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KEY WORDS Abstract Enterovirus A71 (EV-A71) is a significant human pathogen, especially in children. EV-A71
. infection is one of the leading causes of hand, foot, and mouth diseases (HFMD), and can lead to neuro-
Ezt_ez(;\ﬁrus ATL logical complications such as acute flaccid myelitis (AFM) in severe cases. Although three EV-A71 vac-
Antivirais; cines are available in China, they are not broadly protective and have reduced efficacy against emerging
Acute flaccid myelitis; strains. There is currently no approved antiviral for EV-A71. Significant progress has been made in devel-
Hand: oping antivirals against EV-A71 by targeting both viral proteins and host factors. However, viral capsid
Foot and mouth disease inhibitors and protease inhibitors failed in clinical trials of human rhinovirus infection due to limited ef-
(HFMD); ficacy or side effects. This review discusses major discoveries in EV-A71 antiviral development, analyzes
Picornavirus; the advantages and limitations of each drug target, and highlights the knowledge gaps that need to be
2C protein addressed to advance the field forward.
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sense, single-stranded RNA viruses with ~7500 nucleotides®. The
viral particles are made of icosahedral shaped capsids with

1. Introduction

Enteroviruses (EVs) belong to the Enterovirus genus of the
Piconaviridae family. Enteroviruses contain a large variety of se-
rotypes, including more than 100 non-polio enteroviruses and
more than 150 rhinoviruses. The Enterovirus genus comprises
many important human pathogens, including poliovirus (PV),
coxsackievirus, enterovirus D68 (EV-D68), enterovirus A71 (EV-
A71), and rhinovirus'. Enteroviruses are non-enveloped, positive-
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approximately 30 nm in diameter. Infection with enteroviruses is
generally mild and self-limiting. However, it can progress to life-
threatening diseases, such as neonatal sepsis, paralysis, and death.
EV-A71 belongs to enterovirus species A and is a major etiolog-
ical agent of the hand, foot, and mouth disease (HFMD), which
mainly affects children. There have been several outbreaks of
HFMD in the Asia—Pacific regions™*. EV-A71 transmits through
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both the fecal-oral route and the direct contact with virus-
contaminated surface or patients’ respiratory droplets’. The
basic reproduction number RO for EV-A71 is 5.06°. The mutation
rate of EV-A71 was estimated to be 3.1 x 10~ nucleotide sub-
stitutions per site per year’. The symptoms of HFMD include
fever, sore throat, and vesicular eruptions on the hands, feet, and
oral mucosa®. In addition to EV-A71, coxsackievirus Al6 (CV-
A16) and CV-AG6 are also the main causative agents for HEMD”"'°.
A recent study showed that the clinical severities of HFMD had a
positive correlation with the viral genomic loads of EV-A71 in the
throat swabs, suggesting that antivirals should be exploited to
reduce viral load and alleviate the clinical outcomes''

In addition to HFMD, EV-A71 causes various symptoms and
diseases ranging from herpangina, rashes, and diarrhea to various
neurological complications, including aseptic meningitis, brain-
stem encephalitis, Guillain—Barré syndrome, acute flaccid paral-
ysis  (AFP), neurogenic  pulmonary edema, delayed
neurodevelopment, and reduced cognitive function'> '*. EV-A71
was the most prevalent AFP-associated virus as assessed from
cerebrospinal fluid samples'”. Thus, the neurological complica-
tions caused by severe EV-A71 infection make it one of the most
significant neurotropic viruses known'®~!%.

Since its first isolation in 1969 in California, USAZ(), several
outbreaks of EV-A71 have been reported worldwide'’, rendering
it a major public health concern. However, currently there is no
antiviral available for the prevention or treatment of EV-A71
infection®'. Three vaccines using inactivated whole viruses have
been approved in China®> >*. However, as these vaccines were
generated using a single subgenotype, they do not offer broad-
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spectrum protection against all EV-A71 strains®**°. EV-A71

consists of three genotypes A, B, and C, and genotypes B and C
are further divided into subgenotypes B1 to BS and C1 to CS. In
addition, EV-A71 virus constantly mutates, leading to reduced
vaccine efficacy. For example, the recently identified EV-A71 C1-
GD2019 genotype could not be neutralized by antibodies pro-
duced against the EV-A71 C4a genotype, which is the predomi-
nant circulating strain in China since 2008°’. Similarly, the sera
from patients infected with genotype B5- or C4 EV-A71 viruses
showed reduced neutralization against the 2018—2019 genotype
C1 viruses compared to the earlier genotype B5- or C4 viruses®.
The EV-A71 CI1 genotype is an emerging strain that led to an
outbreak of HFMD in Taiwan (China) between 2018 and early
2019. A recent study showed a newly emerged EV-A71 C4 sub-
lineage is more virulent than the B5 lineage that caused
2015—2016 HFMD outbreak in Vietnam®’. In addition, EV-A71
viruses carrying naturally occurring mutations have been associ-
ated with more severe diseases™’. Overall, it is challenging to
develop a vaccine against all enteroviruses. As such, there is an
urgent need to develop effective broad-spectrum antivirals.
Understanding the viral life cycle is essential in identifying
viral proteins and host factors as potential drug targets to prevent
EV-A71 infection®'. EV-A71 first attaches to the host cell surface
by binding of the viral capsid proteins to the cell surface receptors
and entering the host cell through endocytosis (Fig. 1). As of most
current research, at least six cell receptors have been identified for
EV-A71%: the human scavenger receptor class B member 2
(SCARB2)**; the human P-selectin glycoprotein ligand-1
(PSGL—I)’”; the sialic-acid-linked glycan35 ; human annexin 2
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Schematic overview of the life cycle of EV-A71. EV-A71 viral particles attach to the host cell surface by binding to its specific

receptor and entering the host cell through endocytosis. Upon uncoating, the viral genome RNA is released and serves as a template for translation
into viral polyprotein or the synthesis of negative-strand RNA, which is further used as a template for viral genome RNA replication. Viral
polyprotein is cleaved into structural and non-structural proteins by 2Apro and 3Cpro. Viral capsid proteins VPO, VP1 and VP?3 first self-organize
into a protomer, five of which assemble into a pentamer. Twelve pentamer and viral genome RNA assemble into a provirion, which mature into
progeny virion upon the cleavage of VPO into VP2 and VP4, a process induced by viral genome RNA. Mature virions release and exit from host

cells.
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protein’®; heparan sulfate glycosaminoglycan®’; and human

tryptophanyl-tRNA synthetase (1£WARS)®. The uncoating of EV-
AT1 is triggered upon its binding to the host cell receptor through
a distinctive hydrophobic pocket in the capsid®®*’. A lipid
molecule (“pocket factor”) naturally occupies this pocket and
stabilizes the capsid. The binding of the receptor replaces the
lipid, which causes structural rearrangement of capsids and forms
the expanded intermediate (“A-particle”) for viral genome RNA
release”’. Next, the viruses undergo uncoating and release of the
viral genome RNA in the cytoplasm. The released positive viral
genome RNA is used as a template for the replication of viral
genome RNA and translation of the viral polyprotein. The poly-
protein is then proteolytically cleaved into structural proteins
(VPO, VP1 and VP3) and nonstructural proteins (2A, 2B, 2C, 3A,
3AB, 3C, 3CD) by viral proteases 2A and 3C**. The viral protein
VPg (3B) serves as a primer for viral genome replication, which
takes place on the surface of membranous vesicles”. Genome
replication is catalyzed by the viral RNA-dependent RNA poly-
merase (3DP”), and a negative-strand RNA is first synthesized,
which serves as a template for synthesis of positive-sense viral
genome RNA***. Nascent positive RNA molecules either serve
as templates for viral polyprotein translation or negative-strand
RNA synthesis, or are encapsidated into progeny virions. Virion
assembly starts with one copy of each VPO, VP1 and VP3 self-
organizing into protomers, with five copies of protomers form-
ing a pentamer*. Together with nascent viral RNA, twelve copies
of pentamer form the provirion, which are converted into mature
virion upon the cleavage of VPO into VP4 and VP2, a process that
is induced by viral genome RNA*>**°, Mature virions are released
afterwards and start a new cycle of infection.

While poliovirus has been largely eradicated worldwide with
successful vaccination’, non-polio enteroviruses including
EV-A71 and EV-D68 that cause polio-like paralytic diseases
continue to emerge*®. Therefore, it is critical to understand the
neurotropic mechanism of these viruses, which might inform the
development of effective therapeutic intervention strategies. En-
teroviruses gain access to the central nervous system (CNS)
mainly through three pathways (Fig. 2): direct infection, Trojan
horse invasion, and retrograde axonal transport'®. In the direct
infection pathway, enterovirus infects the brain microvascular
endothelial cells (BMECs) that comprise the blood brain barrier
(BBB), allowing invasion into the CNS via the BBB
(Fig. 2A)*"°. Mouse transferrin receptor 1 was reported as a
poliovirus receptor on BMECs’'. Also, cytokines produced during
viral infection can modulate BBB integrity, which further facili-
tate virus invasion’. The second pathway is known as “Trojan
horse route”, in which enterovirus-infected peripheral circulating
leukocytes acting as carriers to transport virus into the CNS
(Fig. 2B). A membrane protein primarily expresses on leukocytes
called P-selectin glycoprotein ligand-1 (PSGL-1) was reported as
an EV-A71 receptor’®. In the third pathway, enteroviruses
including EV-D68 and EV-A71 are able to hijack the retrograde
axonal transport to enter the CNS (Fig. 20)74,

This review focuses on small molecule antiviral drug candi-
dates against EV-A71 with either a confirmed mechanism of ac-
tion or in vivo antiviral efficacy in animal models. Compounds
with an unknown or a promiscuous mechanism of action will not
be discussed in detail. The sections are organized based on the
drug targets. For each drug target, the function of the protein will
be introduced*’, and prominent examples of antivirals will be
discussed alongside with their mechanism of action. The trans-
lational potential of each class of drugs will then be compared.
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Figure 2  Three CNS penetration pathways exploited by enterovi-
ruses. (A) Enterovirus can cross the BBB and reach the CNS by directly
infecting BMECs. (B) Enterovirus can infect leukocytes, which act as
carriers to transport virus into the CNS. (C) Enteroviruses hijack the
retrograde axonal transport to enter the CNS. Viruses first infect mus-
cles, then motor neurons, and finally reach the spinal cord.

New techniques and assays that can facilitate EV-A71 antiviral
drug discovery will also be highlighted. Since EV-A71 and EV71
are used interchangeably in the literature, we will use EV-A71
throughout this review to be consistent. For compounds cited in
this review, we use the same name as in the original publication.
To avoid duplications, the drug target is placed in front of the
compound name. Selected examples with translational potential

are listed in Table 1°7'%,

2. Direct-acting EV-A71 antivirals
2.1.  Viral capsid inhibitors

The EV-A71 icosahedral viral capsid is composed of 60 copies of a
pentameric subunit comprising VP1, VP2, VP3, and VP4. VPI,
VP2, and VP3 are exposed on the viral surface and mediate host cell
receptor recognition, and VP4 is present underneath the capsid. The
structures of the viral capsid with and without inhibitors or anti-
bodies bound have been solved by X-ray crystallography and cryo-
EM™*’, rendering it feasible for structure-based drug design. Spe-
cifically, the VP1 protein contains a hydrophobic pocket located on
the surface of the capsid canyon. A “pocket factor”, typically alipid,
binds to this pocket and stabilizes the virion (Fig. 3A)'". Upon
receptor binding, the pocket factor is released, leading to particle
destabilization and subsequent viral genome release. It has been
found that small molecule inhibitors that compete with the pocket
factor for the same binding site can regulate virus stability and
infectivity (Fig. 3B)™. In contrast to the lipid pocket factor, in-
hibitors generally bind to the hydrophobic pocket of VP1 with
higher affinity and therefore cannot be released upon receptor
binding'". In other words, they act as a molecular glue to prevent
the uncoating of the viral capsid proteins. In addition to this



Table 1  Selected EV-A71 antivirals with translational potential.

Inhibitor

Remark

Inhibited

Not inhibited

Ref.

Capsid inhibitors
Pleconaril
Vapendavir
Pirodavir

PR66

NLD-22

VP1-14

ICA135

CB-30

Suramin
Brilliant black BN (E151)

2C inhibitor
(S)-Fluoxetine

2C-12b

Dibucaine
2C-12a

JX040

2C-7d

3A protein inhibitor
Enviroxime

Itraconazole

3Cpro inhibitor
Rupintrivir

GC-376

3Dpol inhibitor
Gemcitabine

Sofosbuvir

Activity against EV-A71 is controversial

Dropped out of clinical trial for rhinovirus
infection

Dropped out of clinical trial for rhinovirus
infection

Dropped out of clinical trial for rhinovirus
infection

In vivo antiviral efficacy against EV-A71 in mice

Favorable PK properties
In vivo antiviral efficacy against EV-A71 in mice
Favorable PK properties
In vivo antiviral efficacy against EV-A71 in mice
In vivo antiviral efficacy against CV-A10 in mice

Binds to the five-fold axis of the EV-A71 capsid

Polypharmacology

In vivo antiviral efficacy against EV-A71 in mice
and rhesus monkeys

Binds to the five-fold axis of the EV-A71 capsid

In vivo antiviral efficacy against EV-A71 in mice

Lack of efficacy against EV-D68 in clinical trials
(S)-enantiomer is more active
Analog of fluoxetine

Identified through drug repurposing
Dibucaine analog;

Did not inhibit Na* channel
Derived from a HTS hit

Derived from a HTS hit

Failed in phase II trial for rhinovirus infection;
PI4KIIIB was also suggested as the drug target
Mutations in 3A confer drug resistance;

OSBP was also suggested as the drug target

Failed in phase II trial for rhinovirus infection

Veterinary drug candidate for FIPV infection in
cats

Identified through drug repurposing;
Synergistic effect with interferon-3
Invivo antiviral efficacy against EV-A71 in mice

EV-D68, RV-87, RV-A, RV-B

EV-A71. EV-C, RV-A, RV-B

EV-A71, EV-D68, EV-A, EV-B, EV-C,
EV-D, RV-A, RV-B
EV-A71

EV-A71
EV-A71

CV-A10, EV-A71, CV-Al16, CV-B3, PV-1,
EV-D68

EV-A71, HIV-1, HIV-2

EV-AT71, CV-A2, CV-A3, CV-A10, CV-Al2,
CV-Al6, CV-A9, ECHO25

EV-A71, CV-Al6, CV-A6

CV-B3, EV-D68, HRV-A2, HRV-B14

EV-AT71, EV-D68, CV-B3, PV-1, CV-A24,
HRV-A2, HRV-B14

EV-AT71, EV-D68, CV-B3

EV-D68

CV-B3, EV-A71, PV-1
EV-AT71, EV-D68, CV-B3

PV1-3, RV14, RV16, CA21, CB3, RV-87,
EV-A71, EV-D68

EV-A71, CV-Al16, CV-B3, PV-1, HRV14,
EV-D68

EV-A71, CV-Al16, EV-D68, RV-87,
norovirus, human rhinoviruses
EV-A71, EV-D68, HRV18, HRV51, HRV68

EV-A71, EV-D68, CV-B3, CV-A6, CV-Al6,
E-7, PV-1, DENV, CHIKV
EV-A71

PV-1, RV-B17, RV-A45,
RV-C

EV-D68

RV-AS8, RV-A25, RV-A45, RV-87,
RV-C

EV-D68, CV-A16, CV-B1, CV-B2,
CV-B3, Echovirus 9, rhinovirus

ECHO20, PV1-3, EV-D68
CV-A4, CV-A10

EV-AT71, PV-1

PV-11, RV-A2, RV-B14

Equine rhinitis A virus

SARS-CoV-2

56,58,59,64

55,57,65

57,64—66

60

61

62

63

67
68—71

73—175

76

71
78

79
80

64,65,81—83

84,85

64,65,86—89

88

90

90

(continued on next page)
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Table 1 (continued)

Ref.
91

Not inhibited

Inhibited

Remark

Inhibitor
FNC

EV-A71, CV-Al6, CV-A6, EV-D68, CV-B3

EV-A71, EV-D68 (not all subtypes)

EV-A71

HIV clinical candidate

65,92
93

Synergistic effect with suramin
Failed in clinical trial for flavivirus infection

Favipiravir (T-705)

NITDO008

IRES inhibitor
DMA-135
Prunin

94
95

EV-A71
EV-A71

Binds to the IRES stem loop 2

Mutations in IRES confer drug resistance;

In vivo antiviral efficacy against EV-A71

infection in mice
In vivo antiviral efficacy against EV-A71

96

EV-A71, CV-Al6, CV-B1, EV-D68,

Emetine

Echovirus 6

infection in mice

Host-targeting antivirals

97

Decreases OSBP level

OSW-1
MDL-860

EV-A71, CV-B3, CV-A21, RV-B14

98,99

RV-1, RV-2, RV-8, RV-64, PV-2, EV-AT71,

Allosteric inhibitor of PI4KB

EV-D68
HCYV, DENV, ZIKV, CHIV, EV-A71, HIV,

100

DHODH inhibitor

RYL-634

RSV

—Not available.

hydrophobic pocket in VP1, the five-fold axis of the capsid proteins
has also been shown to be a viable drug-binding site.

2.1.1. EV-A71 antivirals targeting the VPI hydrophobic pocket
The most advanced EV-A71 capsid inhibitors are derived from the
WIN series of compounds such as WIN 51711 (Fig. 3C)'°". Ple-
conaril is a representative example of the WIN series of viral capsid
inhibitors. Pleconaril treatment protected mice from lethal EV-A71
infection, while ribavirin had no effect®®. However, in another
study, pleconaril showed no antiviral activity against EV-A71
(ECsp > 262 pumol/L). In contrast, vapendavir and pirodavir
inhibited the in vitro replication of 21 EV-A71 strains from gen-
ogroups A, B2, B5, C2, and C4 with ECs, values ranging from
0.361 to 0.957 umol/L°”. In our study, pleconaril was also not active
against two EV-A71 strains tested, the Tainan/4643/1998 and MP4
(ECso > 5 pmol/L)’®. Vapendavir dropped out of clinical trials of
rhinovirus infection because of its significant side effects including
headache and drug—drug interactions”. Pleconaril was rejected by
FDA as a drug candidate to treat rhinoviruses, citing concerning
side effects of menstrual irregularity and drug resistance™.

An imidazolidinone derivative PR66 was identified as a potent
EV-A71 antiviral through structure—activity relationship
studies’”. PR66 inhibits EV-A71 2231 virus with an ICsy of
0.019 £ 0.001 pumol/L as well as several other EV-A71 strains
with ICso values at the nanomolar range. PR66 was not active
against EV-D68 (ICsy > 10 pumol/L), coxsackieviruses A16, B1,
B2, and B3 (ICsy > 25 umol/L), echovirus 9 (ICsq > 25 pumol/L),
or human rhinovirus (ICsy > 25 pumol/L). Serial viral passage
experiments yielded a resistant virus with mutations mapped to
the viral capsid VPI1 protein (V179F). The recombinant EV-A71
virus with VP1-V179F mutant was not stabilized by PR66
against thermal denaturation. In the in vivo study, PR66 treatment
by either oral gavage or intraperitoneal injection significantly
improved the disease score and survival rate.

NLD and ALD are structural analogs to PR66 and inhibited EV-
AT1 replication with ICsq values of 0.025 and 8.54 nmol/L, making
them the most potent EV-A71 inhibitors reported so far'®. The X-
ray crystal structures of EV-A71 VP1 in complex with NLD and
ALD have been solved (PDB: 4CEY and 4CEW). Recently, a
similar compound NLD-22 was reported by the same group to
inhibit EV-A71 with an ECsq value of 5.056 nmol/L in cell culture
with improved cellular selectivity (CCsq > 100 pmol/L)°".
NLD-22 has favorable pharmacokinetic properties and provided
100% protection for mice infected with a lethal dose of EV-A71,
suggesting that NLD-22 might be a promising antiviral drug
candidate for HFMD. High-resolution cryo-electron structure
showed that NLD-22 binds to the hydrophobic pocket in VP1
(PDB: 6LQD).

Compound VP1-14 (14 in the original publication), an ami-
nopyridyl 1,2,5-thiadiazolidine 1,1-dioxide analog, showed potent
antiviral activity against EV-A71 with an ECsy of 4 nmol/L.
Compound VP1-14 is highly similar to NLD and contains the
1,2,5-thiadiazolidine 1,1-dioxide replacing the imidazolidinone
linker. This compound contains a ketoxime ether and had favor-
able in vivo PK properties. When dosed at 10 mg/kg either before
or after the lethal dose of EV-A71 infection, VP1-14 showed
100% survival protection in mice®”.

A virtual screening was conducted to identify compounds that
fit in the hydrophobic pocket in the VP1 protein of coxsackievirus
A10 (CV-A10)%. Four compounds were identified to inhibit CV-
A10 replication in cell culture with ECso values ranging from
9.11 to 36.36 pmol/L. Among them, ICA135 had broad-spectrum
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EV-AT71 capsid inhibitors targeting the VP1 hydrophobic pocket. (A) Cryo-EM structure of EV-A71 capsid proteins in complex with

sphingosine (PDB: 6UH6) and (B) NLD-22 (PDB: 6LQD). VP1, VP2, VP3, and NLD-22 were colored in gray, tint, yellow, and magenta,
respectively. (C) Chemical structures of EV-A71 capsid inhibitors targeting the VP1 hydrophobic pocket.

antiviral activity against EV-A71 (ICsg = 3.047 pmol/L), CV-A16
(ICsp = 0.566 pumol/L), CV-B3 (ICsp = 9.68 pmol/L), PV-1
(ICso = 1.533 umol/L), and EV-D68 (ICsy = 1.425 pmol/L).
The docking study suggested that ICA135 might similarly bind to
the hydrophobic pocket in their VP1 proteins. In the CV-A10
infected mouse model study, ICA135 treatment led to improved
survival rate and decreased clinical score. Although the in vitro
antiviral activity of ICA135 is relatively weak compared to other
capsid inhibitors (umol/L vs. nmol/L), the broad-spectrum anti-
viral activity and the in vivo antiviral efficacy of ICA135 suggest
that this class of compounds warrant further development.

A series of diarylhydrazides were reported as potent EV-A71
capsid inhibitors'®*. The most potent lead compound VP1-15 (15
in the original publication) inhibited EV-A71 with an ECs, value
of 0.02 pmol/L and a high selectivity index (SI > 10,000).
Fluorescence-based thermal stability assay showed that compound
binding increased the EV-A71 virion stability against thermal
denaturation. The in vivo antiviral efficacy for this series of
compounds has not been reported.

A natural product isolated from avocado, named avoenin, was
found to inhibit EV-D68 replication in cell culture with an ECsq of
2 pmol/L'*. It has a weak inhibition against EV-A71 at 38 pmol/L.
Mechanistic studies showed that mutations at the capsid protein

VP3 confers drug resistance against avoenin. However, further
studies are needed to identify the drug-binding site of aveonin.

Three natural products, auraptene, formononetin and yangonin
were identified as EV-A71 antivirals'°®. Auraptene inhibited EV-
A71 and CV-A16, while the antiviral activities of formononetin
and yangonin were limited to EV-A71. Resistance selection
experiment showed that mutations mapped at VP1 and VP4
conferred drug resistance against these three compounds.

A series of benzothiophene derivatives have been found to
inhibit human rhinovirus A and B strains'’’. The most potent
compound VP1-6g (6g in the original publication) inhibited EV-
A71 with an ECsy value of 15 nmol/L. The time-of-addition
experiment and resistance selection suggest that compound 6g
binds to the same binding site as pleconaril in the viral capsid
protein VP1.

2.1.2.

capsid
MADL385 is a dendrimer consisting of 12 tryptophan residues
and has antiviral activity against EV-A71 BrCr strain in cell cul-
ture with an ECso value of 0.28 pmol/L (Fig. 4A)"08, Cryo-EM
structure showed that MADAL385 binds at the 5-fold axis of
the vial capsid. This binding mode was supported by the drug-

EV-A71 antivirals targeting the five-fold axis of the
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resistant mutants in VP1, S184T and P246S. Recombinant viruses
encoding the VP1-S184T, VP1-P246S, and the VP1-S184T/P246S
led to reduced drug sensitivity by 7-, 16-, 31-fold. Subsequently,
simplified dendrimers consisting of three or four tryptophan res-
idues were designed to similarly target the five-fold axis of the
EV-A71 capsid (Fig. 4B)". They also inhibit HIV by binding to
the glycoprotein gp120. One of the most potent compounds is CB-
30, which inhibits multiple strains of EV-A71 with ECs, values
ranging from 0.2 to 353 nmol/L (Fig. 4B). Furthermore, recom-
binant viruses carrying mutations at the viral capsid protein VPI1,
VP1-S184T, VP1-P246S, VP1-S184T/P246S, showed partial
resistance against CB-30, suggesting that CB-30 might bind to the
same pocket as MADL385. This was further supported by a model
generated from the cryo EM structure, showing that CB-30 might
fit around the five-fold axis of the EV-A71 capsid (PDB: 6UH7)
(Fig. 4C).

A natural product rosmarinic acid (RA) was found to inhibit
multiple strains of EV-A71 in cell culture with ECs, values from
31.57 to 114 pmol/L, but not the EV-D68 strains (ECsq > 100)'%.
Resistant selection identified the VP1-N104K mutation, which
was confirmed by reverse genetics to confer drug resistance. The
N104 residue was shown to be critical in allowing the virus to bind
to heparan sulfate but not the PSGL-1. Interestingly, despite its
relatively weak in vitro antiviral activity, RA showed in vivo
antiviral efficacy in EV-A71 infected mouse model study. It is
likely that the in vivo antiviral efficacy of RA might involve other
mechanisms.

Suramin, an FDA-approved pediatric antiparasitic drug, was
found to inhibit EV-A71 by blocking the viral entry step”®. Several
sulfonated and sulfated analogs similarly showed potent antiviral
activity against EV-A71. However, the exact mechanism of action

A

%oom HOOC, ;
& N cocw\\‘
NH COOH
H
S CaW OJ
\NH
oom
naooc 1

HN{

Hooc. &{@

%nooc HOOC: 00H HN__O O _NH
2o o P

OH
o
W(P/\x
H

Rosmarinic acid

N . I
NN
% o Ty
MADAL385 HO™Y g oH
NF10
H H
N. R R
\
o Z 0 o {0
" HJ‘\/\O ~N n
HO H O
‘/\./ \’}N OH
) é ; )
NR R4y
COOH B
R=
OO0H
Figure 4

OH

k@;l/@ Q\g D)kuu <2 Ho?sgg . %&&H
2 O

or the drug target remains elusive. Nevertheless, the in vivo antiviral
activity of suramin was confirmed in two animal models using mice
and rhesus monkeys. In mice challenged with a lethal dose of EV-
A71, suramin treatment by intraperitoneal injection at 20 or
50 mg/kg improved the survival rate. In adult monkeys challenged
with 1 x 10%° CCIDs, dose of EV-A71 FY-23 strain, suramin
treatment at —1, 1, 3, 5 dpi by i.v. injection at 50 mg/kg significantly
lowered the viral genome copy in the serum. Although these results
were promising, the translational potential of suramin remains to be
validated in human clinical trials. One potential concern might be its
promiscuous mechanism of action since suramin is a known pan-
assay interference (PANIS) compound. The binding site of sur-
amin was proposed to be a positively charged region surrounding
the 5-fold axis of the capsid, and drug binding leads to the blockage
of viral attachment’”. Specifically, mutations at residue 145 of the
VP1 protein, Q145G and Q145E, resulted in approximately 30-fold
loss of antiviral potency. Moreover, the antiviral spectrum of sur-
amin is limited to enterovirus A species.

Sumarin analogs NF449, NF110 and NM16, were found to
inhibit EV-A71 by blocking the viral attachment to the host cell
heparan sulfate and PSGL-1 receptors, both of which are sulfated
molecules’'. Residues located at the 5-fold vertex of the EV-A71
capsid were shown to be critical for NF449 binding, and mutations
E98Q and K244R reduced the drug sensitivity. Consistent with the
proposed mechanism of action, NF449 and NF110 prevented the
binding of the monoclonal antibody MA28-7, which recognizes
the same epitope as these small molecules.

Brilliant Black BN (E151), a sulfonated food azo dye, was
identified to inhibit EV-A71, CV-A16, and CV-A6 replication in
cell culture’”. Mechanistic studies suggested that E151 binds to
the vertex of the 5-fold axis of EV-A71 and prevents viral
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EV-AT71 antivirals targeting the five-fold axis of the capsid proteins. (A) Chemical structure of EV-A71 capsid inhibitors targeting the

five-fold axis of the capsid proteins. (B) Chemical structure of CB-30. (C) Binding pose of EV-A71 capsid inhibitor CB-30 (compound 30 in the

original publication)®’

. Reprinted with permission from Ref. 68. Copyright © 2020, American Chemical Society.
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attachment to the host cell. When 14-day old AG129 mice were
challenged with 10 x LDsq of either the EV-A71-B4 or the EV-
AT71-Cl1 strains, E151 treatment by i.p. injection at 200 mg/kg/day
from O dpi to 3 dpi provided 100% survival protection. Mice
treated with E151 also had significantly reduced viral titer in the
brain and hind limb muscle.

Overall, viral capsid proteins are validated antiviral drug tar-
gets. The advantage of capsid inhibitors is their high potency
(nmol/L to pmol/L). However, capsid inhibitors generally have a
low genetic barrier to drug resistance and their antiviral activity is
often limited to certain subtypes of enteroviruses. No broad-
spectrum capsid inhibitors have been reported thus far™. Never-
theless, the capsid inhibitors are promising candidates for com-
bination therapy. Further studies need to focus on optimizing the
pharmacokinetic properties, improving selectivity, and broadening
the antiviral spectrum.

2.2.  2A protease (2Apro)

2A is a viral cysteine protease that cleaves the viral polyprotein
between P1 and P2 segments, whereas the viral protease 3C
cleaves between P2 and P3. In addition, 2A protease (2Apro)
suppresses host protein translation by cleaving the initiation factor
elF4G, thereby inhibiting the host cap-dependent mRNA trans-
lation''’. The EV-A71 2Apro remains a relatively unexplored
drug target and no potent and specific EV-A71 2Apro inhibitor has
been reported. In one study, a peptide based inhibitor Z-
LVLQTM-FMK showed weak inhibition against EV-A71 repli-
cation in cell culture at a high concentration of 200 pumol/L
(Fig. 5A)""". In another study, CW33 was found to be a weak
inhibitor of EV-A71 2Apro and inhibited the enzymatic activity
with an ICsy value of 53.1 pmol/L''”. CV33 inhibited EV-A71
replication in cell culture with an ECsq close to 200 umol/L. and
its antiviral activity is synergistic with IFN-G. Given their weak
inhibitory activities, these two compounds might not be classified
as specific 2Apro inhibitors. Further studies are needed to identify
more potent and drug-like 2Apro inhibitors. The X-ray crystal
structure of the EV-A71 2A-C110A mutant was solved (PDB:
4FVB)'"®, paving the way for structure-based drug design or
virtual screening (Fig. 5B).

In another study, a library of 32 lycorine derivatives was
screened against EV-A71. 1-acetyllycorine was found to be the
most potent hit and inhibited multiple strains of EV-A71 in several
cell lines''*. Resistance selection identified the 2A-F76L mutation
that reduced the drug sensitivity by ~10-fold. The F76 residue was
located at the conserved zinc-binding motif and the EV-A71 2A-
F76L mutant protein had reduced enzymatic activity. However,
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the exact mechanism of action of l-acetyllycorine remains
elusive.

Overall, EV-A71 2Apro remains a relatively unexplored novel
drug target and potent and specific inhibitors are needed for
in vitro and in vivo target validation.

2.3. 2B inhibitor

When expressed in xenopus oocyte, the EV-A71 viral 2B protein
forms an ion channel that selectively conducts chloride ion“s,
rendering it a putative member of the viroporin family''®. A
chloride channel inhibitor 4,4'-diisothiocyano-2,2'-stilbenedi-
sulfonic acid (DIDS) was found to inhibit the EV-A71 replica-
tion in RD cells (Fig. 6). However, given the structural
similarities of DIDS with many other capsid inhibitors such as
suramin and Brilliant Black, the cellular antiviral activity of
DIDS might not solely arise from the inhibition of chloride
conductance through the 2B ion channel. To further delineate
the mechanism of action of DIDS, resistance selection experi-
ment should be performed. Similarly, more potent and specific
2B channel blockers need to be developed, which can be used as
chemical probes for target validation. Moreover, the structure of
EV-A71 2B protein has not been determined. It remains un-
known whether the chloride ion channel function of 2B protein
is essential for the viral replication. One study found that EV-
A71 2B recruited the proapoptotic protein BAX to the mito-
chondria and induced cell apoptosis''’.

2.4.  2C inhibitor

The 2C protein is a multifunctional protein and its known func-
tions include viral uncoating, membrane remodeling, RNA bind-
ing and replication, and encapsidation''®. The EV-A71 2C protein
was reported to have ATP-dependent RNA helicase and ATP-
independent chaperoning activities''”. The 2C protein was also
involved in modulating the innate host immune response upon
viral infection. The detailed mechanism of 2C protein in virus
replication and packaging is yet to be elucidated. However, 2C is a
high-profile antiviral drug target and structurally diverse small
molecule compounds have been identified as 2C-targeting
inhibitors.

The X-ray crystal structure of a soluble fragment of EV-A71
2C (residues 116—329) was solved at 2.5 A resolution (Fig. 7A).
The 2C protein contains an adenosine triphosphatase (ATPase)
domain, a cysteine-rich zinc finger, and a C-terminal helical
domain. The C-terminal helical domain mediates the oligomeri-
zation with a neighboring monomer by binding to a concave

1-Acetyllycorine

EV-A71 2A protease inhibitors. (A) Chemical structure of the EV-A71 2Apro inhibitors. (B) Modeling of the substrate peptide on the

X-ray crystal structure of EV-A71 2Apro C110A mutant (PDB: 4FVB)''"’. Reprinted with permission from Ref. 115. Copyright © 2013,

American Society for Microbiology.
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pocket formed between the ATPase and the zinc finger domains
(Fig. 7A). Functional studies showed that the oligomerization is
critical to the 2C ATPase activity and the EV-A71 viral
replication.

Fluoxetine was advanced to clinical trials in treating EV-D68
infection, but was found not effective for patients with proven or
presumptive EV-D68 associated AFM’*">. A recent study
discovered that (S)-fluoxetine is more potent than the racemic
fluoxetine mixture in inhibiting CV-B3 and EV-D68 (Fig. 7B).
Mechanistic studies showed that (§)-fluoxetine binds to CV-B3 2C
protein with higher affinity than the (R)-fluoxetine’”. However,
neither the racemic mixture nor the individual enantiomer of
fluoxetine was active against EV-A71'?°, suggesting that not all
2C inhibitors have broad-spectrum antiviral activity against en-
teroviruses. Nevertheless, in a following study, several substituted
amides were synthesized and tested against enteroviruses’®. The
most potent compound 2C-12b (12b in the original publication)
inhibited multiple coronaviruses including EV-A71, EV-D68, CV-
B3, PV-1, CV-A24, HRV-A2 and HRV-B14 with ECs, values
ranging from 0.0029 to 1.39 pmol/L. Compound 2C-12b is
structurally similar to fluoxetine, both of which containing three
aromatic substitutions connected with a linker. However, unlike
fluoxetine, compound 12C-2b is not neuroactive and did not
inhibit the serotonin transporter (SERT), dopamine transporter
(DAT), or the norepinephrine transporter (NET). The mechanism
of action was elucidated through resistance selection using CV-
B3, EV-A71, and EV-D68 viruses. In each case, the resistant
mutants were mapped to the viral 2C protein. The resistance was
confirmed using recombinant viruses encoding the identified 2C
mutants as well as the differential scanning fluorimetry binding
assay. The mutations were located at the «2 helix of 2C, which is
close to the solvent accessible tunnel that the inhibitor might bind.
The drug—bound complex structure is needed to fully explain
their mechanism of action.

Dibucaine was identified as a CV-B3 antiviral through a drug
repurposing screening’ . Resistance selection mapped several
mutations at the viral 2C protein. A secondary assay showed that
dibucaine also inhibited EV-A71 and EV-D68 with ECs values of
7.59 and 3.03 pmol/L. Given its convenient synthesis,
structure—activity relationship studies were conducted, yielding
dibucaine analogs such as 2C-12a (12a in the original publication)
with a significantly improved antiviral activity and selectivity
index against EV-D68’%. One potential issue with repurposing
dibucaine as an EV-A71 antiviral is its analgesic effect. Dibucaine
was clinically used as a local analgesic drug through inhibiting the
Na™ channel, and the optimized lead compounds such as 2C-12a
had no inhibition against Na® channel, thereby alleviating the
concern of potential side effects’®. Follow up studies led to the
discovery of 2C-6aw (6aw in the original publication) with
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favorable in vitro PK properties and a broader spectrum of anti-
viral activity'?', especially against EV-A71. In parallel, another
study similarly identified dibucaine analogs with improved anti-
viral activity and cellular selectivity index through
structure—activity relationship (SAR) study'?*. The most potent
compound 2C-6i (6i in the original publication) had in vivo anti-
viral efficacy in the EV-A71 infected mouse model study and the
antiviral activity was synergistic with emetine. However, the
in vitro and in vivo PK properties of these compounds have not
been reported.

An aryl substituted amide R523062 was identified to inhibit
EV-D68 from a HTS'*. In the secondary hit validation, R523062
was found to inhibit multiple EV-D68 strains with ECs, values
ranging from 2.3 to 6.4 umol/L. It also inhibited EV-A71 viruses,
but with lower potency (ECsg = 9.6—55.7 umol/L). Serial viral
passage experiment led to the identification of resistant EV-D68
viruses with several mutations VP1- G178S, 2A-V112I, 2C-
12271 and Q322R, and 3A-V54A. The VP1-G178S and 2A-V112I]
were eliminated as possible contributors of drug resistance by
time-of-addition and enzymatic assays, respectively. Next, to
confirm whether the 2C or the 3A mutant confers the phenotypic
drug resistance, corresponding recombinant viruses were gener-
ated. It was found that the MO 3A-V54V maintained similar drug
sensitivity against R523062 as the rMO, suggesting that the 3A
mutant did not contribute to the drug resistance. Furthermore, the
MO 2C-Q322R also demonstrated similar drug sensitivity against
R523062 as the rMO. In contrast, the tMO 2C-1227L/Q332R
double-mutant virus was resistant with an ECsq shift by more than
10-fold from the CPE assay, suggesting that the 1227L might be
the drug resistant mutant. However, the tMO 2C-1227L could not
be generated, most likely due to the loss of function caused by the
mutation. Nevertheless, the binding assay with purified 2C-1227L
protein provided confirmative evidence that this single mutation
confers drug resistance against R523062. Although R523062 had
relatively weak antiviral activity against EV-A71, its simple
structure makes it convenient for lead optimization.

A series of pyrazolopyridine derivatives were identified as CV-
B3 antivirals through a phenotypic screening'>*. These com-
pounds also had broad-spectrum antiviral activity against EV-A71,
coxsackieviruses, echoviruses, and poliovirus. Mechanistic studies
suggest that viral 2C protein is the drug target. Subsequent SAR
studies led to more potent and selective inhibitors including JX040
which inhibited EV-A71 with an ECs, value of 0.5 pmol/L”°. The
in vitro and in vivo pharmacokinetic properties of this series of
compounds remain to be profiled.

Our recent study identified a series of pyrazolopyridine analogs
with broad-spectrum antiviral activity against EV-D68, EV-AT71,
and CV-B3 in several cells lines including RD cells and SH-SY5Y
neuronal cells®’. Compound 2C-7d (7d in the original publication)
was used as a chemical probe for the mechanistic studies, which
revealed that the viral 2C protein is the drug target. 2C-7d was
shown to bind to the 2C proteins from EV-D68, EV-A71, and CV-
B3 in the differential scanning fluorimetry (DSF) assay. Resis-
tance selection identified mutations in the 2C protein (D183V/
D323G) that confer resistance to EV-D68, which was further
confirmed in the antiviral assay using recombinant viruses
generated from reverse genetics, and the DSF binding assay.
Although the recombinant EV-D68 2C-D183V/D323G virus
(rD183V/D323G) had reduced drug sensitivity, competition
growth assay showed that it has a compromised fitness of repli-
cation compared to the WT virus.
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Chemical structure of EV-A71 2C inhibitors.

Other reported 2C inhibitors include guanidine, TBZE-029,
HBB, MRL-1237, pirlindole, zuclopenthixol, metrifudil, and N°-
benzyladenosine (Fig. 7D)**"”'**712% among which metrifudil
and N°®-benzyladenosine were reported to inhibit EV-A71 while
the rest have not been tested against EV-A71'%’. All these com-
pounds were identified from drug repurposing screening and had
resistant mutations mapped to the viral 2C protein. Although
mutations in the viral 2C protein conferred drug resistance against
metrifludil, and N®-benzyladenosine, no direct binding assay ex-
periments were performed.

The broad-spectrum antiviral activity of 2C inhibitors makes
them promising drug candidates, but the detailed mechanism of
action needs further investigation. It is intriguing that structurally
diverse compounds all target the same protein. As of latest

research, only the EV-A71 2C, CV-B3 2C, and PV 2C structures
have been solvedlzg*lm, and efforts should be made to solve the
2C structures from other enteroviruses including EV-D68, CV-
A16, CV-A6, and CV-A10. More importantly, the complex
structures of 2C in complex with inhibitors can contribute
significantly to the understanding of the mechanism of action of
existing 2C inhibitors and guide the development of more potent
and selective 2C inhibitors. It is noted that the X-ray crystal
structure of CV-B3 2C (117-329) in complex with (S)-fluoxetine
was recently reported in a preprint (PDB: 6T3W) (Fig. 7B and
o), X-ray crystal structure showed that (S)-fluoxetine binds to
the allosteric site in the CV-B3 2C (Fig. 7B and C), and drug
binding stabilizes the 2C hexamer. Drug-resistant mutations are
mapped to both the (S)-fluoxetine binding site (C179F, C179Y and
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FI90L) and the 224-AGSINA-229 loop (A224V, 1227V, and
A229V). The 224-AGSINA-229 loop locates downstream of the
Walker C motif and does not directly interact with (S)-fluoxetine.
It was proposed that the 224-AGSINA-229 loop stabilizes the
Walker B-containing loop in an “open conformation”, therefore
suitable for SFX binding. Giving the success of crystalizing CV-
B3 with fluoxetine, it is promising to solve the co-crystal struc-
tures of EV-D68 and EV-A71 2Cs with structurally diverse 2C-
targeting inhibitors. The structures will help guide the lead opti-
mization and rationalization of the drug resistance mechanism.

2.5. 3A protein

The enterovirus replication complex resides in the replication
organelles, the formation of which requires the hijacking of host
lipid homeostasis pathways. The viral 3A protein and the host
phosphatidylinositol 4-kinase III§ (PI4KB), acyl-coenzyme A
binding domain containing 3 (ACBD?3), and oxysterol-binding
protein (OSBP) are known to be essential for the formation of
the replication organelles (Fig. 8A)'*""'*?. Overexpression of 3A
protein or EV-A71 infection led to the increased interactions of
PI4KB and ACBD3'". Furthermore, viral 3A, PI4KB and
ACBD3 co-localize at the replication organelles where viral RNA
replication takes place, and 3A interacts directly with ACBD3
(Fig. 8A). Mutations in the 3A protein I44A and H54Y interrupts
the PIAKB—ACBD3 interaction. A recent study also showed that
ACBD3 is essential in mediating the 3A-PI4KB interactions'>*.
The X-ray crystal structures of the C-terminal Golgi-dynamics
domain (GOLD) of ACBD3 in complex with the 3A protein
from several enteroviruses including EV-A71, PV1, EV-D68, and
RVB14 were solved (PDBs: 6HLW, 6HLV, 6HLN, and 6HLT)
(Fig. 8B)'*. The structures of all GOLD:3A complexes are highly
similar, implying that diverse enteroviruses use a conserved
mechanism to recruit the host ACBD3 protein to the Golgi. The
3A protein has been shown to stimulate the ACBD3:PI4KB
interaction and subsequent enrichment of PI4KB at the replication
organelle. It is likely that upon binding to viral 3A protein,
ACBD3 undergoes a conformational change that is essential for its
binding with PI4KB. However, the exact binding mode of these
proteins in the replication organelles is yet to be determined by
high-resolution structures.

Enviroxime is a broad-spectrum enterovirus antiviral targeting
the viral 3A protein (Fig. 8C). Enviroxime was evaluated in
clinical trials for rhinovirus infection, but the clinical development
was halted due to the lack of therapeutic benefits and gastroin-
testinal side effects®’®*. Other compounds that inhibit EV-A71
through a similar mechanism of action as enviroxime include
AN-12-H5 and GW5074'?7-13%137 " These compounds demon-
strated cross-resistance with enviroxime and had resistant muta-
tions mapped to the same region in the viral 3A protein.
Interestingly, AN-12-H5 had an additional mechanism of action
by targeting the viral capsid protein VP1, which inhibited the early
stage of EV-A71 replication'**. AN-12-H5 and GW5074 had no
structural similarities to enviroxime, raising the question of
whether they target the viral 3A protein directly or indirectly.

TTP-8307 was found to inhibit CV-B3 by directly inhibiting
OSBP-mediated lipid shuttling (Fig. 8C)'**'*°. Mutations in the
CV-B3 3A protein (V45A, I54F, and H57Y) resulted in pheno-
typic drug resistance. TTP-8307 had cross-resistance with another
3A-targeting enterovirus inhibitor enviroxime. Similarly, muta-
tions in the 3A proteins from RV14 and PV1 viruses conferred
drug resistance against enviroxime®®. Although resistant mutants

were mapped to the viral 3A protein, the exact mechanism of
action of TTP-8307 or enviroxime remains unknown. There is no
experimental evidence to support that TTP-8307 and enviroxime
bind directly to the viral 3A protein. Another possibility might be
that mutations in 3A disrupt the interactions between 3A and other
viral or host factors that are required for the viral replication.
Although TTP-8307 has not been tested against EV-A71, it is
expected that it will be active against EV-A71 accordingly to the
proposed mechanism of action.

Itraconazole (ITZ) was identified as an EV-A71 antiviral with an
ECs value of 1.15 pumol/L through a drug repurposing screening of
the FDA-approved drug library®*. In addition, ITZ also had antiviral
effect against CV-A16, CV-B3,PV1, and EV-D68, suggesting that it
might be a promising broad-spectrum antiviral candidate against
picornaviruses. Drug resistance selection coupled with reverse ge-
netics identified two mutations located at the 3A protein V51L and
V75A that conferred drug resistance. Interestingly, ITZ-resistant
viruses do not show cross-resistance to the other two 3A-targeting
antivirals posaconazole and GW5074, implying that these com-
pounds might target different regions of the 3A protein or target 3A
indirectly. The difficulty in pursuing 3A as a drug target is the lack of
a biochemical assay to access the direct effect of the inhibitors
against 3A.

A recent study showed that itraconazole and posaconazole
were also potent antivirals against Parechovirus A3 (PeV-A3)'*.
Similar to EV-A71, PeV-A3 primarily infects children and causes
sepsis-like illness, meningitis, and encephalitis. Resistant viruses
identified from serial viral passage experiments had mutations
mapped to viral capsid proteins VPO, VP3, VP1 as well as
nonstructural proteins 2A and 3A. All single mutations led to drug
resistance against posaconazole, but the 3A-T1L was the pre-
dominant mutate and was 119-fold more resistant to pos-
aconazole. This study suggests that itraconazole and posaconazole
might have a polypharmacology and their antiviral mechanism of
action might involve multiple drug targets including the viral 3A
and VP1 proteins as well as the host OSBP and ORP4.

In summary, although structurally diverse compounds have
been identified as putative viral 3A inhibitors, there is a lack of
evidence that these compounds interact directly with the 3A
protein. They may target the 3A-interacting proteins such as
ACBD3 and OSBP. In addition, no 3A inhibitor has advanced to
in vivo mouse model study. Nevertheless, the multifunctional roles
of 3A render it a high-profile antiviral drug target.

2.6.  3C protease

The EV-A71 3C protease catalyzes the cleavage of the viral pol-
yprotein at 8 different sites®®. Similar to the 2A protease, the EV-
A71 3C protease also plays a role in inhibiting host cap-dependent
translation by cleaving the eukaryotic initiation factor 4A
(eIF4A)"*" and eukaryotic initiation factor 5B (eIF5B)'**. For
more details regarding the functions of 3C protease in viral life
cycle please refer to the reference'*’.

The 3C or 3CL protease has a high substrate preference for
glutamine at the P1 position, therefore the majority of the 3C
protease inhibitors are designed to have a pyrrolidone at the P1
position as a substrate mimetic. The general structure of 3C pro-
tease inhibitors is shown in Fig. 9A. The 3C inhibitors are either
di-, tri- or tetra-peptide conjugated with a reactive warhead.
Commonly used reactive warheads include aldehyde, ketoamide
and «,B-unsaturated ester. The aldehyde warhead can also be
converted to bisulfite and cyanohydrin'** prodrugs. Recent
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protein (PDB: 6HLW). The ACBD3 and 3A proteins are colored in grey and rainbow, respectively. (C) Chemical structure of EV-A71 3A

inhibitors.

studies also identified novel reactive warheads including
4-iminooxazolidin-2-one'*>, which is a bioisostere of the cyano-
hydrin, and the dually activated Michael acceptor'*®. The
4-iminooxazolidin-2-one-based inhibitors 3C-4e and 3C-4g (4e
and 4g in the original publication) inhibited EV-A71 with ECs
values of 0.21 and 0.10 pmol/L, respectively (Fig. 9A)'**. More
importantly, 4e and 4g had drastically improved stability in human
plasma and moderate stability in mouse and human microsomes.
The EV-A71 inhibitors with the dually activated Michael acceptor
such as 3C-30 (30 in original publication) showed improved
selectivity against host proteases cathepsin K and calpain I
(Fig. 9A). Non-covalent EV-A71 3C protease inhibitors such as
DCO07090 have also been reported'*’. DC07090 was identified
through an in silico docking and had an ICs, of 21.72 umol/L in
the enzymatic assay. It also inhibited the EV-A71 viral replication
with an ECsy of 22.09 pmol/L. Although the enzymatic inhibition
and antiviral activity of DC07090 were moderate, DC07090 rep-
resents a novel chemotype that can be further optimized as a more
potent and specific EV-A71 antiviral.

Rupintrivir (AG7088) was developed as a specific human
rhinovirus 3C protease inhibitor. Although rupintrivir was well
tolerated'**, its phase II trial for rhinovirus infection induced
common cold was halted due to a lack of significant therapeutic
benifits’’. As the 3C or 3C-like protease of enteroviruses, nor-
oviruses, coronaviruses share a high sequence similarity, rupin-
trivir was also shown to have broad-spectrum antiviral activity
against EV-A71, CV-A16, EV-D68, norovirus, and human rhino-
viruses®>®. However, rupintrivir was not active against the
SARS-CoV-2 main protease®. The X-ray crystal structure of EV-
A71 3C protease in complex with rupintrivir was solved (Fig. 9B),
revealing a covalent complex formation between the catalytic
C147 with the Michael acceptor from rupintrivir®®'*.

Novel phenylthiomethyl ketone-based inhibitors such as 3C-7a
(7a in original publication) were identified from fragment-based
screening as irreversible inhibitors of CV-B3 and EV-D68 3CP™
with Kjp../K7 of 54.4 and 160 L/mol-s, respectively]5 °. However,
these compounds have not been tested in the antiviral assay, and it
is unknown whether they can inhibit EV-A71 3CP™°,

GC373, GC375, and GC376 were reported to inhibit EV-A71
viral replication with ICsy values of 11.1, 15.2, and 10.3 pumol/L%%,
NK-1.8k inhibits EV-A71 3C protease with an ICsq of 0.11 pmol/L
and multiple strains of EV-A71 in RD cells with ECs( values from
0.093 to 0.105 pmol/L'>'. The antiviral activity of NK-1.8k is
consistent between RD and 293T cells. However, NK-1.8k was less
active in Vero cells with an ECsq of 2.41 umol/L. The cell-type
dependent difference might be due to the drug efflux in Vero
cells. Recent studies have shown that similar compounds are P-gp
substrates and that co-treatment with P-gp inhibitor CP-100356 can
boost the cellular antiviral activity'>>'>®. Resistance selection
identified the 3C-N69S mutation that conferred drug resistance. The
FRET assay also showed that the 3C-N69S mutant had reduced
protease activity compared to the WT protein. The ICsq of NK-1.8k
against the 3C-N69S mutant was 1.15 pmol/L, which was a 10-fold
increase compared to WT (ICso = 0.11 pumol/L)">*. The X-ray
crystal structures of EV-A71 3C and 3C-N69S in complex with NK-
1.8k were solved, showing that the mutation destabilized the S2
pocket and negatively impacted drug binding.

A series of a-ketoamides were designed to target the viral MP™
or 3CLP™ and were found to have broad-spectrum antiviral activity
against coronaviruses and enteroviruses'>. However, these com-
pounds were not specifically optimized for the EV-A71 and the most
potent compound was 3C-11r with an ECsq of 3.7 pmol/L. Recently,
a follow up study from the same group revealed compound 3C-18p
(18p in the original publication) as a broad-spectrum antiviral
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against a panel of enteroviruses, rhinoviruses, and coronaviruses
including EV-A71 and SARS-CoV-2. 3C-18p inhibited EV-A71
3CP™ with an ICso of 2.36 pmol/L. Despite its relatively weak
enzymatic inhibition, 3C-18p had surprisingly potent antiviral ac-
tivity against EV-A71 with an ECsg of 0.03 pmol/L. X-ray crystal
structure of EV-A71 3CP™ in complex with 3C-18p showed that the
aldehyde formed a covalent bond with the catalytic C147 (PDB:
7DNC) (Fig. 9C). 3C-18p also inhibited additional enteroviruses
including EV-D68, CV-A21, CV-B3, RV-B14, and RV-A02-WT
with ECsq values of 0.03, 0.43, 4.19, 0.81, and 1.62 pmol/L,
respectively. In addition, 3C-18p was also highly active against
SARS-CoV-2 3CLP™ with an ICsq of 0.034 pmol/L and inhibited
viral replication at an ECsg of 0.29 umol/L. In vivo PK profiling
revealed that 3C-18p had a long half-life of 5.85 h following
intravenous administration, suggesting it might be a potential
candidate for the in vivo antiviral efficacy study.

A macrocyclic 3C protease inhibitor, compound 3C-4 (4 in the
original publication), was recently designed as the EV-A71 3C pro-
tease inhibitor (Fig. 9D)'*°. Compound 3C-4 inhibited EV-A71 in cell
culture with an ECsq of 4.5 umol/L. The X-ray crystal structure of 3C
in complex with compound 4 was solved (PDB: 6LKA).

Using rupintrivir derived activity-based chemical probe,
several host proteins were pulled out, among which the host

cysteine protease autophagy-related protein 4 homolog B
(ATG4B) was found to hydrolyze the viral polyprotein with
comparable activity as the viral 3C protease'>’. ATG4B knock-
down by short hairpin RNAs (shRNAs) inhibited EV-A71 repli-
cation in cell culture, suggesting the enzymatic activity of ATG4B
is essential for viral replication. However, given that ATG4B and
3CP™ process the same substrate, it remains unclear why the
function of ATG4B is essential for EV-A71 replication.

For additional examples of EV-A71 3C inhibitors please refer
to Refs. 57,158—162.

The advantages of the 3Cpro or 3CLpro inhibitors include the
broad-spectrum and potent antiviral activity. However, the in vivo
antiviral efficacy of 3Cpro inhibitors in EV-A71 infection animal
models has not been demonstrated. Another concern with covalent
3Cpro inhibitors is the potential off-target effects. GC376 and its
analogs are known to inhibit host cysteine proteases including
cathepsin L, calpain 1, and cathepsin K'>%!63-16%,

2.7. 3D polymerase (3D"®) inhibitor
EV-A71 3D is an RNA-dependent RNA polymerase that me-

diates the viral RNA synthesis. Similar to other viral polymerase
inhibitors, majority of the reported EV-A71 3D inhibitors are
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nucleoside or nucleotide analogs. Nevertheless, non-nucleoside
3D™! have also been reported.

Screening of the FDA-approved drug library identified three
nucleoside drugs with potent antiviral activity against EV-A71:
gemcitabine, LY2334737, and sofosbuvir (Fig. 10A)”’. Gemcita-
bine also had synergistic antiviral effect with interferon-8 in
inhibiting EV-A71. Significantly, LY2334737 and sofosbuvir
protected mice from lethal dose of EV-A71 infection and signif-
icantly reduced the viral titers and viral infection-induced damage
in the limb muscle tissue of mice.

A pyrimidine analog, 2'-deoxy-2'-B-fluoro-4’-azidocytidine
(FNC), was identified to have broad-spectrum antiviral activity
against enteroviruses including EV-A71, CV-A16, CV-A6, EV-
D68, and CV-B3 at nanomolar range’'. FNC is a clinical candidate
for HIV treatment and is currently in a phase II trial in China.
In vitro 3D assay, coupled with isothermal titration calorimetry
(ITC) binding assay, showed that FNC targets the EV-A71 viral
RNA-dependent RNA polymerase (3DP). However, it remains
unknown whether the metabolites of FNC were incorporated in
the viral RNA or act as a chain terminator. In the EV-A71 and CV-
A16 infection neonatal mouse model studies, mice treated with
FNC at 1 mg/kg every two days were protected from virus-
induced death and had reduced viral loads in various tissues.

A broad-spectrum antiviral favipiravir was shown to inhibit
EV-A71 replication in cell culture by targeting the viral 3DP'. The
mechanism of action was supported by the viral passage experi-
ment in which the S121N mutation in the 3D polymerase was
identified. Recombinant viruses generated through reverse ge-
netics showed a single S121N mutation confers drug resistance
against favipavir’>,

Through screening a library of nucleoside analogues, NITD008
was identified as a potent inhibitor of EV-A71%%. NITD00S is an
adenosine analog that was originally developed as a flavivirus
antiviral but dropped out of clinical trial due to its side effects'®.
NITDOO0S inhibited multiple EV1 strains in several cell lines with
ECso values ranging from 0.108 to 4.951 umol/L. Mechanistic
studies showed that the triphosphate derivative of NITDOOS (ppp-
NITDO0O0S8) was a chain terminator in the in vitro primer extension-
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CV-B3 3Dpol in complex with BPR-3P0128 (PDB: 4Y2A).
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based RdRp assay with an ICsg value of 0.6 pumol/L. Synergistic
antiviral effect was observed when NITD008 was combined with
either the 3C protease inhibitor AG7088 or the capsid inhibitor
GPP3. In EV-A71 infection mouse model study, NITD0OOS pro-
tected viral induced death, alleviated clinical symptoms, and
reduced viral loads in various organs when dosed at 5 mg/kg'®®.
Scape mutants were mapped to the viral 3A and 3D polymerase
proteins. Reverse genetics showed that either the 3A or the 3D
mutations confers drug resistance, and that a combination of 3A
and 3D mutations led to higher resistance.

MRS7704 was reported to inhibit EV-A71 with an ECs, value of
3—4 pmol/L'®’. However, the mechanism of action was not
investigated. Remdesivir is the only FDA approved SARS-CoV-2
antiviral. It is a phosphoramidate prodrug that is converted to the
triphosphate active drug, which is subsequently incorporated in the
RNA chain where it acts as a chain terminator'®®. Given the simi-
larities in viral polymerase, it was speculated that remdesivir might
inhibit EV-A71. Indeed, remdesivir inhibits EV-A71 with an ECs
of 0.991 pmol/L. Drug time-of-addition experiment showed that
remdesivir inhibited EV-A71 at the post-viral entry stage. Remde-
sivir treatment reduced both viral cRNA and vRNA synthesis in EV-
AT7l-infected cells. In addition, remdesivir also inhibited CV-B3 and
EV-D68 with ECsq values of 0.097 and 0.026 umol/L.

DTriP-22 is a non-nucleoside analog that was identified to have
broad-spectrum antiviral activity against multiple strains of EV-
A71 and coxsackieviruses with submicromolar ECso values'®’.
Serial viral passage experiment identified mutations in the viral
2C, 3D, and VPI proteins. Corresponding recombinant EV-A71
viruses were generated, and it was confirmed that the 3D-
R163K mutation conferred drug resistance against DTrip-22. The
mechanism of action was further supported by the in vitro poly-
merase assay in which DTrip-22 inhibited the poly(U) elongation
activity of EV-A71 3Dpol, but not the VPg uridylylation activity.

Another nonnucleoside EV-A71 3DP inhibitor is aurin-

tricarboxylic acid. Aurintricarboxylic acid was found to inhibit
EV-A71 RNA synthesis of the in vitro 3D RdRp activity. However,
no resistance selection experiment was performed to further sup-
port the proposed mechanism of action

170

EV-A71 3D polymerase inhibitors. (A) Chemical structures of EV-A71 3D polymerase inhibitors. (B) X-ray crystal structure of
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GPC-N114 (2,2'-[(4-chloro-1,2-phenylene)bis(oxy)]bis(5-nitro
-benzonitrile)) was reported as one of the most potent non-
nucleoside inhibitors with broad-spectrum antiviral activity
against enteroviruses and cardioviruses'’'. GPC-N114 inhibits
EV-A71 with an ECsq value of 0.13 pmol/L. The mechanism of
action was confirmed using the in vitro polymerase assay which
showed that GPC-N114 inhibited the RNA elongation catalyzed
by CV-B3 3D The co-crystal structure of CV-B3 3DP! in
complex with GPC-N114 showed that GPC-N1114 binds to the
RNA-binding channel in the 3DP°! (PDB: 4Y2A) (Fig. 10B).

BPR-3P0128 is a highly potent antiviral against EV-A71 with
an ECs value of 0.0029 pumol/L'”>. BPR-3P0128 inhibited the
in vitro EV-A71 RNA-dependent RNA polymerase activity and
VPg uridyllylation synthesis. No resistant virus was selected in the
passage experiment, and BPR-3P0128 was also active against the
DTrip-22 resistant EV-A71 virus carrying the 3D-R163K mutant.

Viral polymerase is a high-profile antiviral drug target but also
a challenging one. The advantages of targeting the polymerase
include the broad-spectrum antiviral activity and high potency.
Majority of FDA approved viral polymerase inhibitors are
nucleoside or nucleotide analogs, which act as either polymerase
inhibitors, chain terminator or mutagens once incorporated in viral
RNA or DNA'7*'7* For this reason, the major obstacle in
developing nucleoside/nucleotide polymerase inhibitors is the off-
target effects against host polymerase. In addition, certain nucle-
oside/nucleotide drugs have shown to have immunomodulating
activities. Overall, targeting the viral polymerase is a high risk and
high award strategy.

2.8. IRES inhibitors

Like other eukaryotic viruses, EV-A71 hijacks cellular translational
machinery to synthesize viral proteins. In contrast to the host cap-
dependent cellular translation, the EV-A71 viral genome lacks the 5’
cap, and thus initiates viral RNA translation through an internal
ribosomal entry site (IRES)-mediated mechanism that is cap-in-
dependent'”. The IRES is located at the 5 UTR of EV-A71 mRNA
and consists of four domains II to IV. The stem loop II structure
located at the EV-A71 internal ribosomal entry site is vital for viral
replication and represents a novel drug target. Screening of a
focused library of RNA-targeting compounds using the peptide-
displacement assay revealed DMA-135 as a potent IRES inhibitor
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(Fig. 11A)”*. DMA-135 inhibited EV-A71 replication with an ICs,
of 7.54 pmol/L in SF268 cells. Solution NMR structure of IRES
stem loop 2 (SLII) in complex with DMA-135 was solved (PDB:
6XB7) (Fig. 11B). It was proposed that upon binding to DMA-135,
SLII undergoes a conformational change that stabilizes the ternary
complex with the AUF1 protein, thereby suppressing translation.

Screening of a flavonoid library consisting of 502 compounds
against EV-A71 identified prunin as one of the most potent hits
(Fig. 11A). Prunin inhibited EV-A71 with an ECsq of 115.3 nmol/L.
Serial viral passage experiment with prunin yielded drug-resistant
viruses with mutations located at the viral internal ribosome entry
site (IRES). In vivo study showed that prunin can effectively reduce
the mortality rate and clinical symptoms induced by viral infection
in HEVA7l-infected BALB/c mice’”. Other flavonoids including
apigenin, luteolin, kaempferol, formononetin, penduletin, and iso-
rhamnetin have been shown to significantly improve the survival
rate of mice infected with lethal dose of EV-A71 virus. Among
them, isorhamnetin was the most potent and provided 100% sur-
vival protection at a dose of 10 mg/kg'’®. However, the detailed
molecular mechanism of action of these flavonoids remains elusive.

An antiprotozoal drug, emetine, was found to inhibit EV-A71
with an ECs, value of 0.04 pmol/L and a CCsq value of 10 pmol/L
in RD cell’®. In addition, emetine also showed broad-spectrum
antiviral activity against CV-A16, CV-B1, EV-D68, Echov-6
with ECs, values in the nanomolar range. Using a dual reporter
assay in which the EV-A71 5’ UTR region was flanked by Renilla
and Firefly luciferase, emetine was shown to inhibit viral IRES-
mediated translation. Significantly, when dosed by oral gavage
at as low as 0.2 mg/kg, emetine completely prevented EV-A71
infection induced death in mice and reduced viral loads in the
front and hind limbs, brains, and spleens.

Idarubicin (IDR), an antitumor drug, was identified as a broad-
spectrum antiviral against enteroviruses including EV-A71'7".
IDR is a topoisomerase II inhibitor and is used as an anticancer
drug to treat myeloid leukemia. IDR was shown to inhibit EV-A71
IRES-mediated translation of viral proteins, but not the host P53
IRES activity, suggesting that IDR might be selective for viral
IRES. IDR blocked the binding between EV-A71 IRES and the
host IRES trans-acting factor hnRNP Al.

Overall, IRES represents a novel drug target for the broad-
spectrum anti-enteroviral inhibitors. Most of the IRES-targeting
inhibitors are natural products and some are used in human, making

Isorhamnetin

EV-A71 IRES inhibitors. (A) Chemical structures of EV-A71 IRES inhibitors. (B) Solution NMR structure of EV-A71 IRES in
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them ideal candidates for the combination therapy. Expect DMA-
135, the detailed mechanism of action of flavonoids, emetine, and
idarubicin needs to be further characterized. The results of such
characterization are expected to help with the lead optimization.

3. Host-targeting antivirals

Viruses including EV-A71 are obligate intracellular parasites and
exploit host proteins/signaling pathways for viral replication.
Targeting of host factors provides another opportunity for the
development of antivirals. The HIV drug maraviroc is a prominent
example of a host-targeting antiviral. Maraviroc is an antagonist of
the host CCRS receptor, which is a co-receptor for HIV-1 viral
entry'’®. Advantages of host-target antivirals include the broad-
spectrum antiviral activity and a high genetic barrier to drug
resistance. However, the cytotoxicity presents a potential issue
with host-targeting antivirals.

Several methods including siRNA, proteomics and insertional
mutagenesis have been used to map critical host factors and
pathways that are important for EV-A71 replication'’*'*". The
host-targeting antivirals against EV-A71 are discussed below.

The PI4AKB—PI4P—OSBP pathway was exploited by entero-
viruses to direct cholesterol to the replication organelles. PI4KB is
essential for the formation of replication organelles by all en-
teroviruses. Therefore, proteins in the PI4KB—PI4P—OSBP
pathway are critical host-targeting antiviral drug targets. OSBP
is a PI4P-binding protein and is located in PI4P-enriched repli-
cation organelle membranes. It mediates the exchange of PI4P
from the replication organelle membrane with cholesterol from the
ER, leading to increased cholesterol content in the replication
organelle membrane'®""'®?, OSW-1 is a natural product and was
found to interact with OSBP (Fig. 12)'®. It has broad-spectrum
antiviral activity against enteroviruses including EV-A71 with
ECs, values at the nanomolar range’’. When cells were treated
with the OSW-1 for a short period of time (1—6 h), the cellular
OSBP protein level decreased by ~90% in multiple cell lines with
no apparent toxicity'®*. Significantly, the reduction was persistent
in multiple generations of cells. Although the specific mechanism
for the persistent reduction of OSBP level upon OSW-1 treatment
remains unknown, the OSW-1 treated cells become refractory to
enterovirus infection, rendering it a prophylactic strategy to pre-
vent multiple enterovirus infection. In another study, itraconazole
(ITZ) was proposed to exert its antiviral activity by targeting the
oxysterol-binding protein (OSBP) and OSBP-related protein 4
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(ORP4)®| although other studies have shown that ITZ targets the
viral 3A protein. The role of OSBP and ORP4 in viral replication
was shown by knockdown or overexpression experiments in which
OSBP knockdown led to inhibition of viral replication, while
overexpression of either OSBP or ORP4 diminished the antiviral
effect of antiviral effects of ITZ and OSW-1. Binding of ITZ to
OSBP might impair its function in shutting cholesterol and
phosphatidylinositol-4-phosphate between membranes, which is
essential for the viral replication organelle formation.

The target of MDL-860 was identified to be the host
phosphatidylinositol-4 kinase III beta (PI4KB)’®. Specifically,
MDL-860 was shown to be a covalent inhibitor by irreversibly
modifying C646, which is located at the bottom of a surface
pocket that is far apart from the active site. The C646S mutant did
not affect the enzymatic activity of PI4KB, suggesting that tar-
geting the C646-located allosteric site might not result in un-
wanted side effects associated with inhibiting the enzymatic
activity of PI4KB. This study unveiled a novel drug target that
could be further explored to develop more potent and specific
host-targeting antivirals.

Through a phenotypic screening and subsequent SAR studies,
RYL-634 was identified as a broad-spectrum antiviral candidate
against hepatitis C virus, dengue virus, Zika virus, chikungunya
virus, EV-A71, human immunodeficiency virus, respiratory syn-
cytial virus, and others'®’. The ECs, value of RYL-634 against EV-
A71is4 nmol/L. To identify the drug target of RYL-634, an activity-
based probe containing alkyne pull down tag and a diazirine reactive
group was designed and used for cell-based target pull down.
Human dihydroorotate dehydrogenase (DHODH) was identified as
a putative drug target. DHODH is a well-known host factor for viral
replication and structurally diverse DHODH inhibitors have been
reported as potent antivirals against both RNA and DNA vi-
ruses 2% The antiviral activity of RYL-634 against HCV was
antagonized by uridine, supporting the proposed mechanism of
action by targeting DHODH. However, the in vivo antiviral activity
of RYL-634 remains to be validated. Another DHODH inhibitor FA-
613 was also found to exhibit low micromolar broad-spectrum
antiviral activity against multiple viruses including influenza
virus, EV-A71, RSV, rhinoviruses, and coronaviruses'®’.

Heparan sulfate proteoglycans (HSPGs) have also been shown
to be an important attachment factor for EV-A71°". A library of
sulfated HS disaccharides was designed as decoy receptors to
inhibit the cell attachment of EV-A71. Compound HTA-22 (22 in
the original publication), a per-sulfated GlcN-«(1,4)-Glc synthetic
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HS mimetic, was identified to be the most potent inhibitor with an
ICso of 7.9 umol/L in inhibiting EV-A71 replication'®*. A time-of-
addition experiment showed that HTA-22 inhibited the virus
adsorption to cells. The mechanism of action of HTA-22 was
further supported by the results that no 1Cs, shift was observed
when HTA-22 was present only during the viral attachment at 4 °C
compared to when HTA-22 was present during the entire experi-
ment throughout infection.

A number of heparan sulfate (HS) mimetics including heparin,
heparan sulfate, and pentosan polysulfate were tested against EV-
A71'®. Heparin was found to be the most potent inhibitor and
inhibited viral replication by more than 90% at 7.81 pg/mL.
Mechanistic studies showed that heparin inhibited the early stage
of viral replication by blocking viral attachment to the cells.

Human N-myristoyltransferases 1 (h(NMT1), but not ANMT2, has
been shown to be an important host factor for EV-A71 replication'”’.
Enteroviruses have a conserved N-terminal myristoylation signal
(MGXXXS) in the viral capsid protein VP4, suggesting that it might
be a potential antiviral drug target. Genetic knockdown of hNMTI
using siRNA or inhibiting the enzymatic activity of ANMT1 by small
molecule inhibitor 40 led to the inhibition of viral replication. It was
suggested that the myristate moiety in EV-A71 is important for VPO
cleavage, and inhibition of hNMT1 led to the accumulation of the
precursors VPO, VP4-2-3, and P1.

Lactoferrin was reported to inhibit EV-A71 replaiton in both
RD and the human neuronal SK-N-SH cells'®'. Bovine lactoferrin
was more potent than the human lactoferrin. Immunofluorescence
and ELISA-assay showed that lactoferrin binds to the surface of
both RD and SK-N-SH cells. Lactoferrin was found to bind to
VP1 and the binding was inhibited by anti-VP1 antibody. When
co-administered with the virus, lactoferrin improved the survival
rate in EV-A71 infected mouse model. However, the binding be-
tween lactoferrin and the host heparan sulfate proteoglycans was
not examined. The antiviral activity of lactoferrin in inhibiting
EV-A71 might also involve blocking viral attachment to the HSPG
attachment factor.

A recent study discovered a conserved drug target that can
be exploited for the development of broad-spectrum antivi-
rals'?%. Specifically, the host AP2M1 protein was found to
interact with the Yxx@-motif from multiple viruses and this
interaction is critical for the intracellular trafficking of viral
proteins. For enteroviruses including EV-A71 and EV-D68, the
Yxx@-motif has been found to be highly conserved among the
viral 2C protein. AP2MI1 facilitates EV-A71 2C protein
localization in the ER. A screening identified N-(p-amylcin-
namoyl)anthranilic acid (ACA) as an inhibitor of the AP2M1/
Yxx@ interaction that does not affect the AP2M1 phosphory-
lation. ACA treatment reduced the rate of colocalization of 2C
and ER (63% vs. 21%) and had antiviral activity against EV-
A71. In addition, ACA also exhibited broad-spectrum anti-
viral activity both in vitro and in vivo against influenza, Zika
virus, and MERS-CoV infection.

Torin2 is an ATP competitive mTOR kinase and has potent
anti-EV-A71 activity with an ICsy of 0.01 umol/L. A library of
Torin2 derivatives were designed, among which compound HTA-
11e (11e in the original publication) was the most potent EV-A71
antiviral with an ICsy of 0.027 umol/L'*?. However, the role of
mTOR in EV-A71 replication was not fully elucidated.

In EV-A71 infected mouse model, GS-9620 was found to
improve the survival rates and alleviate clinical symptoms'**. It
was proposed that the antiviral mechanism of action of GS-9620
might be mediated through activation of the NF-xB and PI3K

signaling pathways, and inhibition of the NF-kB and PI3K ac-
tivities antagonized the antiviral activity of GS-9620. GS-9602
treatment significantly reduced the proinflammatory cytokines/
chemokines including IFN-«, IFN-y and MCP-1 as compared to
the control group.

Cyclophilin A (CypA), an immunosuppresssor with the
peptidyl-prolyl cis—trans isomerase activity, is a high-profile drug
target for host-targeting antivirals'*>'”°. CypA has been shown to
be essential for the replication of HCV, HIV-1, vesicular stomatitis
virus (VSV), influenza virus, and others'”’ 1%’ For EV-AT71, a
study showed that CypA interacts with viral capsid VP1 and
regulates the uncoating of the virus®”. Short hairpin RNA
(shRNA) knockdown of endogenous CypA expression led to
reduced EV-A71 replication. CypA inhibitors HL0O51001P2 and
cyclosporine A inhibited EV-A71 replication at ECsy values of
0.78 and 3.38 umol/L, respectively. Follow up lead optimization
led to the discovery of CypA-11 with an ECsq of 0.37 against EV-
A71201

Host-targeting antivirals are valuable chemical probes to study
the viral replication mechanism. The general concern with host-
targeting antivirals is the off-target side effects. This can be
alleviated through either targeting host factors that are upregulated
upon viral replication or combining host-targeting antivirals with
direct-acting antivirals.

4. Unknown mechanism of action

Two macrolide antibiotics spiramycin (SPM) and azithromycin
(AZM) were found to inhibit both EV-A71 and CV-A16 in cell
culture (Fig. 13)*°%. These two compounds might share a similar
mechanism of action and have overlapping resistance profiles.
Serial viral passage experiments selected multiple mutants
including VP1-N102S, 2A-S7F, 2A-G8R, 2B-I47T, and 2C-
M108V. Intriguingly, recombinant EV-A71 viruses carrying each
of the single mutant showed resistance against SPM. Therefore, it
remains elusive which viral protein is the drug target. In vivo study
showed that AZM is more efficacious than SPM in protecting
neonatal BALB/c mice from EV-A71 infection.

A lysosomotropic agent chloroquine was found to inhibit EV-
A71 replication in cell culture®®’. Significantly, chloroquine also
showed in vivo antiviral efficacy in protecting neonatal mice from
a lethal challenge of EV-A71, and chloroquine treatment led to
improved survival rate and decreased severity of clinical
symptoms.

A natural product chebulagic acid was reported to inhibit EV-
A71 replication in RD cells with an ICsq of 12.5 pg/mL. In the
EV-A71 infection mouse model study, chebulagic acid treatment
improved the survival rate and reduced viral titers in the blood,
brain, and muscle. However, the molecular mechanism of action
of chebulagic acid is unknown”".

A food additive, sodium copper chlorophyllin (CHL), was
identified to inhibit multiple strains of EV-A71 and CV-A16 with
ICso values ranging from 14.73 to 50.83 pmol/L*’°. Mechanistic
studies suggest that CHL might target the viral postattachment
stage, but the drug target and the binding site remain elusive.
Nevertheless, in vivo study showed that CHL-treated mice had
significantly reduced viral titers in the lung and muscle.

Simeprevir, an FDA approved HCV drug, was found to inhibit
EV-A71, Zika virus, and HSV-1 in cell culture®®. However, its
antiviral mechanism of action was independent of the simeprevir-
induced transcription of IFN- and ISG15. Further studies are
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needed to elucidate the mechanism of action for its broad-
spectrum antiviral activity.

A natural product geraniin inhibits EV-A71 both in vitro and
in vivo™’. Geraniin inhibited EV-A71 replication in RD cells with
an ICsy of 10 pg/mL and improved the survival rate of mice
infected with a lethal dose of EV-A71. However, the mechanism
of action was not studied. Punicalagin, which shares similar
structural features with geraniin, was also reported to inhibit EV-
A71 both in vitro and in vivo ",

Two alkaloids lycorine and matrine were reported to inhibit
EV-A71 replication in cell culture and mouse model studies™*”*'°.
Compound treatment in mice that were challenged with a lethal
dose of EV-A71 showed an improved survival rate. A lycorine
derivative LY-55 had inhibitory activity against both EV-A71 and
CV-A16>'". LY-55 treatment improved the survival rate, decreased
viral loads in muscles and clinical scores in mice challenged with
a lethal dose of EV-A71. Mechanistic studies suggest that LY-55 is
not virucidal and might inhibit EV-A71 and CV-A16 replication
through downregulating autophagy. A similar compound
1-acetyllycorine was also reported to inhibit EV-A71 through
targeting the viral 2A protease' .

Genetic knockdown the heat shock protein 90 (HSP90) by siRNA
or treatment with HSP90 inhibitor geldanamycin (GA) resulted in the
inhibition of EV-A71 replication’'”. In EV-A7l-infected mouse
model study, 17-allyamino-17-demethoxygeldanamycin (17-AAG),
which is a less cytotoxic HSP90 inhibitor, increased the survival rate
of mice challenged with a lethal dose of EV-A71 viruses from several
genotypes including C2, C4 and B4.

Prohibitin has been shown to be important in EV-A71 viral
replication in both the cell entry and replication steps. The cell
surface prohibitin is involved in EV-A71 cell entry into neuronal
cells, and the mitochondrial prohibitin contributes to viral repli-
cation”'?. The prohibitin inhibitor rocaglamide inhibited EV-A71

replication in NSC-34 neuronal cells. In the EV-A71 infected
mouse model study, rocaglamide treatment prolonged the survival
and decreased viral titers in the spinal cord and brain in the
infected mice compared to the controls.

Curcumin was proposed to inhibit EV-A71 through down
regulating GBF1 and PI4KB, but further studies are needed to
dissect the roles of these two proteins in viral replication®'?.
Licorice, a traditional Chinese medicine, was reported to inhibit
EV-A71 at a step during viral entry”'”.

Among the list of compounds with an unknown mechanism of
action against EV-A71, many are also reported to inhibit other
unrelated viruses, suggesting that they might either target a host
factor or have a polypharmacology by interacting with multiple
targets.

5. Assay development

To increase the throughput of antiviral screening, reporter viruses
are advantageous as they can bypass the additional steps of cell
staining. An infectious cDNA clone with a stable eGFP reporter
was generated based on an epidemic strain of EV-A71%'°. The
eGFP gene was inserted between the 5’ untranslated region and
VP4 gene of the EV-A71 genome. The infectious cDNA clone
produced high titers (>10° pfu/mL) of eGFP reporter viruses
when transfected into Vero cells. Passage experiments showed that
the eGFP reporter virus is stable, suggesting that it is suitable for
antiviral drug screening as well as studying the mechanism of viral
replication. Subsequently, a similar reporter EV-A71 virus with
Gaussia luciferase was created using the same strategy and was
shown to be suitable for antiviral drug screening?'’.

In addition to the screening of antivirals, reporter viruses are
also useful in studying viral replication in animal models. For
example, a mouse-adapted EV-A71 construct with a
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bioluminescent reporter (mEV-A71-NLuc) was created and used
to study viral spread and tissue tropism in two different mouse
strains: the BALB/c mice and AGI129 mice’'®. Infection of
BALB/c mice resulted a high viral replication as shown by the
strong luminescence for 2 wpi. However, no clinical sings of
disease were observed. In contrast, the alpha/beta and gamma
interferon receptor deficient AG129 mice showed rapid spread of
the virus to the brain with the luminescence signal lasting as long
as 8 weeks post infection. This EV-A71 infected mouse model
might be useful in testing the in vivo antiviral efficacy of EV-A71
antivirals.

One potential pitfall in drug discovery is the failure of transi-
tion from in vitro cell culture to in vivo animal model study. To
improve the success rate, it is critical to apply physiologically
relevant cell culture models that are close mimetics of the virus
targeting organs. Specifically, EV-A71 primarily infects the in-
testine, and intestine organoids have seen increasing use in
studying viral replication and drug testing.

Using stem cell-derived enteroids from human small intestines,
it was found that EV-A71, CVB, and echovirus 11 infect specific
cell populations in the human intestine and induced virus-specific
antiviral and inflammatory signaling pathways?'".

In another study, human small intestinal organoids have
been found to support productive replication of EV-A71, CV-
B2, and PV3, rendering it a physiologically relevant model for
studying viral replication kinetics and testing antiviral drug
candidates™". In contrast, EV-D68 did not replicate signifi-
cantly in this organoid, an observation that is consistent with its
respiratory tract infection. Using itraconazole as a control, it
was shown that the antiviral efficacy obtained from organoids
was highly reproducible compared to the standard cell lines
Caco-2 and RD cells. Significantly, organoids offered an
additional advantage for studying EV-A71 infection induced
inflammatory response.

A recent study showed that the optimized human intestinal
organoids enabled higher replication of EV-A71 and CV-A16 as
well as a more rigorous cellular response upon viral infection®*'.

Overall, the reporter virus and the organoid model are expected
to facilitate EV-A71 drug discovery and might help reduce the
triage rate of lead progression.

6. Future perspectives

Significant progress has been made in discovering EV-A71 anti-
viral drug candidates with both in vitro and in vivo antiviral effi-
cacy. However, there are still several hurdles that need to
overcome before moving the drug candidates to human clinical
trials. First, there is a need of broad-spectrum antivirals that target
not only EV-A71, but also related virus strains CV-A16, and CV-
A10, both of which are significant HFMD pathogens. Ideally, the
antiviral spectrum should also be extended to EV-D68, rhinovi-
ruses, and other members of the enterovirus family. In this regard,
viral 2C, 3C, 3DP*! and IRES inhibitors are more prominent drug
candidates. In contrast, the capsid inhibitors and 2A inhibitors
generally have a narrower spectrum of antiviral activity. Second, a
high safety profile is needed for EV-A71 antivirals. Capsid in-
hibitors dropped out of clinical trials due to side effects. For
example, vapendavir failed because of side effects including
headaches and drug—drug interactions, and pleconaril treatment
led to menstrual irregularities in women using oral contracep-
tives”>”. As the susceptible populations of EV-A71 virus are

mainly children and infants, and the infection is generally not
lethal, there is a more stringent safety requirement for EV-A71
antivirals. Host-targeting antivirals have been reported to have
broad-spectrum antiviral activity against enteroviruses; however,
the intrinsic issue is the potential side effects and toxicity, as
exemplified by in vivo mouse model study with PI4KB in-
hibitors®>®. Third, there is a need for EV-A71 antivirals with a
high genetic barrier to drug resistance. Resistant mutants have
been selected for almost all direct-targeting antivirals in cell
culture, raising the concern that resistance might quickly emerge
when EV-A71 antivirals are advanced to the market. Another
related issue needs to be addressed is the consequences of resis-
tance including the fitness and transmission of the mutant viruses.
Although resistance quickly emerges under the drug selection
pressure of 2C inhibitors, the resulting mutants have been shown
to have compromised fitness of replication®™'**. Nevertheless, it is
plausible that viruses can continue mutating and evolving
compensatory mutations to rescue the replication and transmission
processes.

One strategy that can potentially overcome the spectrum of
antiviral activity, selectivity or cytotoxicity, and drug resistance
is combination therapy. Combination therapy experiments
revealed that rupintrivir plus ITZ or favipiravir was synergistic,
rupintrivir plus suramin was additive, and suramin plus favipir-
avir was synergistic against EV-A71 infection in cell culture.
Moreover, rupintrivir in combination with ITZ showed a higher
genetic barrier to drug resistance than ITZ alone. Combination of
3C protease inhibitor rupintrivir with interferon-a showed syn-
ergistic effect in inhibiting EV-A71?**. Combination of the pro-
tease inhibitor NK-1.8k with either the polymerase inhibitor
NITDOO8 or the capsid inhibitor GPP3 exhibited strong syner-
gistic antiviral effect against EV-A71'>'. Overall, these prom-
ising results showed that combination therapy can not only
achieve a higher antiviral potency, but also a higher resistance
barrier””.

Previous studies have provided valuable insights of the viral
life cycle; however, many unknowns remain to be addressed. For
example, the components and the organization of the replication
organelles have not been determined by high-resolution structures.
The tissue tropism and neuronal infection by EV-A71 remain to be
elucidated. Along this line, receptor usage in different tissues
needs to be studied. In addition, identifying host factors that are
involved in the replication of different subtypes of EVs will help
explain the pathogenicity and discover common host factors as
drug targets for broad-spectrum antivirals.

Overall, antiviral drug discovery for EV-A71 is the most
advanced compared to other enteroviruses. Modern drug discovery
techniques and strategies such as high-throughput screening,
artificial intelligence, CRISPER, cryo-EM, proteomics, and mo-
lecular dynamics simulations might be instrumental in uncovering
additional viral and host factors as drug targets”>**°. Further
development might yield clinical candidates that might eventually
benefit thousands to millions of patients. The expertise gained
through studying EV-A71 can be similarly applied to other en-
teroviruses including EV-D68.
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