to be elucidated and

may be a concern for long term treatment.20

At present, there are 36 studies listed in the ClinicalTrials.gov registry to

assess the efficacy and safety of the purine nucleoside prodrug analogue

favipiravir (T705) as oral treatment against COVID-19. A meta-analysis

of all completed clinical trials till December 2020 revealed a positive

clinical improvement in patients receiving favipiravir during seven days after

hospitalization compared to control groups, but no significant beneficial

effect in reducing mortality for patients with mild to moderate COVID-

19.21 Electron cryomicroscopy (cryoEM) studies revealed that favipiravir

ribonucleoside triphosphate (favipiravir-RTP) interacts with the catalytic

site of SARS-CoV-2 RdRp in a nonproductive binding mode that may

account for the inefficient incorporation into a RNA primer strand observed

in polymerase activity assays.22
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At the moment, it is unclear which specific combination of sugar,

nucleobase, and prodrug form would be ideal for enabling potent and

tissue-specific antiviral activity against SARS-CoV-2 in vivo.

However, an issue to be faced in developing nucleoside-based

inhibitors is associated with an increased risk of toxicity compared to other

drug classes, as their antiviral activity is exerted by competing with natural

substrates for RdRp-catalyzed incorporation.23 Modifications introduced at

the 4’-position of the potent antitumor compound gemcitabine to decrease

toxic effects have been attempted without success.24

The virally encoded chymotrypsin-like or main protease (3CLpro or

Mpro) is a critical component of the SARS-CoV-2 life cycle. Along

with another cysteine protease, the papain-like protease (PLpro), the

SARS-CoV-2 Mpro processes the virus p1a/p1ab polyproteins translated

from the viral RNA into a series of individual non-structural proteins

(nsps), including the Mpro itself, which are essential for viral replication

and transcription. Of note, no close human analogues of the coronavirus

Mpro are known. Thereby, selective SARS-CoV-2 Mpro inhibition repre-

sents an attractive approach to COVID-19 treatment that could avoid

unintended drug-target interactions. Furthermore, the antiviral efficacy of

small moleculeMpro inhibitors is not expected to be affected by spike protein

variants, as the SARS-CoV-2 Mpro and the viral spike protein are distinct

protein entities within the viral proteome.

Impressive drug discovery efforts from both academia and industry

have provided clear evidence of the ability of various Mpro small molecule

inhibitors to efficiently suppress SARS-CoV-2 replication in vitro, as

recently reviewed.25 Nonetheless, this research is still at an early discovery

stage and only two viable clinical candidate have been identified so far.

The Mpro protease inhibitor PF-07304814 (4) is a phosphate prodrug

that was shown to undergo in vivo metabolic conversion to its parent deriv-

ative designated as PF-00835321.26 PF-00835231 inhibited recombinant

SARS-CoV-2Mpro activity with nanomolar potency (Ki¼0.271 nM) with

excellent off-target selectivity, while exhibiting potent and highly selective

antiviral activity in both cellular assays and in vivo murine SARS-CoV-2

model either as a single agent or in combination with remdesivir. A

Phase I clinical trial in patients hospitalized with SARS-CoV-2 virus infec-

tion to assess the safety, tolerability, and pharmacokinetics of intravenously

dosed 4 has been completed and is awaiting publication of results

(NCT04535167).

54 Elisabetta Groaz et al.

http://clinicaltrials.gov/ct2/results?term=NCT04535167


PF-07321332 (compound 5) is the latest orally active inhibitor of

SARS-CoV-2 main protease to have reportedly entered phase III clinical

trials in 2021 and is currently under investigation for its safety in combina-

tion with the antiretroviral protease inhibitor ritonavir (RTV) in non-

hospitalized COVID-19 patients with increased risk of developing severe

illness (NCT04960202).27 Compound 5 strongly inhibited SARS-CoV-2

Mpro biochemical activity with an inhibitory constant (Ki) value of 3.11 nM,

while no inhibitory effects were observed against a range of mammalian pro-

teases. In the SARS-CoV-2 infection Vero E6 cell assay, PF-07321332

displayed potent inhibition of viral replication (EC50 ¼74.5 nM), which was

further confirmed using physiologically relevant in vitro assays in human

adenocarcinoma-derived alveolar basal epithelial cells constitutively expressing

ACE2 (A549-ACE2 (EC50 ¼77.9 nM, EC90 ¼215 nM) and differentiated

normal human bronchial epithelial (dNHBE) cells (EC50 ¼61.8 nM,

EC90 ¼181 nM). The in vivo oral antiviral potency, safety, and pharmaco-

kinetics profile of PF-07321332 were demonstrated in a mouse-adapted

SARS-CoV-2 model and an ongoing Phase I clinical trial in healthy human

participants (NCT04756531).

Mpro inhibitors containing a bicyclic proline similar to 5 were also dis-

closed by Yang et al. Among a set of 32 compounds, two compounds indi-

cated as MI-09 (compound 6) and MI-30 displayed potent SARS-CoV-2

Mpro inhibitory activity (IC50 ¼15.2 and 17.2 nM, respectively) combined

with nanomolar antiviral activity in SARS-CoV-2 infected human alveolar

epithelial cells (HPAEpiC). These compounds were additionally evaluated

in a transgenic mouse model of SARS-CoV-2 infection, where their oral

or intraperitoneal administration could significantly reduce lung viral load

and ameliorate lung pathological damage.28 These latest discoveries are

particularly noteworthy as oral formulations of highly efficacious antiviral

agents hold significant potential for more convenient and widespread ther-

apeutic intervention.

More recently, the two methyltransferases (MTases), nsp14 and nsp16,

employed by SARS-CoV-2 to protect the 5’-end of its newly synthesized

mRNA are also receiving attention as potential therapeutic targets.29,30

RNA capping is crucial to ensure efficient viral translation and evade

clearance by host innate immune responses. The nsp14 MTase catalyzes

the transfer of a methyl group from S-adenosyl-L-methionine (SAM) to

the 7-position of the terminal guanosine residue. The rational modification

of the S-adenosyl-L-homocysteine (SAH), which is formed as main product
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during this process, led to 7-substituted deaza analogues such as 7with strong

binding affinities and substantial inhibitory activity against this enzyme.30

All discussed results are preliminary and in this quickly evolving

scenario it is hard to tell which treatment approach(es) may deliver antiviral

drugs with substantial clinical efficacy for the treatment of COVID-19.

3. Influenza viruses

Influenza viruses (IVs, types A, B, C, and D) are commonly circulating

respiratory pathogens of theOrthomyxoviridae family, whose genome is orga-

nized in a number of (-)-ss RNA segments.31 Clinically, influenza A (IAV)

strains are the most significant due to evolutionary advantages conferred by

the propensity of their genome to undergo reassortment.32 This may

contribute to the emergence of highly virulent pandemic subtypes with

potential for cross-species transmission and ability to escape vaccine or drug

pressure.33 Early classes of antiviral drugs licensed for flu infections, which

interfere with the activity of either the viral M2 ion channel protein (e.g.,

amantadine and rimantadine) or the surface enzyme neuraminidase (NA)

[e.g., oseltamivir (Tamiflu), zanamivir (Relenza), peramivir (Rapivab),

laninamivir octanoate (Inavir, approved only in Japan)],34 have been associ-

ated with various levels of resistance35,36; thereby, they can be anticipated to

be slowly superseded in the mid term by other small-molecules inhibitors

with similar or distinct inhibition mechanisms.

Significant efforts are ongoing to develop second-generation inhibitors

targeting highly prevalent M2 proton channel mutants of adamantane-resistant

influenza A strains that may raise the genetic barrier to resistance.37,38 A

recently disclosed chemical modification at the 5-position of oseltamivir

allowed for an additional interaction within the NA active site that produced

new analogues with restored affinity for drug resistant strains.39,40 Among

those, 4-phenylthiobenzyl substituted compound 8 (Fig. 2) exhibited potent

inhibitory activity against various influenza virus subtypes comparable to

oseltamivir in cell based assays, while being 86-fold more active against the

predominant H5N1-H274Y mutant strain in a neuraminidase inhibitory assay

(IC50 ¼32.8 nM).39

Alternative approaches for treating the IAV infection sought to abolish

the influenza RNA-dependent RNA polymerase (RdRp) activity preven-

ting transcription and replication of the viral genome.41 High-resolution

structural analysis revealed this enzyme to be a highly conserved
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heterotrimeric complex organized in different closely interacting subunits

decorated by flexible domains,42 which provided distinctly exploitable

targeting sites for antiviral drug discovery. Among selected clinical candi-

dates, only the oral polyheterocyclic ester prodrug baloxavir marboxil

(BMX, Xofluza®, Roche and Shionogi) received global approval for the

treatment of acute influenza.43 In 2020, this indication was extended to

post-exposure prophylaxis for patients 12 years of age or older as the first

single-dose preventive treatment of influenza.44 This drug is known to

inhibit the cap-dependent endonuclease (CEN) activity of the polymerase

acidic (PA) subunit of influenza A and B viruses, thereby blocking initiation

of mRNA synthesis.45 However, mutations in the PA subunit associated

with BMX resistance were detected during clinical trials,46 prompting

further medicinal chemistry efforts towards the exploration of alternative

scaffolds.47–49

Pimodivir (JNJ63623872 or VX787, Janssen Pharmaceutica), an oral

azaindole inhibitor of the influenza A polymerase basic 2 (PB2) cap-binding

domain,50 was found to significantly decrease viral load in a Phase II study51;

however, its development was discontinued after Phase III results in hospi-

talized patients with influenza A showed no added benefit compared

with the standard of care (SOC) (NCT03376321). Notwithstanding, PB2

remains an attractive therapeutic target for its key role in viral transcription,

and further lead optimization efforts yielded a 7-fluoroindole bioiso-

stere of pimodivir (compound 9, Fig. 2) with potent anti-IAV activity

(EC50 ¼11–22 nM, A H1N1 and H3N2 strains), improved metabolic

stability, good pharmacokinetics, and in vivo efficacy.52
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The purine analogue favipiravir (Avigan®, Toyama Chemical), which

blocks influenza virus proliferation either by inducing chain termination

during RNA synthesis or through lethal mutagenesis, entered clinical prac-

tice in Japan in 2014.53 However, due to teratogenic concerns, approval was

granted upon condition of limiting its use against novel and re-emerging

influenza virus infections unresponsive to SOC. Results from USA phase

III clinical trials in adults with uncomplicated influenza are pending

(NCT02026349; NCT02008344).

A parallel approach for inhibiting the RdRP function, which may lead

to a next-generation of anti-influenza therapeutics, relies on the disruption

of the polymerase assembly process, during which protein-protein inter-

actions (PPIs) occur between the different subunits concurring to the

formation of a functional complex.54 From data-driven and biochemical

assay-based high throughput screenings of structurally unrelated heterocy-

clic libraries, numerous hit compounds emerged as potent antiviral agents

and strong inhibitors of the viral polymerase activity, which were shown

to primarily disrupt the PA-PB1 interaction. Compound 10 (ANA-1,

Fig. 2) was effective against multiple IAV subtypes in cell culture, reduced

lung virus titers in infectedmice, and protected animals from lethal challenge

upon intranasal administration.55

The discovery that the small molecule nucleozin can induce loss of viral

viability by causing abnormal aggregation of viral nucleoprotein (NP) in the

cytoplasm with consequent blockage of its nuclear accumulation56 provided

an opportunity for the development of a novel class of antiviral drugs for

the treatment of IAV infections.57–59 Compound S119-8 (11, Fig. 2) was

found to exert broad-spectrum micromolar activity against numerous

influenza A and B strains and its combination with oseltamivir led to a strong

synergism.59

An increasing number of studies have examined direct inhibitors of

the viral fusion protein hemagglutinin (HA), a surface glycoprotein that

mediates viral attachment and entry, as a mean to complement other classes

of anti-influenza agents for achieving pan-subtype efficacy.60–62 However,

doubts remain about the utility of targeting HA for single agent antiviral

therapy due to its high susceptibility to mutations.

On the other hand, given the low probability of changes occurring to

the host genome during the viral infection cycle, interfering with cellular

processes involved in the entry process of influenza is seen as a promising

strategy to combat treatment failures due to drug resistance. Two host

directed antiviral agents are currently being evaluated in clinical trials.
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The antiprotozoal agent nitazoxanide (Alinia) is a repurposed thiazolide

prodrug of tizoxanide that prevents correct assembly of new viral particles

by interfering with cellular factors involved in the maturation of viral

hemagglutinin.63 After successfully completing a Phase IIb/III study in

adults and adolescents with acute uncomplicated influenza,64 it now moved

into Phase 3 (NCT02612922). Fludase (DAS-181, Ansun BioPharma) is a

recombinant fusion protein that adheres to the host epithelial cells and

removes the sialic acid receptor from the cell-surface preventing viral

entry.65 Results from a Phase 2 trial suggested that the drug was well

tolerated and significantly reduced viral load and viral shedding.66

Recently, M85 (compound 12, Fig. 2) was reported as an inhibitor of

class II PI3K host kinase activity required for IAV internalization into target

cells via endocytosis.67 The compound had low cytotoxicity, inhibited

viral replication of IAV, IVB, HCV, and human rhinoviruses in various cell

types, while exerting a synergistic antiviral action in combination with

oseltamivir that protected mice against a lethal challenge of influenza A

H1N1 virus.

4. Respiratory syncytial virus (RSV)

Human respiratory syncytial virus (RSV, major antigenic subtypes A

and B) is a Orthopneumovirus of the Pneumoviridae family containing a nega-

tive sense, single stranded linear 15 kb RNA genome made of 10 genes

encoding 11 proteins.68 RSV is responsible for lower respiratory tract infec-

tions that can be life-threatening among patients with impaired immune

function like premature infants and the frail elderly.69,70 Narrow, suboptimal

preventive and therapeutic options for RSV infection, confined to mono-

clonal antibody palivizumab (Synagis) and broad-spectrum nucleoside

analogue ribavirin (aerosol formulation),71 along with the potential for

nosocomial outbreaks inflict a heavy clinical and economic burden.

Significant global efforts are underway by several major pharmaceutical

companies to develop RSV fusion (F) protein inhibitors to prevent viral

entry into host cells, as recently reviewed in detail elsewhere,72 which seems

to suggest that the first marketed drug against RSV infections might be

within close reach. Among the latest candidates to advance to late-stage

development are 5-chloroindole and spirocyclopropyl azaindole-based ana-

logues rilematovir (13, JNJ-53718678, Janssen Pharmaceutica, Fig. 3)73 and

sisunatovir (14, RV521; ReViral, Fig. 3),74 respectively, which are currently

being evaluated for oral administration in hospitalized infants and vulnerable
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adult populations. Phase II studies are also in progress for ziresovir

(15, AK0529; in-licensed by Ark Biosciences from Roche, Fig. 3), which

was evolved from a benzoazepine quinoline chemical series.75 On the other

hand, despite promising data from preclinical and preliminary clinical

studies,76 results from a recently completed Phase II clinical trial examin-

ing the efficacy of the pyrazolo[1,5-a]pyrimidines candidate presatovir

(GS-5806; Gilead Sciences) revealed a lack of therapeutic benefit in adult

hematopoietic cell transplant recipients77,78 and low barrier to resistance.79

While the clinical utility of RSV fusion inhibitors remains to be fully vali-

dated, the identification of new heterocyclic leads binding the viral surface F

glycoprotein continues to be of interest to the medicinal chemistry

community. A lead optimization strategy based on a machine learning

algorithm led to novel compounds integrating the popular benzimidazole

scaffold.80 The most active analogue in this series demonstrated sub-

nanomolar in vitro potency comparable to JNJ-53718678 (EC50 ¼0.5 vs

0.9 nM) against wild-type RSV with a CC50 >20 μM; however, it was

significantly less potent against the clinically reported viral escape mutant

D489E, emphasizing the need for RSV combination therapy rather than

monotherapy.

Macrocyclic pyrazolo[1,5-a]pyrimidine derivatives, as exemplified by a

15-membered ring containing compound X, displaying activities in the

low nanomolar to subnanomolar range against wild-type RSV A2 were
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recently disclosed by means of molecular docking studies. Compound 16

combined excellent potency against both wild-type and drug-resistant

mutant RSV F proteins owing to productive interactions of the rigid struc-

ture, suggesting the potential for developing inhibitors with anti-RSV

activities.81

The latest compound to enter the anti-RSV drug discovery pipeline is

the post-entry replication inhibitor EDP-938 (Enanta Pharmaceuticals),

whose mode of action has been linked to the inhibition of the viral nucle-

oprotein (N), which serves as a polymerase co-factor in the RSV ribonu-

cleoprotein (RNP) complex responsible for carrying out RNA synthesis.

EDP-938 exhibited EC50 values in the 21–64 nM range against a panel of

RSV A and B laboratory strains and clinical isolates when using primary

human bronchial epithelial cells (HBECs) as in vitro model. Further

in vitro studies revealed a high barrier to resistance as well as no

cross-resistance between EDP-938 and other classes of RSV inhibitors,

but rather a potentially synergistic in vitro antiviral effect. The antiviral

efficacy was further confirmed in vivo using an non-human African

Green monkey model of RSV infection.82 In current Phase II clinical trials,

hospitalized and non-hospitalized infants as well as adult allogeneic hemato-

poietic cell transplant (HCT) recipients are undergoing treatment with

EDP-938.

Several nucleoside polymerase inhibitors have been described with

potent in vitro anti-RSV activity72,83; however, this discovery approach

has been delayed by the unavailability of sufficient structural data on the

large (L) protein and poor understanding of its interactions (e.g., with the

tetrameric phosphoprotein P to form an active RNA polymerase complex)

and enzymatic activities.84,85 The most active nucleoside analogues are

prodrugs sharing a 2’-deoxy-2’-fluoro-ribose sugar moiety bearing differ-

ent 4’-substituents in combination with various nucleobases (e.g., cytosine,

amino-pyrrolotriazine, and N6-methylated diaminopurine). Lumicitabine

(17, ALS-8176; Alios BioPharma, Fig. 3), the 3’,5’-di-O-isobutyryl

prodrug of 20-fluoro-40-chloromethyl-cytidine, emerged as a potent

(EC50 ¼0.26 μM) and selective inhibitor of RSV replication with no con-

comitant inhibition of human polymerases.86 After achieving clinical

proof of concept in human RSV challenge studies, however, the develop-

ment of this compound was ultimately discontinued due to unclear

reasons following the early termination of a study in hospitalized infants

(NCT03333317). The potent in vitro anti-RSV activity (EC50 ¼0.052 μM)

was described for a phosphoramidate prodrug of 2’-deoxy-2’-fluoro-4’-methyl
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nucleoside analogue bearing amodified purine base (18, Fig. 3) inHAE cultures

with no cytotoxicity found in bone marrow stem cell assay.87 Preliminary

oral bioavailability data were reported in hamsters along with the demonstra-

tion of the conversion to the active triphosphate form in lung tissue.

Remdesivir was shown to effectively inhibit RSV A2 replication in vitro

with an EC50 of 530 nM in primary human lung cells.88 An in vivo efficacy

study was conducted by subjecting RSV A2-infected African green monkeys

to intravenous administration of 10 mg/kg delivered once daily, which resulted

in a >2-log10 reduction in the peak lung viral load.

In parallel, non-nucleosides are also being investigated mainly as alloste-

ric inhibitors of the L polymerase along with molecules targeting other viral

proteins involved in the virus life cycle such as the attachment G protein,

another viral protein involved in the initiation of the RSV infection, as

exhaustively discussed by Cockerill et al.72

5. Rhinoviruses

The Picornaviridae is a large and diverse family of (+)-ssRNA viruses

whose genome is packed within an icosahedral capsid made of four viral

proteins (VP1-4). Notable members include human rhinoviruses (HRVs,

type A, B, C),89 which are ubiquitous and persistent pathogens most

frequently associated with infections of the upper respiratory tract (i.e.,

common colds) that can occasionally cause an aggravation of preexisting

pulmonary and middle ear inflammatory conditions in vulnerable patient

populations.90,91 Their (+)-ssRNA genome (�7.21 kb) is translated into a

single polyprotein that is cleaved by virally encoded proteases 2A and 3C

to provide 11 structural and non-structural proteins. At present, no antiviral

drug has been licensed for therapeutic use in rhinovirus or other enterovirus

infections. Numerous active small molecules have been discovered through

extensive in vitro screening campaigns that fall mainly into two mechanistic

classes, i.e., capsid and 3C protease (3Cpro) inhibitors, with the former

being the most advanced avenue for rhinovirus treatment.92,93 However,

lead compounds were either not developed or failed to meet the clinical

criteria for their successful use because of their toxicity, poor pharmacology,

or rapid resistance development [e.g., pleconaril, pirodavir, vapendavir, and

rupintrivir). Moreover, a major challenge will be identifying anti-HRV

compounds with a broad activity spectrum due to the circulation of approx-

imately 160 different viral serotypes characterized by high mutation rates.
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Discovery of novel capsid binders continues through the exploration of

structurally diverse heterocyclic scaffolds, some of which showed potent

in vitro activities.94,95 Although their precise uncoating inhibition mecha-

nism has not been fully validated, it is believed that these compounds

occupy the hydrophobic pleconaril-binding pocket of VP1, resembling

its mode of action. It is of interest to note that pleconaril-resistant viruses

feature amino acid substitutions with bulkier residues in this pocket that

sterically preclude binding.96 Besides reducing the size of the molecules

to fit the narrower pocket of HRV mutants,97,98 a better strategy to raise

the barrier to resistance is identifying inhibitors that stabilize the viral

capsid dynamics inducing uncoating by targeting alternative binding

sites. Recent cryo-EM studies demonstrated that the pyrazolopyrimidine

derivative OB-5-340 (compound 19, Fig. 4) binds to a less conserved region

of VP1 that only partly overlaps with the attachment site of other capsid

inhibitors,99 which could explain its potent inhibitory activity against

HRV-B5 (average IC50 ¼0.08 μM) and other high-level pleconaril-

resistant HRV strains.100

The RdRp of rhinoviruses could be a viable target for the development

of antiviral agents; however, investigations in this direction have not yet

produced any concrete results, except for the report of the inhibitory

activity of the nucleoside analogue 7-deaza-2’-methyladenosine (7DMA,

MK0608) in HAE cultures infected with several HRV-C strains

(EC50 ¼1.8–12 nM).101

Despite having distinct cellular tropisms and clinical manifestations,

rhinoviruses are structurally and genetically related to other human patho-

gens of the same genus Enterovirus in the Picornaviridae family. Prior to the

advent of genetic sequencing, enterovirus D68 (EV-D68) was misclassified

as rhinovirus 87 due to its almost exclusive association with respiratory

illnesses, unlike most enteroviruses that infect a variety of cell types.102

EV-D68 is an emerging pathogen that in recent years has been increasingly

associated with episodes of neurological disease outbreaks.103
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Fig. 4 Examples of small molecule inhibitors active against HRVs and EV-D68.
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The viral proteins that are being exploited as targets to develop

anti-EV-D68 agents are those for which inhibitors were selected in the

anti-HRV drug discovery process, since their high degree of sequence con-

servation among different enteroviruses might allow for broad-spectrum

antiviral activity.104 As an example, fluoxetine-modified inhibitors with

broad spectrum activity against enteroviruses and rhinoviruses have been

reported that target the non-structural 2C protein.105 This protein has been

proposed to play multifunctional roles in the viral life cycle of nonpolio

enteroviruses, and significant efforts are being made in identifying antivirals

against this target.

Structure�activity relationship studies designed to improve the

activity of EV-D68 inhibitor dibucaine yielded a series of analogues con-

taining a quinoline scaffold, as represented by compound 20 (Fig. 3), which

exhibited EC50 values in the nanomolar range and a high selectivity against

different EV-D68 strains.106 Recently, a systematic modification of the

pyrazolopyridine scaffold led to several lead compounds including 21

(Fig. 3) endowed with excellent broad-spectrum antiviral potency against

several viruses (e.g., EV-D68, EV-A71, and CVB3) coupled and minimal

cytotoxicity.107

Apart from targeting specific steps in the viral life cycle via direct-acting

antivirals, host factors that are essential for viral replication are equally attrac-

tive drug targets for enterovirus inhibition and have been covered in a recent

review.93 At the moment, the only small molecule in clinical development

(Phase III) for the treatment of common colds caused by enterovirus/

rhinovirus infections is the broad-spectrum antiviral nitazoxanide.

6. Ebolavirus (EBOV)

Within the Filoviridae family of negative-sense, single-stranded RNA

(ssRNA) viruses, Ebola virus (EBOV) and Marburg virus (MARV) cause

clinically similar acute illnesses that can evolve into severe systemic infec-

tions culminating in multiorgan failure.108 With reported case-fatality rates

as high as 90% (e.g., for the highly pathogenic Zaire EBOV), EBOV stands

out as one of the deadliest viruses known to mankind and a potential

bioterrorism threat.109 Since 1976, when filoviruses were discovered, more

than 25 major Ebola virus disease (EVD) outbreaks have been recorded in

several West and Central African countries that claimed thousands of lives.

The 2020 regulatory approval of two vaccines [single-dose Ervebo (Merck)

and two-component Zabdeno-and-Mvabea (Janssen Pharmaceutica)]
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validated adaptive immunity as a viable mean to control EBOV

transmission,110 however optimal impact on outbreak response remains to

be defined mainly due to challenging settings to routine immunization.111

At present, immune therapy is very much on the front line of EVD

management following the approval in 2020 of two human monoclonal

antibody (mAb) products (i.e., Inmazeb and Ebanga) for intravenous admin-

istration112–114; however, orally small molecule therapeutics are seen as more

convenient options in the event of high risk exposure and chronic infec-

tions to reach immunologically privileged sites that might harbor the virus.

Nonetheless, screening for antifiloviral lead compound identification has been

severely hampered by the requirement for biosafety level-4 (BSL-4) contain-

ment facilities combined with the limitations associated with surrogate BSL-2

cell-based systems to faithfully model the viral life cycle.115

The 19 kb EBOV genome encodes seven structural proteins and several

non-structural proteins, potentially offering multiple druggable targets.115

Nonetheless, the most promising routes towards antiviral treatment have

primarily focused either on the inhibition of the viral entry or genome

transcription/replication steps, as recently reviewed.114–116

Various small molecules targeting all key aspects of the viral entry process

have been actively discovered, however, most have only been studied in

preclinical models. Some of the latest examples with the largest potential

for further profiling as filovirus entry inhibitors are illustrated in Fig. 5.

Selected adamantane carboxamide derivatives, exemplified by 22, exhibited

nanomolar antiviral potency against both BSL2 vesicular stomatitis virus

(VSV) pseudotyped EBOV (pEBOV) and wild type EBOV combined

with in vitro favorable liver metabolic stability.117 Using various filoviral
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Fig. 5 Selected compounds with antiviral activity against EBOV and MARV.

65Anno 2021: Which antivirals for the coming decade?



replication-defective and replicative infectivity assays, Gaisina et al. discov-

ered compounds sharing a common 4-(aminomethyl)benzamide core with

broad spectrum activity against both EBOV (Mayinga) and MARV

(Angola).118 In addition to low micromolar potency (EC50 <1 μM), these

compounds (exemplified by 23) exhibited favorable pharmacokinetic and

pharmacological properties without detected cytotoxicity. Preliminary

mechanistic studies suggested that the inhibitory activity of these com-

pounds resulted from the direct binding and inhibition of the EBOV enve-

lope glycoprotein (GP) protein, clearly indicating GP as an attractive target

for therapeutic intervention other than the key immunogen for eliciting

antibody responses.

Besides interfering with the processes controlled by the virus, other via-

ble means of blocking viral entry rely on host-directed inhibitors interfering

with cellular regulatory networks. Diamide piperazine derivatives were

shown to inhibit EBOV by targeting the endosomal host receptor

Niemann-Pick C1 (NPC1) and preventing its subsequent interaction with

GP, which is considered an essential step for infection.119 Systematic

optimization of the original scaffold facilitated modulation of the inhibi-

tory potency and hydrophobicity of this series of analogues. The most

promising antiviral profile against EBOV was observed for compound 24

(EC50 ¼0.019 μM in a replication competent VSV vector),120 as supported

by in vivo data on oral administration of 24 in combination with ritonavir.

A series of epoxysuccinyl-based derivatives were found to inhibit

lysosomal cysteine cathepsins, which are proteases required for cleavage

of highly glycosylated sequences from the GP and unmasking of its binding

site for further interactions with NPC1.121 The most potent compounds

exhibited antiviral activity against EBOV and MARV with EC50 values

in the low nanomolar range.

Several nucleoside and nucleotide polymerase inhibitors showed

promising antiviral activities in cell-based assays often combined with ther-

apeutic efficacy in animal models; however, none of these agents proved to

be clinically useful. Prior to repurposing for SARS-CoV-2, Remdesivir

entered clinical trials for EVD treatment following evidence of effec-

tive post-exposure protection in EBOV-infected rhesus monkeys.122,123

However, its experimental use as part of an emergency response to the

2018 EVD outbreak in the Democratic Republic of the Congo (Phase III

PALM trial) was associated with inferior survival rates compared to

2 mAb therapies, resulting in treatment discontinuation.124 Favipiravir

displayed in vivo efficacy as postexposure prophylaxis (PEP) and early
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treatment in a therapeutic mouse model; however, survival was reduced at

a later stage of the infection.53 The Phase II evaluation of its therapeutic

efficacy in patients with Guinea and West African EVD was not conclu-

sive. Another early-stage development candidate is imino-C-nucleoside

galidesivir (BXC4430),125,126 for which a Phase I clinical trial has been

recently completed to evaluate its intramuscular administration in healthy

subjects (NCT03800173). Based on promising in vitro data,127 the lipid

prodrug brincidofovir (CMX001), which was originally developed to treat

DNA viral infections and is now approved for treatment of smallpox,128

was authorized for compassionate use during the West African EVD

epidemic but the trial was later discontinued due to lack of efficiency in

preclinical animal models.129

The potential utility of S-adenosyl-L-homocysteine hydrolase (SAHase)

inhibitors to provide protection against a lethal Ebola virus challenge

has been demonstrated in vivo for known carbocyclic nucleosides

3-deazaadenosine and 3-deazaneplanocin A.130,131

MCCB4 (compound 25, Fig. 5) is a non-nucleoside polymerase inhib-

itor identified by in silico driven design that displayed selective anti-EBOV

activity in a minigenome assay. This compound was suggested to interfere

with viral RNA synthesis by binding to a hydrophobic pocket on the

nucleoprotein (NP), which is an essential component of the ribonucleopro-

tein complex.132

7. Human immunodeficiency virus (HIV)

In developed countries, access to antiretroviral therapy (ART) has

drastically improved the prognosis and life expectancy of human immuno-

deficiency virus (HIV)-positive individuals. However, HIV transmission

remains unabated with an estimated worldwide average of 1.5 million

people infected in 2020.133 In addition, an increasing trend in HIV infection

rates can be expected as a result of reduced access to HIV testing services

and medical care during the COVID-19 pandemic. In the absence of an

effective vaccine for HIV, the use of small molecule antiretroviral medica-

tions as a prevention strategy represents a potent alternative for preventing

transmission among HIV-negative individuals at risk of contracting the

infection and a major endeavor in antiviral drug discovery.

In 2012, the HIV medication Truvada® (Gilead Sciences), a fixed dose

combination product containing the two nucleoside reverse transcriptase

inhibitors (NRTIs) emtricitabine (FTC, 200 mg) and tenofovir disoproxil
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fumarate (TDF, 300 mg), became the first oral regimen to be approved

worldwide for daily use in HIV pre-exposure prophylaxis (PrEP). The

safety and efficacy (>90%) of this HIV prevention regimen has been dem-

onstrated, while resistance was found to be rare (<0.1%).134 However, one

issue is that it is only used use to <20% of the people in the USA that could

benefit from it.134

A second tenofovir-based formulation Descovy® given once-daily

(Gilead Sciences, tenofovir alafenamide (TAF)/FTC 25 mg/200 mg) was

associated with comparable efficiency in reducing HIV acquisition com-

pared with Truvada® but a higher bone and renal safety in a Phase III study

(DISCOVER trial), which led to its FDA approval in 2019 for at-risk

uninfected adults and adolescents.135

However, the medication adherence must be high for sustained efficacy,

and the potential to induce resistance occurs when PrEP is used during

undiagnosed acute HIV infections.136 Obviously, PrEP does not prevent

viral infections with strains that are resistant against the selected drugs.

Many challenges still remain for prevalence in the African region. The

PrEP drug must be cheap, easy to access, easy to administer, allow optimal

adherence, while the person should be regularly diagnosed to monitor the

effect. The benefits, however, clearly outweigh the disadvantages. A variety

of long-acting (LA) antiviral compounds and different extended-release

formulations are now under investigation to overcome shortcomings asso-

ciated with once daily self-administered oral therapy, particularly adherence,

non-compliance, and cumulative toxicity.137

The beginning of 2021 saw the approval of the first long-acting intra-

muscular injectable anti-HIV treatment for monthly use (Cabenuva®),

which was obtained from the coformulation of the integrase inhibitor

cabotegravir (200 mg, CAB, ViiV Healthcare, 26, Fig. 6) and the non-

nucleoside reverse transcriptase inhibitor (NNRTI) rilpivirine (300 mg,

RPV, Janssen Pharmaceutica).138 At the same time, a CAB long-acting

(CAB-LA) nanosuspension is being clinically evaluated as HIV PrEP

27, Islatravir (Merck)
EC50 = 0.3 nM

N

N

O
HO N

N

NH2

OH

F
N

NO

O

H
N

O

H

OH

O F F

26, Cabotegravir (ViiV Healthcare)
IC50 = 0.2 nM

28, FNC
EC50 = 0.06 nM

N
O

HO

OH

N3

N

O

NH2

F

Fig. 6 Long-acting antivirals under investigation for HIV pre-exposure prophylaxis.

68 Elisabetta Groaz et al.



monotherapy.139 Two phase III studies (HPTN083 and HPTN084) enroll-

ing different HIV-uninfected risk populations were prematurely unblinded

after establishing the superior efficacy of injectable CAB administered every

month or every two months versus once-daily oral Truvada.140,141

However, during the HPTN 083 trial, infections occurred in four cases

in spite of preventive CAB-LA exposure but were detected only at a

later stage in the collected blood samples most likely due to long-term viral

suppression slowing antibody production. This delay in HIV diagnosis led

to the emergence of drug resistance, highlighting the need for more

sensitive viral load testing.140,142

Islatavir (40-ethynyl-2-fluoro-20-deoxyadenosine, EFdA, MK-8591,

Merck, 27, Fig. 6 ) is a highly potent investigational nucleoside analogue

that inhibits HIV reverse transcriptase with an unique mode of action by

blocking primer translocation without causing direct chain termination.

Its active triphosphate metabolite exhibits an exceptionally long intracellular

half-life and is responsible for prolonged virological effects, which enables

decreased dosing frequencies making this compound suitable for PrEP.

Phase III clinical trials are currently undergoing to compare the efficacy

of islatravir administered once monthly for lowering the risk of HIV infec-

tion to current daily PrEP. Recent clinical studies demonstrated the feasibil-

ity of formulating islatavir as an implantable drug for PrEP purposes along

with the potential for a once-yearly administration.143

The low oral absorption of the NNRTI dapivirine led to its formulation

for topical delivery as an intravaginal silicone ring (IVR), which is currently

in theWHO list of prequalified medicines for HIV-1 prevention. In phase II

trials, the slow release of dapivirine over one month was shown to reduce

the risk of HIV acquisition by 30% compared with placebo, and high accep-

tance and adherence were observed among the study population.144

Lenacapavir is a capsid inhibitor that appears to disrupt multiple stages

of the HIV life cycle. A subcutaneous injectable formulation of this drug

candidate displayed a long half-life and is being investigated as a twice-yearly

injectable formulation for HIV PrEP.145

An additional agent that could potentially be suitable for PrEP

in the future owing to its high potency and slow systemic clearance is

20-deoxy-20-β-fluoro-40-azidocytidine (FNC, 28, Fig. 6),146 which was

recently shown to combine the direct inhibition in HIV-1 reverse trans-

cription with an indirect antiviral effect on the host antiviral factor A3G,

which may explain its long-lasting action.
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8. Yellow fever virus (YFV)

Yellow fever virus (YFV) is a vector-borne (+)-ssRNA virus that

shares the same genomic structure and geographical distribution as other

pathogens of the genus Flavivirus (Flaviviridae family) responsible for causing

severe dengue, Zika virus disease, Japanese encephalitis, and West Nile

fever.147 Most individuals contracting YFV infection do not experience

symptoms, however in symptomatic patients a wide spectrum of clinical

manifestations has been documented ranging from a mild acute febrile

illness to a severe viral hemorrhagic fever associated with hepatic dysfunc-

tion and renal failure, which is fatal in approximately 50% of cases.148

YFV transmission occurs through two main coexisting cycles involving

non-human primates (NHPs) or humans and infected mosquito species of

the Aedes and Haemagogus genus.149 In the jungle cycle, infected NHPs

serve as sylvatic reservoir of YFV, virtually dismissing the possibility of

eradicating this virus. Viremic humans who encroached on NHP forest

habitats can introduce the virus into densely populated urbanized areas,

where transmission can be perpetuated by competent local vector

populations (e.g., Aedes aegypti).

The disease is preventable; a single subcutaneous injection of YF 17D

live-attenuated vaccine administered from the age of 9 months appears to

confer lifelong immunity.150 While vaccination campaigns and vector-

control efforts have concurred to reduce the incidence of YFV infections

in many high-risk areas, endemic sylvatic circulation continues in tropical

and subtropical regions of Africa and South America where immunization

coverage is insufficient.151,152 Recent outbreaks of YFV-related hemor-

rhagic disease in rural areas of Angola, Democratic Republic of Congo,

and Brazil have renewed fears of a resurgence of urban transmission of this

old viral threat.153 Although YFV is absent in the Asia-Pacific region, more

frequent exchanges between Africa and Asia caused imported yellow

fever cases, which are seen as a growing public health concern since suitable

ecological and climatic conditions are present in these non-endemic

areas that could support local transmission.154 Notably, the increasing geo-

graphic distribution of Aedes aegypti due to climate change is expected to

exacerbate the risk of global spread and transmission of YFV across previ-

ously unaffected countries such as North America, China, and southern

Europe by 2050.155 By 2100, even parts of southern Canada and northern

Europe may offer suitable ecological niches to sustain its survival.156
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In this scenario, antiviral-based treatments are an important complement

to the YF vaccine in building a healthcare response to counteract this

potential threat, especially for individuals unwilling to be vaccinated or

for whom vaccination is contraindicated, such as those experiencing YF

vaccine-associated viscerotropic (YEL-AVD) and neutropic (YEL-AND)

diseases similar to those caused by the wild-type virus.157

Repurposing compounds previously investigated or marketed for other

therapeutic purposes has been largely pursued for yellow fever disease treat-

ment. Through in vitro screening of a small library of nucleoside analogues,

2’-methyl-7-deazaadenosine, 2’-methyl-7-fluoro-7-deazaadenosine, and a

ProTide of 2’,2”-dichlorouridine were identified as effective inhibitors

of YFV replication with EC50 values in the 0.25–2.1 μM range and no

cytotoxicity up to 100 μM.158

Recent in vitro and preclinical studies in a murine model revealed a

potential therapeutic use of the HCV approved nucleoside phosphoramidate

prodrug sofosbuvir in the treatment of YFV infections. This prodrug has the

advantage of being metabolically activated primarily in the liver, which is a

major site of YFV infection. Sofosbuvir was shown to bind to a conserved

region of the YFV RNA polymerase (NS5) and exert its antiviral activity

(EC50 ¼4.2–4.8 μM) against both vaccine and wild-type strains of YFV

when tested in human hepatoma cell-based assays. In addition, prophylactic

therapeutic treatment with sofosbuvir 1 day prior to infection enhanced

survival of YFV-infected animals and reduced liver injury.159 The

off-label, compassionate use of Sofosbuvir to treat two YFV-infected

patients with acute liver failure led to a reduction in viremia and disease

improvement.160

Another RdRp nucleoside inhibitor to be tested as potential anti-YFV

candidate is the C-nucleoside galidesivir (BCX4430). Despite displaying a

moderate in vitro anti-YFV activity (EC90 ¼27.6 μM), galidesivir exhibited

potent preclinical efficacy in a Syrian golden hamster model of yellow

fever infection. Complete survival of infected animals and improved disease

parameters were observed upon intraperitoneal treatment with this nucleo-

side for 4 or 7 days, which also primed an immune response resulting in

protection against a secondary YFV challenge. A phase Ib study to deter-

mine the safety and antiviral effects of intravenous galidesivir in YF patients

was prematurely terminated (NCT03891420).161

The active 5’-triphosphate metabolite of remdesivir, which accumu-

lates intracellularly and serves as substrate for the RdRp of several RNA

viruses, was shown to be an efficient in vitro inhibitor of YFV polymerase
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with an IC50 of 0.26 μM.162 The YFV polymerase emerged as a superior

target for remdesivir among other flaviviral polymerases, while being less

efficiently inhibited than coronavirus polymerases.

In addition, some broad-spectrum compounds built on different hetero-

cyclic scaffolds have shown inhibition efficacy against YFV in vitro, how-

ever their targets remain undefined.163–165

9. Poliovirus (PV)

At the launch of the Global Polio Eradication Initiative in 1988, par-

alytic poliomyelitis was an endemic disease in more than 125 countries.166

Today, the global incidence of wild poliovirus infections has plunged

by over 99% thanks to effective vaccination programs. However, while

wild poliovirus type 2 (WPV2) and type 3 (WPV3) were declared eradicated

in 2015 and 2019, respectively, sporadic cases associated with the circulation

of wild type poliovirus type 1 are still being recorded in Pakistan and

Afghanistan, despite sustained efforts to eliminate this virus.167

Besides potential breaches of poliovirus containment in research labora-

tories and vaccine manufacturing facilities, a major menace to global erad-

ication is posed by circulating vaccine-derived polioviruses (cVDPVs)

evolved from the use of live attenuated oral poliovirus vaccine (OPV).168

These variants are genetically distinct from wild polioviruses but cannot

be distinguished in terms of pathogenicity and transmissibility.169 At present,

cVDPVs, particularly strains of serotype 2, are responsible for the majority of

paralytic polio outbreaks worldwide.170

In addition, individuals with a primary immunodeficiency disorder

(PID) exposed to OPV may excrete immunodeficiency-related vaccine-

derived polioviruses (iVDPVs) for prolonged periods of time, which are

likely to constitute a reservoir of virus after eradication.171 The development

of effective antiviral drugs seems to be the best option to halt chronic

excretion of iVDPVs and minimize the likelihood of potential polio out-

breaks post eradication.172 The viral proteins considered as targets for

anti-polio drug development are those exploited for the identification of

anti-rhinovirus agents, due to their high degree of conservation among

enteroviruses. In the past, many small molecules capable of inhibiting polio-

virus replication have been described (e.g., ribavirin, pleconaril, vapendavir,

and pirodavir); however, none progressed further than Phase II evaluation.

Since a potential poliovirus antiviral drug is considered to have little or

no commercial value for its development to be pursued by pharmaceutical
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companies, a partnership known as the Poliovirus Antiviral Initiative (PAI)

was established to advance the discovery of effective poliovirus antiviral

drugs. Two antiviral agents with different modes of action, the capsid binder

pocapavir (V-073, compound 29, Fig. 8)173,174 and the peptidomimetic

inhibitor of 3C protease V-7404 (compound 30, Fig. 7),175 are now under

clinical characterization (ViroDefense Inc. & the Bill & Melinda Gates

Foundation), for potential use as combination therapy.

Recently, some pyrazolopyridine-based compounds were reported

to suppress WPV-1 replication in cell culture with EC50 values as low as

5 μM by targeting the viral 2C protein.176 Another report indicated the

anticancer nucleoside gemcitabine as an active anti-polio compound

in vitro (IC50 ¼0.3 μM) able to completely protect HeLa cells against the

cytopathic effects of WPV1 at 25 μM.177 Suppression of poliovirus replica-

tion was shown to be correlated with the direct inhibition of RNA chain

elongation by gemcitabine triphosphate.

Screening of a compound library through a series of in vitro assays against

wild-type and vaccine-derived PV strains identified a lead compound

(31, Fig. 7) with broad spectrum antiviral activity in the nanomolar range.

On the basis of time-of-addition studies, it was hypothesized that 31

could be targeting multiple stages of poliovirus replication; however, other

related structural analogues appeared to interfere with the viral entry step.178

10. Hepatitis C virus (HCV)

Hepatis C virus (HCV) is a bloodborne, hepatotropic RNA virus and

the only member of the genus Hepacivirus within the Flaviviridae family
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causing both acute and chronic infections in humans.179 Its genome consists

of a 9.6 kb (+)-ss-RNA that is translated into a single large polyprotein

precursor. Subsequent polyprotein processing requires two viral proteases

(NS2 and NS3/4A), which are autocatalytically excised from the poly-

protein, and at least two host cellular peptidases to yield three HCV struc-

tural (S) and seven nonstructural (NS) proteins. Several direct-acting

antiviral agents (DAAs) have been licensed for clinical use that target

three of these NS proteins implicated in different steps of the HCV infec-

tious cycle, i.e., the RdRp (NS5B), NS3/4A protease, and NS5A, a

multifunctional RNA-binding protein involved in viral replication, assem-

bly, and regulation of cellular pathways.180 Various fixed-dose combination

regimens comprising DAAs with synergistic modes of action have further

been approved to offset compensatory evolutionary mechanisms lead-

ing to resistance development and viral rebound. In addition, this strategy

can reduce treatment cost and duration, improve adherence, and limit

dose-limiting toxicity.

The pharmacokinetics and pharmacodynamics of DAA regimens has

been recently reviewed.181 Most of them consist of two drugs, either an

NS5B and NS5A inhibitor [e.g., sofosbuvir+ ledipasvir (Harvoni®),

sofosbuvir+velpatasvir (Epclusa®)] or an NS5A and NS3/4A inhibitor

[e.g., elbasvir+grazoprevir (Zepatier®), glecaprevir+pibrentasvir (Maviret®,

Mavyret®)]. Also a triple combination targeting NS5B, NS5A, and NS3/4A

[e.g., Sofosbuvir+Velpatasvir+Voxilaprevir, Vosevi®]182 as well as a multiple

regimen (Paritaprevir+Ritonavir+Ombitasvir and Dasabuvir)183 have

been approved for the treatment of chronic HCV genotype (GT)1-6 and

GT1 infection in adults, respectively. With the availability of these oral

combination therapies, the standard of care for chronic HCV infection

has dramatically improved. Today, most patients, including those previously

refractory to treatment such as individuals with HCV and HIV co-infection,

decompensated liver disease, and renal impairment, can be successfully

cured, as indicated by sustained virologic response (SVR) rates (defined as

aviremia 24 weeks after therapy completion) up to 95%.184 Recently, an

8-week regimen of glecaprevir and pibrentasevir given to untreated patients

with chronic HCV genotype 1–6 infection and compensated cirrhosis was

shown to afford a virological cure rate as high as 99.7%, irrespective of any

pre-treatment patient or viral characteristics.185 While a short treatment of

acute HCV infection with sofosbuvir and ribavirin was demonstrated to

be suboptimal,186 high efficacy was instead obtained with a 6-week regimen

of sofosbuvir and ledipasvir in patients with HCV GT1 monoinfection187 as
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well as GT1 or 4 HCV infection and HIV-1 coinfection.188 DAA treatment

may also lead to partial restoration of HCV-specific immune responses in

chronically infected patients, an effect that might be improved with early

administration.189 DAA re-treatment of chronic HCV infections has also

been shown to be highly effective.190 Re-treatment regimens based on a

combination of sofosbuvir, velpatasvir, and voxilaprevir191 or glecaprevir

and pibrentasvir192 for DAA-experienced patients have been approved.

In addition, the beneficial clinical effects of DAAs has led to a significant

reduction in the waitlist for liver transplant due to chronic HCV infection,

while increasing the survival of patients with HCV-associated hepatocellular

carcinoma.193

Overall, this scenario offers good prospects that the WHO program to

eliminate viral hepatitis C as a public health problem can meet its goals

by 2030.194 Nonetheless, at present, there are still approximately 58 million

people worldwide living with chronic HCV infection and 1.5 million new

infections annually,195 reflecting the fact that significant challenges remain

to be addressed including accurate diagnosis of HCV infected patients, treat-

ment of patients with decompensated cirrhosis or renal impairment, serious

complications due to drug-drug interactions, high cost of treatment for

underdeveloped countries, and occurrence of resistance associated variants

(RAVs) to DAAs.181 In particular, the development of new curative

HCV drugs that may be effective against DAA-resistant mutants and broadly

active on multiple HCV genotypes remains an important to optimize

current therapeutic regimens and facilitate the global eradication of HCV,

especially in the absence of a prophylactic vaccine.

Drug discovery efforts are actively ongoing to discover new pan-

genotypic inhibitors of NS5A that are expected to decrease the incidence

of treatment failure associated with low barrier to resistance of most

marketed NS5A inhibitors for genotype 1 subtype a (GT1a)196–198 as well

as improve the pharmacokinetic profiles of existing drugs by prodrug syn-

thesis to enhance solubility properties and simplify drug dosage formulations

(e.g., pibrentasvir).199

The macrocyclic scaffold structure shared by approved HCV NS3/4A

protease inhibitors has been modified to modulate both potency and

drug-like properties of the inhibitors as well as prevent resistance due to

pre-existing resistance-associated substitutions (RASs) and/or baseline

polymorphisms among diverse genotypes.200,201

Aiming at identifying alternative uridine-containing sugar-modified

NS5B inhibitors, chemical modifications were applied to the sugar moiety
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of sofosbuvir, such as the introduction of a fluorine atom at the 40 position
of a 20-methyl-uridine phosphoramidate prodrug (AL-335)202 or the

replacement of the 2’-methyl-2’-fluoro moiety with a dihalogenated func-

tional group, such as in compound 32 (Fig. 8).203 This Sp phosphoramidate

diastereomer of 20-bromo,20-fluoro-uridine exhibited potent inhibition of

HCV in cell culture (EC50 ¼21–180 nM) combined with pan-genotypic

anti-HCV replicon activity. Its corresponding 50-triphosphate was selective
for HCV NS5B polymerase of GT1-6 with no concomitant inhibition

of human or cellular mitochondrial RNA polymerases, while exhibiting

favorable liver accumulation according to a preliminary liver pharma-

cokinetic study in beagle dogs. Alternatively, guanosine containing nucle-

oside phosphoramidate prodrug analogues also displayed potent activity

against HCV infection and in some cases potential value as new clinical

anti-HCV agents. This include a 2’,4’-fluoro substituted guanosine nucle-

otide analogue (AL-611)204 and AT-527 (compound 2 in Fig. 1), which

entered clinical development owing to the attractive broad spectrum cov-

erage of major HCV genotypes.205 Second-generation non-nucleoside

inhibitors of NS5B, such asN-benzoxaborole benzofuran analogues, are also

undergoing structural optimization programs.206

Recently, there has also been a surge in research efforts to find anti-HCV

compounds with different modes of action, i.e., targeting stages of HCV

infection either preceding or following viral replication. Although the full

understanding of these complex multifactorial processes remains elusive,

several related factors and processes have been investigated as potential

therapeutic targets. These compounds could have an important synergist

effect with DAAs towards HCV elimination or serve as preventive measures

against HCV infection and reinfection.

The design of preclinical candidate L0909 (compound 33, Fig. 8),

featuring a 2-((4-arylpiperazin-1-yl)methyl)benzonitrile scaffold, was the

result of a structure�activity relationship (SAR) study that optimized a

modestly potent anti-HCV 2-(arylamino)methylbenzonitrile lead inhibitor
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by introducing a piperazine moiety. L0909, which displayed nanomolar ant-

iviral activity in a HCVcc system (EC50 ¼0.022 μM), appeared to act on

the HCV entry stage. A synergistic effect against HCV was observed for

L0909 in combination with DAAs together with a high sensitivity to clinical

resistant HCV mutants. Further in vivo pharmacological and preclinical

results supported the favorable anti-HCV profile of this compound.207

A series of polyheterocyclic derivatives featuring a 4-aminopiperidine

scaffold as common structural element have been shown to be involved

with the modulation of the HCV assembly process.208 Antiviral synergy

was observed for the combination of a starting screening hit with various

marketed HCV therapeutics in cell-based assays of HCV, and an advanta-

geous hepatotropic distribution was confirmed by in vivo pharmacokinetic

studies. Lead optimization studies defined compound 34 (Fig. 8) as a prom-

ising candidate with nanomolar anti-HCV activity for further in vivo and

and preclinical efficacy profiling.

In principle, broad spectrum antiviral activity against HCV can only be

achieved with compounds acting by multiple modes of action (e.g., ribavi-

rin) or through host-cell directed strategies, such as those targeting the

human enzyme dihydroorotate dehydrogenase (DHODH).209

11. Rabies virus (RABV)

Rabies virus (RABV) is the archetypal species of the genus Lyssavirus

(Rhabdoviridae family), a group of neurotropic viruses that carry a (-)-ss RNA

genome and can infect both humans and animals.210 Rabies disease is the

deadliest among all viral infections with a 100% fatality rate after the onset

of clinical symptoms.211 Upon entering the peripheral nerves, RABV

reaches the central nervous system (CNS) by means of axonal transport,

where it preferentially replicates evading the host immune system and

causing a severe and incurable neurological disease.212

Effective vaccines are available for pre-exposure immunization as well as

human rabies immune globulin (HRIG) for post-exposure prophylaxis

(PEP) intervention early after infection, which can successfully prevent

the disease from progressing towards symptoms.213,214 However, the risk

of acquiring rabies infections is perpetuated through the low level of

routine immunization coverage in high risk countries, manifesting in an esti-

mated 59,000 human deaths claimed by RABV each year worldwide.

RABV can be expected to persist globally as a pervasive public health threat
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because of its zoonotic transmission, which occurs in approximately 99% of

cases through the transfer of infectious saliva from bites of infected dogs.

Antiviral molecules that may be able to suppress viral replication in an

infected individual during the symptomatic phase of encephalitic rabies will

be the next major step in fighting human RABV infections, however direct

dosing in the cerebrospinal fluid is still considered an unmet challenge.215

The development of antiviral compounds is also desirable as cost-effective

and easily storable alternatives to rabies immunoglobulins currently used

for PEP, especially considering the heavy economic burden associated

with RABV prophylaxis and the fact that most infections (95%) occur in

Africa and Asia where the supply of these biologics is limited.216

The promising in vitro inhibitory activity of the broad-spectrum RNA

polymerase inhibitor ribavirin against RABV did not translate into in vivo

antiviral efficacy in preclinical animal models and clinical trials in humans.217

Some ribavirin analogues named EICAR and EICNR displayed increased

in vitro activity (EC50 ¼0.9–3.8 μM) as inhibitors of viral replication

and transcription, most likely via IMPDH inhibition, compared to ribavirin

(EC50 ¼18.6 μM); however, a more systematic evaluation is needed to

define their anti-RABV potential.218

Independent studies demonstrated the capability of favipiravir to

effectively reduce RABV replication in vitro219,220; however, little or no

effect on survival in a mouse model of RABV infection was observed.

Recently, in vivo imaging studies demonstrated that favipiravir treatment

1 h or 2 days after intramuscular inoculation of RABV in mice could sup-

press viral replication in the periphery, but double or triple doses were

needed to suppress replication in the CNS.221

Two adamantane derivatives, 1-adamantyl-(5-bromo-2-methoxybenzyl)

amine (ABMA) and its 1-dimethyl analogue DABMA, were described to

prevent RABV viral gene expression and genome replication by interfering

with different steps of the late endosomal pathway.222 When delivered

2 h pre-infection, these early-stage post-entry inhibitors exhibited in vitro

micromolar activities against RABV.

More recently, the implementation of a high-throughput screening

(HTS) protocol based on a single-cycle RABV reporter strain allowed to

identify a first-in-class, highly potent (EC50 ¼2–52 nM) and selective small

molecule inhibitor of RABV, designated as GRP-60367 (compound 35,

Fig. 9). Mechanistic characterization demonstrated that GRP-60367 blocks

RABV entry by specifically targeting a previously unknown druggable

site on the G protein, representing a suitable lead compound for the design

of next-generation antivirals for RABV treatment and prevention.223
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Notably, a broadly conserved radical S-adenosyl-L-methionine (SAM)

enzyme known as viperin appeared to be implicated in the inhibition of

the replication of many RNA viruses, including RABV.224 Recently, it

was demonstrated that this enzyme synthesizes a broad spectrum anti-

viral nucleotide, i.e., 30-deoxy-30,40-didehydro-cytidine triphosphate

(ddhCTP, 36 in Fig. 9), by catalyzing the dehydration of CTP via a radical

mechanism. This study established ddhCTP as a naturally occurring

chain terminator encoded by the human genome.225 Additional studies

suggested that viperin exerts its antiviral effect by activating a component

of the protein ubiquitination machinery with subsequent degradation of

cellular and viral proteins essential for viral replication.226

Host-targeted therapies to combat RABV infections have not been very

successful to date.216

12. Measles virus (MeV)

Measles virus (MeV) is a (-)-ssRNA virus classified in the genus

Morbillivirus within the Paramyxoviridae family that is recognized as the

causative agent of one of the most contagious respiratory acute disease affect-

ing humans. Its basic reproduction number (i.e., average cases caused by

an infected individual during the infectious period) is estimated to vary

between 12 and 18, surpassing by far that of SARS-CoV-2 (i.e.,

2.5–3.5).227 A safe, affordable, and effective life-attenuated vaccine is avail-

able to prevent outbreaks and ensure immunity against MeV; however, this

virus is still prevalent in Third World countries where vaccine access and

distribution are inefficient. Recently, developed countries where endemic

MeV transmission was considered eliminated experienced a re-emergence

of this virus following an alarming decline in immunization coverage due
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to vaccination hesitancy. In the period between 2017 and 2019, an approx-

imate 130% increase of deaths directly attributed to measles was documented

worldwide (207,500 in 2019), mostly among children under 5 years of

age.228 The risk of globally recurring measles outbreaks is anticipated to

raise due to the COVID-19 pandemic as many countries suspended child-

hood immunization measles campaigns leaving dangerous immunity

gaps.228,229 Cost-effective and readily distributable small molecule antivirals

are urgently needed for outbreak control especially among under-vaccinated

populations in vulnerable countries where the clinical need is highest and to

aid in the long term measles eradication by synergizing with vaccination

to close gaps in herd immunity due to vaccine refusal.

In the absence of a specific antiviral agent approved for treating MeV

infections, various small molecule inhibitors targeting viral components as

well as cellular factors have been evaluated in vitro and in animal models;

however, further clinical development has been delayed by the low com-

mercial value of a potential measles drug, ethical challenges associated

with the design of clinical trials among a prevailing pediatric patient popu-

lation, and the limited opportunities for intervention associated with the

predominantly acute nature of the disease.230 In rare cases, MeVmay invade

the central nervous system (CNS) during or after infection leading to severe

neurological manifestations that complicate potential antiviral treatments.231

A homology model of the MeV fusion (F) protein trimer guided the

rational design of a class of nonpeptidic fusion protein inhibitors featuring

an anilide scaffold that appeared to exert a stabilizing effect on the prefusion

state of F trimers.232,233 These compounds, as exemplified by AS-48 (com-

pound 37, Fig. 9), exhibited broad spectrum activity across various MeV

strains as well as closely related pathogens of the Morbillivirus genus such

as the canine distemper virus (CDV), however their moderate antiviral

potency (EC50 values in the low-micromolar range) observed in cellular

assays hampered their further evaluation in animal models.

Among nucleoside polymerase inhibitors, remdesivir was evaluated

against various paramyxoviruses by employing reporter virus assays and

emerged as a potentially viable candidate to treat MeV infections with an

EC50 of 0.037 μM.234 The introduction of a fluorine substituent at the

2’-position of 4’-azido-cytidine (R1479) yielded two additional analogues,

namely 2’-fluoro and 2’-difluoro-4’-azido-cytidine, which displayed low

micromolar activities (EC50 ¼0.37 and 0.34 μM, respectively) superior to

the parent compound (1.9 μM) when tested in a recombinant measle virus

model).235
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The investigation of non-nucleoside inhibitors of MeV RdRp has

delivered molecules with promising antiviral profiles that could advance

the path towards the development of effective measles therapeutics.

ERDRP-0519 (compound 38, Fig. 9) is an orally bioavailable pan-

morbillivirus inhibitor derived from an optimization process of hits

containing the pyrazole carboxamide scaffold that were identified by a

cell-based HTS campaign.236 Compound 38 showed potent in vitro inhib-

itory activity against MeV and CDV strains. Initial animal in vivo character-

ization focused on testing the efficacy of 38 in a lethal CDV-ferret surrogate

model of human MeV. CDV is known to cause lethal measles-like disease

in ferrets. This study showed that oral treatment of CDV-infected ferrets

3 days after exposure completely suppressed disease clinical signs. All treated

animals survived and developed a robust immune response against the

virus providing protection against reinfection when challenged with a later

lethal virus dose.237

Recently, the in vivo oral efficacy of this compound was further vali-

dated in non-human primates known to develop a human measles-like

disease.238 Prophylactic and post-exposure therapeutic treatment of

squirrel monkeys (Saimiri sciureus) reduced virus shedding and prevented

measles disease. Mechanistically, ERDRP-0519 was demonstrated to target

the MeV polymerase and specifically inhibit all phosphodiester bond forma-

tion during both the de novo initiation of RNA synthesis and RNA elonga-

tion steps.239

A high-throughput screen for inhibitors of human parainfluenza virus

type-3 (HPIV3) led to the identification of another broad-spectrum para-

myxovirus allosteric inhibitor, i.e., GHP-88309 (compound 39, Fig. 9),

which was also active against MeV in well-differentiated human airway

organoid cultures.240 This compound was also shown to act as an allosteric

inhibitor of viral polymerase activity by interfering with the initiation

phase of viral synthesis. In vivo proof-of-concept efficacy was established

in a lethal Sendai virus mouse surrogate model of human HPIV3 disease.

Oral administration of 39 48 h after infection provided complete protec-

tion against infection and led to immunoprotection acquisition against

reinfection.

A series of hit compounds emerging from a large scale HTSwas shown to

constitute a mechanistically novel class of MeV inhibitors able to interfere

with host factors required for viral RdRp activity. Among these,

JMN3-003 (compound 40, Fig. 9) showed potent and broad activity against

MeV as well as a selection of clinically significant members of the para- and
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orthomyxovirus families. A high barrier against rapid viral escape from

inhibition for this class of compounds was demonstrated by in vitro adapta-

tion studies.241 Other efforts to target host factors as a strategy to develop

anti-measle compounds include among others repurposing kinase

inhibitors.242

13. New coronaviruses (CoVs)

Coronaviruses (CoVs) are diverse (+)-ssRNA viruses classified in the

Coronaviridae family andOrthocoronavirinae subfamily, where they are further

taxonomically clustered into four genera designated as α, β, γ, and δ.243

Seasonal coronavirus infections are caused in humans by a total of four

α-CoVs (HCoV-NL63 and HCoV-229E) and β-CoVs (HCoV-HKU1

and HCoV-OC43), which circulate endemically and are typically respon-

sible for mild to moderate gastrointestinal and upper-tract respiratory ill-

nesses.244 However, the last two decades have witnessed the alarming

epidemic and pandemic impact of this class of human pathogens with the

emergence of three viral pneumonia outbreaks caused by previously

unknown β-CoVs (SARS-CoV in 2003, MERS-CoV in 2012, and

SARS-CoV-2 in 2019).245,246 While new cases of SARS have not been

reported since 2004, MERS continues to circulate in the Middle East with

the latest confirmed cases and deaths dating between March and July

2021.247 As of the 8 september 2021, the underway SARS-CoV-2 pan-

demic has affected more than 221 million people and claimed 4.5 million

lives.248 The pathogenesis of these infections may vary from mild symptoms

to severe respiratory distress and in some cases multiple organ failure.249

Upon binding specific receptors on the surface of respiratory epithelial

cells [i.e., angiotensin-converting enzyme 2 (ACE2) for SARS-CoV and

SARS-CoV-2, dipeptidyl peptidase 4 (DPP4) for MERS-CoV], these

viruses enter the airways and start replicating primarily in the lower respira-

tory tract where they can trigger an aberrant host immune response.

These three highly pathogenic CoVs are alleged to have originated in

bats, which are known to be primary natural hosts for human β-CoVs.250

While adaptation from bats in an intermediary host was shown to have facil-

itated transfer to humans in the case of SARS-CoV and MERS-CoV (i.e.,

via infected palm civets and dromedary camels, respectively),246 no clear

evidence has been found to support this transmission mode for the new

virus.245 Phylogenetic analysis suggested that the SARS-CoV-2 lineage

persisted for decades in bats where it evolved as to be capable of direct

transmission and replication in human cells.251
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Given the zoonotic origin of these viruses as well as their rapid mutation

frequency often resulting in variants of higher infectivity, new CoVs related

to SARS, MERS, and SARS-CoV-2 may not be excluded in the future

and demand urgent action. The development and stockpiling of antiviral

therapeutics with broad anti-coronavirus coverage against the currently

known pathogenic CoVs must be prioritized for pandemic preparedness

and prevention.252

Themost logic strategy towards the discovery of drugs that would inhibit

a wide range of closely and distantly related viral pathogens is targeting

viral proteins that feature the highest degree of sequence conservation

among different species and thus may be less likely to mutate. A recent

patent literature search indicates that several potential targets can be consid-

ered for pan-coronavirus drug design (e.g., RdRp, Mpro, PLpro, RNA heli-

case, spike glycoprotein).253 A map of conserved regions among the

main human coronavirus proteins has been recently reported based on

the analysis of a large set of viral genomic sequences.254

The viral main protease Mpro is an ideal target for broad spectrum

antiviral inhibition as Mpro structural and functional similarities across

different coronaviruses are known. For instance, SARS-CoV and

SARS-CoV-2 Mpro sequences share 96% amino acid identity and a 100%

sequence homology occur at the level of their substrate binding

active site.255

In an initial study, a structure-based approach led to the identification

of a series of α-ketoamide-based peptidomimetic Mpro inhibitors with

equipotent activity against α-CoVs (HCoV-229E) and β-CoVs (SARS-

CoV and MERS-CoV) in cell cultures.256 Scaffold optimization yielded

compound 41 (Fig. 10) featuring a pyridone ring between the P3 and P2

amide bonds that inhibited SARS-CoV-2 Mpro with an IC50 of 0.67 μM,

while displaying IC50 values corresponding to 0.90 and 0.58 μM for

inhibiting the SARS-CoVMpro and the MERS-CoVMpro, respectively.255

Compound 41was further tested in a SARS-CoV replicon where it showed

the ability to inhibit RNA replication at EC50 ¼1.75 μM. In human Calu-3

cells infected with SARS-CoV-2, an EC50 of 4 to 5 μM was observed.
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Fig. 10 Structures of some potential pan-coronavirus antivirals.
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Boceprevir and the peptidomimetic GC376 (42, Fig. 10) were also

found to possess a broad spectrum multitargeting profile against SARS-

CoV-2, SARS-CoV, MERS-CoV, and HCoV.257 Deuterated variants of

GC376 were recently reported to have improved potency compared to

the parent compound in vitro, while in vivo efficacy was demonstrated

by the observation of enhanced survival rates in infected mice following

treatment at 24 h postinfection.258

PF-00835231 (the parent of clinical candidate PF-07304814 4, Fig. 1)

was originally developed as a SARS-CoVMpro inhibitor in response to

the 2002-2003 SARS outbreak.259 Pan-coronavirus antiviral activity was

also observed with PF-00835231 against a variety of α-CoVs (NL63-

CoV, PEDV, FIPV), β-CoVs (HKU4-CoV, HKU5-CoV, HKU9-CoV,

MHV-CoV, OC43-CoV, HKU1- CoV), and γ-CoVs (IBV-CoV) with
Ki values ranging from 30 pM to 4 nM in in fluorescence resonance energy

transfer (FRET) protease activity assays, suggesting a potential therapeutic

use against emerging coronaviruses.26

The orally bioavailable Mpro inhibitor PF-07321332 5 (Fig. 1) currently

in clinical trials for COVID-19 could inhibit the proteolytic activity of

MPro of various β-CoVs (SARS-CoV, HCoV-HKU1, HCoV-OC43,

MERS-CoV) as well as endemic α-CoVs (HCoV-229E, HCoV-NL63)

in FRET assays with Ki values ranging from 4.94 to 226 nM.27 The potent

pan-human coronavirus antiviral activity of PF07321332 was further

validated in cytopathic effect (CPE) cellular assays against SARS-CoV

(EC90 ¼317 nM), MERS-CoV (EC90 ¼351 nM), and HCoV-229E

(EC90 ¼620 nM).

Since the RdRp (also named nsp 12) and its mode of substrate recogni-

tion during viral RNA synthesis are highly conserved among diverse cor-

onaviruses (e.g., RdRp of SARS-CoV-2 shares 99.1% similarity and 96%

amino acid identity with that of SARS-CoV),260 a broad antiviral activity

spectrum can likewise be expected from nucleoside analogues that are incor-

porated into the growing RNA chain after intracellular phosphorylation

and either induce delayed chain termination or lead to base-pair mismatches

resulting in lethal mutation rates, as epitomized by remdesivir and mol-

nupiravir, respectively. Besides SARS-CoV-2, the in vitro antiviral activity

spectrum of remdesivir (1, Fig. 1) was revealed to further cover SARS-CoV

(EC50 ¼0.069 μM) and MERS-CoV (EC50 ¼0.025–0.12 μM) as well as

endemic HCoV-OC43 and HCoV-229E and porcine CoVs.261 Further

in vivo efficacy studies conducted in a rhesus macaque and mouse model

of MERS-CoV and SARS-CoV infection, respectively, demonstrated the

prophylactic and therapeutic value of this drug.

84 Elisabetta Groaz et al.



The parent nucleoside of mutagenic SARS-CoV-2 antiviral mol-

nupiravir 3 (Fig. 1) was shown to be highly active in vitro against

SARS-CoV-2, while also conferring a potent inhibition of MERS-CoV

(IC50 ¼0.024 μM) and SARS-CoV (IC50 ¼0.14 μM) in primary human

epithelial cell cultures. Interestingly, the antiviral activity of NHC was

extended to zoonotic SARS- and MERS-like CoVs (SHC014, HKU3,

and HKU5), suggesting that an increase (up to 20%) in the natural amino

acid variation of the RdRp did not affect the activity of this nucleoside

prodrug.17

AT-511, the free base congener of clinical candidate AT-527 (2, Fig. 1),

was also shown to have a broad antiviral activity spectrum among α-CoVs
(HCoV-229E) and β-CoVs (HCoV-OC43, SARS-CoV) in different cell

lines with EC50 values in the micromolar and sub-micromolar range.

Surprisingly, only moderate activity was observed against MERS-CoV

(EC50 ¼26-27 μM), suggesting that the mode of action of this nucleoside

analogue might not be limited to RdRp activity inhibition and subseq-

uent non-obligate chain termination but implicate the additional inter-

action with another functional domain of the polymerase complex

[i.e., nidovirus RdRp-associated nucleotidyltransferase (NiRAN)] crucial

for viral replication.14

Further potential drug candidates for the treatment of multiple corona-

virus infections could target the viral entry step, and specifically the spike

(S) protein-mediated membrane fusion. Among a series of lipopeptide

analogues, EK1C4 exhibited the most potent inhibitory activity against

membrane fusion and pseudovirus infection of SARS-CoV-2 with IC50

values of 1.3 and 15.8 nM, respectively, while also effectively inhibiting

the replication of SARS-CoV,MERS-CoV, and other HCov.262 A protec-

tive effect against HCoV-OC43 infection was observed upon intranasal

application of EK1C4 in mice before or after viral challenge, suggesting

that EK1C4 could be useful for both prevention and treatment of infec-

tion by the currently circulating SARS-CoV-2 and other potentially

emerging CoVs.

Other broad spectrum antivirals targeting coronaviruses with an

unknown mode of actions have been identified by screening programs263

and drug repurposing campaign.264 Targeting host factors such as

kinase pathways,265 cysteine protease like cathepsin L,266 or compounds

that deplete cellular polyamines by inhibiting their biosynthesis (e.g.,

fluoromethylornithine) and in this way reduce viral attachment and

entry267 maybe also represent cellular approaches towards broad spectrum

antivirals.
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14. Conclusion

The fight against virus infections is based upon the prophylactic (or

preventive) administration of vaccines or therapeutic use of antiviral drugs,

although, as testified by PrEP, antivirals (e.g., Truvada® and Descovy®) have

also been formally approved for the prevention of HIV infections.

Generally, when a virus has economic implications but is mostly harmless,

like in the case of rhinovirus infections, a drug that reduces symptoms and

infectivity may suffice. By contrast, for viral infections with an enormous

impact on social (e.g., HCV-related cirrhosis and hepatocellular carcinoma)

or healthcare (e.g., SARS-CoV-2) systems, it is vital to develop drugs that

can eradicate the causative pathogen. The development of drugs for antiviral

prophylaxis is particularly significant for viral infections leading to severe

illnesses and high case fatality rates, and especially those for which the pro-

duction of a vaccine is problematic. As corroborated in the past by the devel-

opment of beta-lactam antibiotics, an infection can most effectively be

treated using compounds whosemode of action either triggers the formation

of covalent bonds or avoids that these bonds are broken. Accordingly, sev-

eral nucleoside analogues and protease inhibitors have proven their value as

antiviral agents so far, but we can envisage more broad-spectrum therapeutic

applications for these classes of drugs in the future. It should also be appre-

ciated that heterocyclic-based antiviral drugs may unforeseeably interact

with proteins of the host, leading to pharmacological toxicity that can only

be discovered during clinical Phase III and IV studies. These compounds

need to bind to a viral target protein with high affinity, thus easily leading

to the selection of resistant viruses. Targeting host factors remains a challeng-

ing approach as the virus may hijack other pathways once the cellular recep-

tors or enzymes that are normally exploited for its in vivo infection,

replication, and transmission are blocked.

Overall, the availability of a vaccine for a given viral infection may also

dictate the priorities for antiviral drug discovery research. Smallpox (variola

virus) was the first virus infection to be eradicated owing to vaccination.

Poliovirus maybe the next example, however the final steps towards its

global eradication appear to pose a few unique challenges. In the foreseeable

future, we may witness the elimination of mumps and measles viruses pro-

viding that a continued effort in vaccination coverage is ensured, while

rubella virus is virtually eradicated. With the availability of DAAs, HCV

can be expected to be eradicated within a few years, while for hepatitis B
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virus (HBV) both vaccines and antivirals are applicable. The continuously

emerging new influenza virus mutants may also be counteracted by vaccines

and antivirals, whereas for RSV antiviral drug treatment seems to

become increasingly imminent. For several other virus infections, such as

rhino or hemorrhagic fever infections, vaccines and antivirals are anxiously

awaited. Finally, several successful vaccines have been launched to prevent

SARS-CoV-2 infections, and effective antivirals will likely follow.

Depending on their nature, viral infectious diseases may be amenable

to either prophylaxis, drug treatment or both. As amply demonstrated in

this review, these are important times for the field and many approaches

are being pursued in parallel to combat viral infections with a continuing

impact on human health. The pace of antiviral drug discovery needs tomove

well beyond a single target, and it can be anticipated that the next decade will

deliver antiviral cocktails against most of these infections.
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