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A B S T R A C T

Enteroviruses form an important genus within the large family of Picornaviridae. They are small, non-

enveloped (+)RNA viruses, many of which are important pathogens in human and veterinary science.

Despite their huge medical and socio-economical impact, there is still no approved antiviral therapy at

hand for the treatment of these infections. Three capsid-targeting molecules (pleconaril, BTA-798 and V-

073) are in clinical development. Pleconaril and BTA-798 are in phase II clinical trials for the treatment of

enterovirus-induced sepsis syndrome and rhinovirus-induced aggravation of pre-existing asthma or

COPD respectively. V-073 is in preclinical development for the treatment of poliovirus infections in the

context of the worldwide polio eradication program. The capsid binding molecules have shown good in

vitro potency against a number of enterovirus species, but lack activity against others. Another potential

drawback of capsid inhibitors in the clinical setting could be the rapid emergence of drug resistance. It

will therefore be important to develop inhibitors that affect other stages in the viral replication cycle.

Several viral proteins, such as the viral 3C protease, the putative 2C helicase and the 3D RNA-dependent

RNA polymerase may be/are excellent targets for inhibition of viral replication. Also host cell factors that

are crucial in viral replication may be considered as potential targets for an antiviral approach.

Unraveling these complex virus–host interactions will also provide better insights into the replication of

enteroviruses. This review aims to summarize and discuss known inhibitors and potential viral and

cellular targets for antiviral therapy against enteroviruses.

� 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Enteroviruses form a large genus containing many different
pathogens that can cause a variety of diseases in man. Within the
Picornavirus family, hepatitis A virus (genus hepatovirus) and
poliovirus (genus enterovirus) are the only human pathogens for
which an efficient vaccine is at hand. Efforts to develop enterovirus
inhibitors remained confined to the human rhinoviruses, the major
causative agents of the common cold. This search for rhinovirus
inhibitors experienced a boost in the 1980s with the determination
of the crystal structure of HRV14 [1]. Given the fact that the viral
capsid indeed proved to be a promising antiviral target, the field of
antiviral drug discovery for enteroviruses remained largely and for
many years restricted to this particular target. Despite several
successes, it proved challenging to obtain market authorization for
a drug to treat the common cold, one of the reasons being that such
drug should be extremely safe. Hence, the efforts undertaken at
that time remained unfruitful. Today, there is strong interest again
in the development of anti-rhinovirus drugs, as well as an insistent
* Corresponding author. Tel.: +32 0 16 33 73 53; fax: +32 0 16 33 73 40.
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need for an efficient treatment of enteroviral infections, such as
those caused by enterovirus 71. Drugs against poliovirus to aid in
the polio endgame are urgently required as well.

Recent data provide strong evidence that rhinoviruses are
implicated in exacerbations of asthma and chronic obstructive
pulmonary disease (COPD) [2,3]. COPD is predicted by the World
Health Organization (WHO) to become the third leading cause of
death worldwide by the year 2030 [89].

In 1988, the ‘‘Global Polio Eradication Initiative’’ (GPEI) was
launched and the idea was to eradicate polio worldwide by the
year 2000 through large scale vaccinations with the live,
attenuated oral polio vaccine (OPV) [4]. Today, more than 10
years past the initial deadline, the virus is still endemic in several
countries and regions that had been claimed ‘‘polio-free’’ report
new epidemics from time to time [90]. Once transmission of wild
poliovirus (PV) has officially been interrupted, the WHO will
initiate a plan to discontinue the use of OPV, in order to minimize
the risk for vaccine-associated paralytic poliomyelitis (VAPP),
chronic infection of immunodeficient patients or reestablishment
of PV in the environment through circulating vaccine-derived
polioviruses [5]. The potential role of an antiviral in the context of
polio eradication was addressed in 2005 by a panel of experts
convened by the National Research Council. It was concluded that

http://dx.doi.org/10.1016/j.bcp.2011.08.016
mailto:johan.neyts@rega.kuleuven.be
http://www.sciencedirect.com/science/journal/00062952
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it would be appropriate, and possibly essential, to develop at least
two anti-poliovirus drugs, preferably with a different mode of
action, to be used in the post-OPV era [6].

Enterovirus 71 is increasingly reported to cause serious
epidemics, in particular among children and on the Asian continent
[7]. At certain occasions, enterovirus 71 can lead to severe and even
fatal neurological complications such as brain stem encephalitis.
Treatment options are still limited to supportive and symptomatic
care, as specific antivirals are not at hand. Apart from enterovirus
71, many other enteroviruses have been reported to cause severe
diseases, including viral myocarditis, neonatal sepsis and fulmi-
nant pancreatitis [8].

So far no drugs have been approved and just a few are under
clinical development.

2. Small molecule inhibitors of enterovirus replication

2.1. Inhibitors of attachment, entry and/or uncoating

As mentioned above, the viral capsid was one of the earliest
viral proteins that was identified as a potential target for inhibition
of viral replication (Fig. 1). In fact, one of the earliest discovered
classes of enterovirus inhibitors belong to a series of compounds
that are currently known as ‘‘WIN’’ compounds, referring to
Fig. 2. Mechanism of action of capsid binders. Schematic representation of the interacti

canyon, surrounding each fivefold axis, inducing conformational changes that eventuall

‘‘capsid binder’’ into the hydrophobic pocket, underneath the canyon floor. This binding e

(preventing uncoating and subsequent release of viral RNA) and at the same time (ii) 

Fig. 1. Organization of the enterovirus genome. The genome consists of a single-stranded

called VPg is covalently linked to the viral genome and is involved in the initiation of viral 

coding region, the 30 UTR and a poly(A) tail. Coding regions for the viral proteins are indica

4)) and a non-structural region comprising two proteases (2A and 3C), one polymerase (3

involved in viral replication.
Sterling Winthrop, where they were developed [9]. With the report
of the atomic resolution structure of human rhinovirus 14 [1], it
was recognized that a large cleft (‘‘canyon’’) is present on each
icosahedral face of the virus. Structural studies of several WIN
compounds complexed with human rhinovirus 14 revealed that
these compounds bind into the hydrophobic pocket, underneath
the canyon floor [10]. This binding event induces conformational
changes, thereby increasing the rigidity of the virion and at the
same time decreasing the ability of the virion to interact with its
receptor [11] (Fig. 2).

The WIN compounds were accidentally discovered in a
synthesis project for juvenile hormone mimetics [9]. Despite their
moderate antiviral activity at the initial stages of the project, the
compounds underwent several stepwise modifications to improve
their antiviral properties. With the development of WIN63843
(pleconaril) (Fig. 3A), a compound was obtained with favourable
drug profile [12] and broad spectrum anti-enterovirus activity
[13]. In 1996, Viropharma made the drug available for compas-
sionate use in patients with potentially life-threatening enterovi-
rus infections. Outcomes of clinical trials with pleconaril revealed
promising [14,15], as well as rather negative outcomes [16]. In
2002, following submission of a new drug application to use
pleconaril for the treatment of the common cold, the drug was
rejected by the FDA mainly due to safety issues [17]. Pleconaril has
on between ICAM-1 and major group rhinoviruses. Left (A): ICAM-1 binds into the

y lead to uncoating of the virus and release of the viral RNA. Right (B): Binding of a

vent induces conformational changes, thereby (i) increasing the rigidity of the virion

decreasing the ability of the virion to interact with its receptor.

, positive sense RNA of approximately 7.5 kb in length. At the 50-end, a small protein

RNA replication. This VPg is followed by the 50 untranslated region (UTR), the protein

ted. The genome is divided into a structural region (consisting of viral protein (VP 1–

D), one ATPase (2C) and four other proteins that, either cleaved or as a precursor, are



Fig. 3. Structural formulae of molecules targeting enterovirus replication.
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been licensed to Schering-Plough in 2003 where the molecule has
been under development as a nasal spray for the treatment of
common cold symptoms and HRV-induced exacerbations of
asthma/COPD in high-risk patients. A phase II rhinovirus challeng-
ing study has been completed in 2007, but results of this study
have not (yet) been disclosed [91]. At present, pleconaril is being
investigated in a phase II study for the treatment of enteroviral
sepsis syndrome in neonates [92] (Table 1).

Around the same time as pleconaril, pirodavir was developed at
Janssen Pharmaceutica [18]. Akin to pleconaril, this molecule with
broad-spectrum anti-rhinovirus activity was demonstrated to act
as a capsid binding compound [19]. At Biota holdings, structural
analogues of pirodavir were synthesized to overcome the chemical
instability of the compound [20]. The most potent congener in this
series was BTA-798 (Fig. 3A) which proved in vitro 10-fold more
active than pleconaril and has a longer half life and good oral
bioavailability [21]. BTA-798 is currently being developed at Biota
for the treatment of rhinovirus infections in high-risk patients,
including patients with asthma, cystic fibrosis, COPD and
transplant patients. Recently, a phase IIa double-blind challenge
study with HRV was successful in demonstrating proof-of-concept
in humans and was shown to reduce the incidence and severity of
HRV infection (Table 1).

In light of the polio eradication programme, V-073 (Fig. 3A) is
being investigated at ViroDefense. This compound, previously
designated SCH 48973, was shown to exhibit potent and broad
spectrum activity against a range of poliovirus clinical isolates [22].
The compound binds at the innermost end of the hydrophobic
pocket within VP1 [23], but it does not prevent attachment of the
virus to the host cell. Instead, it exerts its antiviral activity after the
initial stage of viral uncoating [24] (Table 1).
The fact that the structure of the viral capsid is created the
opportunity to rationally design compounds that perfectly fit
within the hydrophobic pocket with high affinity. As discussed
below, for many non-structural proteins the crystal structure still
remains to be determined and this knowledge gap often poses an
impediment in the development of more potent and selective
inhibitors.

Most if not all of the capsid binding agents described above,
readily select for drug-resistance [25]. This is due to the error-
prone nature of the viral polymerase and the fact that the viral
structural proteins are less well conserved than several of the non-
structural proteins. Thus, to circumvent the emergence of drug-
resistance it will be important to have drugs at hand that have a
non-overlapping resistance profile with the capsid binding agents,
possibly a combination of two molecules with a different
molecular target [26].

2.2. Inhibitors that target proteolytic enzymes

The viral polyprotein is co-translationally processed in a series
of primary and secondary proteolytic cleavages by virus-encoded
proteases 2Apro, 3Cpro/3CDpro generating several precursor and
mature proteins [27] (Fig. 1). Proteinases can thus be considered as
essential for viral replication. In addition, enterovirus-encoded
proteinases also cleave several host cell factors involved in
transcription [28], nucleo-cytoplasmic transport [29], cap-depen-
dent translation [30,31] and alteration of stress granules and
processing bodies [32]. Given the fact that proteinases, especially
3Cpro (which is a trypsin-like, cysteine protease with a preference
of cleaving P1-Gln-P10-Gly bonds), are indispensable for viral
maturation, the strict conservation of the catalytic residues among
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enteroviruses [33] and the fact that viral proteases share little
sequence similarities with cellular proteases [34], makes these
proteins very attractive targets for the development of more and
better chemotherapeutic agents.

Inhibitors of proteolytic enzymes can be classified into two
structurally distinct groups: peptidic inhibitors, based on the
cleavage specificity of the enzyme, and nonpeptidic inhibitors.
Proteolytic enzymes can be inhibited via two known mechanisms:
reversible tight-binding reactions and irreversible trapping reac-
tions. Inhibition via this latter mechanism will irreversibly ‘‘trap’’
the enzyme upon binding by triggering a conformational change
involving key amino acids required for enzymatic activity. In
reversible tight-binding reactions, the inhibitor will interact with
the active site of the enzyme and will compete with the natural
peptide substrate [35,36]. A variety of protease inhibitors have
been discovered and developed over the years. The first inhibitors
were competitive reversible peptidomimetics [37,38]. With the
availability of computational technologies, crystal structures and
in silico modeling [39] other, more specific Michael-acceptor
containing peptidic inhibitors, were developed that were able to
trap the protease irreversibly by forming a stable covalent
complex. From these inhibitors, several structurally related
analogues were synthesized of which rupintrivir (Fig. 3B) inhibited
3Cpro most potently [39]. This molecule proved to be very active
against a broad panel of rhino- and enteroviruses and was selected
for clinical trials [33,40]. Due to poor oral bioavailability,
rupintrivir was administered intranasally [41] and was found to
be well tolerated and reduced symptoms and viral load in HRV
challenge trials [42,43]. However, in naturally infected patients no
reduction in disease severity and viral load was noted and the
compound was therefore halted from further development [44]
(Table 1). Because of the poor bioavailability of this peptidomi-
metic compound, a nonpeptidic, orally bioavailable analogue was
designed (Fig. 3B) [44,45]. Compound 1, as the molecule was
designated, exhibited potent and broad spectrum anti-rhinovirus
activity, and was well tolerated in phase I clinical studies. However,
clinical development of this compound was not persued either [46]
(Table 1).

The crystal structure of several picornavirus proteases (with or
without cleavage substrate) has been solved and should facilitate
the rational design and the development of novel protease-
targeting inhibitors [47,48]. Proteases as antiviral targets have
already proven their value in the treatment of HIV- and HCV-
infected patients [36].

2.3. Inhibitors that target the RNA replication machinery

Upon receptor binding and entry into the cytoplasm of the host
cell, viral RNA will serve as a template for protein translation and
RNA replication. RNA replication occurs within membranous
replication complexes and requires the participation of many
host cell factors, viral precursors and mature proteins, including
2B, 2C, 2BC, 3A, 3B, 3AB, 3C, 3D and 3CD [49] (Fig. 1). Some of these
proteins are already being studied intensively as potential targets
for antiviral drug development. The most important findings will
be summarized below.

2.3.1. Targeting 2C protein

2C protein is highly conserved among picornaviruses [50] and
involved in many critical functions, hence posing an excellent
target for the development of broad spectrum antivirals. Despite
the fact that this protein has been studied intensively, its complete
role in viral RNA replication has not yet been elucidated. It has been
documented that 2C is involved in the rearrangement of host
cellular membranes [51], RNA binding [52], binding to various
viral- and host proteins [53,54], morphogenesis of infectious virus

http://www.biota.com.au/
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particles [53], ATPase- and GTPase activity [55] and even uncoating
[56]. The ATPase domain of enterovirus protein 2C contains three
conserved motifs (A, B and C) which are characteristic for the
NTPases/helicases of superfamily III [57]. Despite the fact that the
presence of these motifs suggests a helicase function for protein
2C, attempts to demonstrate such enzymatic activity remained
unsuccessful. Of the several 2C-targeting compounds that have
been reported so far, guanidine hydrochloride (GuaHCl) (Fig. 3C) is
the most extensively studied. This compound inhibits poliovirus,
several coxsackie- and echoviruses, foot-and-mouth disease virus
(FMDV), but not hepatitis A virus (HAV) [58]. It was demonstrated
that GuaHCl affects poliovirus replication at multiple levels,
including blocking the initiation of negative, but not positive
strand RNA synthesis, nor RNA chain elongation [59]. Furthermore,
GuaHCl prevents binding of 2C or its precursor(s) to the host
membranes [60] and finally, one study also demonstrated the
inhibition of ATPase activity by GuaHCl [61]. Other 2C-targeting
molecules, including 2-(a-hydroxybenzyl)-benzimidazole (HBB)
[58] and a substituted benzimidazole, 1-(4-fluorophenyl)-2-[(4-
imino-1,4-dihydropyridin-1-yl)methyl] (MRL-1237) [62] were
reported to inhibit poliovirus and some coxsackieviruses. A
substantial overlap between the resistance profiles of HBB and
MRL-1237 has been reported, suggesting a similar mechanism of
action [63]. The precise mode of action remains however to be
elucidated. Finally, yet another benzimidazole derivative TBZE-029
(Fig. 3C) was reported to exhibit antiviral activity against several
enteroviruses but not rhinoviruses or poliovirus. The compound
does not inhibit 2C ATPase activity in vitro and may possibly target
the enzymatic activity or the assembly of the putative ring
helicase. TBZE-029-resistant variants also proved cross-resistant
with other 2C-targeting molecules (GuaHCl, HBB and MRL-1237)
[63]. In conclusion, 2C is one of the most conserved proteins among
enteroviruses and is implicated in a multitude of critical stages in
the viral replication cycle. Most 2C-targeting molecules select for
mutations in the same region of the viral protein, which is
apparently a ‘hot spot’ for accumulation of resistance mutations
[63]. Thus far, the precise mechanism of action of this class of
compounds remains unknown. Unraveling the precise mechanism
of action may provide important insights in the biology of
enteroviruses and may allow the rational design of more potent
inhibitors.

2.3.2. Targeting 3A protein

Another indispensible, nonstructural protein is the multifunc-
tional, small, hydrophobic protein 3A which is highly conserved
among enteroviruses [64]. This protein is found in association with
cellular membranes via a C-terminal hydrophobic region [65] and
is implicated in many functions including RNA replication [65],
host cell tropism and pathogenicity [66]. Moreover, it has been
shown that 3A protein of enteroviruses B and C also affects ER-to-
Golgi transport by inhibition of COP-I translocation to the secretory
organelle membranes [64]. The ability of 3A protein to interfere
with the host secretory pathway has been demonstrated to reduce
the secretion of several cytokines and to downregulate TNF-
receptors on the cell surface and MHC class I surface expression
([67] and references therein). Despite the fact that inhibition of ER-
to-Golgi transport is not required for virus replication, it is thought
that it may reflect a strategy by which pathogens might reduce the
host cell’s immune response and hence promote virulence during
infection [68]. Recently, it has been reported how enterovirus
protein 3A recruits phospatidylinositol-4-kinase IIIb (PI4KIIIb) to
secretory organelle membranes. In doing so, a phosphatidylino-
sitol-4-phosphate (PI4P) lipid-rich environment is created to
which 3Dpol can bind and thus promote viral RNA replication [69].
As PI kinases appear to be essential host factors in the replication
machinery, they may be considered as genuine targets for drug
development. Thus far, only few molecules have been reported that
target protein 3A of which enviroxime (Fig. 3C), a benzimidazole
derivative, is the best studied [70] (Table 1). Several enterovirus
inhibitors that select for mutations in 3A have been discovered,
including TTP-8307 [67] and T-00127-HEV1 [71]. Several cellular
kinase inhibitors including Raf-1 inhibitor GW5074 (Fig. 3D) [72]
and the selective PI4KIIIb inhibitor PIK93 (Fig. 3D) [71] also inhibit
enterovirus replication. Despite the fact that these compounds are
structurally unrelated, they all share a common resistance
mutation profile that is comparable to that of enviroxime,
suggesting a related mechanism of action [67]. Despite this
common resistance profile, only some of the so-called enviroxime-
like compounds target PI4KIIIb; others on the contrary may have
targets different from PI kinases that still need to be identified [71].
In summary, the indispensable function of 3A in several virus and/
or host cell interactions (which will be discussed below in more
detail) makes this protein a very attractive (indirect) target in the
search for a chemotherapeutic agent.

2.3.3. Targeting 3D protein

Enteroviruses encode an RNA-dependent RNA polymerase
(RdRp), also referred to as 3Dpol, that functions in concert with
several cellular and viral proteins as the catalytic unit in the
synthesis of both plus- and minus strand viral RNA. As viral
polymerases are the key component of genome replication and
human host cells are devoid of such RdRps, they are considered one
of the most interesting targets for drug development. The
identification of numerous inhibitors targeting the HIV reverse
transcriptase and HBV and herpes virus DNA polymerase has
already clinically validated viral polymerases as excellent thera-
peutic targets. Inhibitors targeting the RdRp of HCV are currently in
clinical development [73]. Antiviral drugs targeting 3Dpol may
either target the enzymatic function of the protein itself, or inhibit
interactions with viral and/or cellular proteins or with the RNA
template. Polymerase-targeting compounds can be classified into
nucleoside and non-nucleoside inhibitors. One such nucleoside
inhibitor is the synthetic purine analogue 1-b-D-ribofuranosyl-1-
H-1,2,4-triazole-3-carboxamide (ribavirin) (Fig. 3C) which has
been used over several decades to treat viral infections, mostly
HCV, in combination with pegylated IFN-a [74]. Despite the fact
that the compound has been a topic of intensive research since its
discovery in 1972, the precise molecular mechanism by which
ribavirin exerts its antiviral activity still remains controversial.
Several different mechanisms of action have been proposed
depending on the virus being studied, including (i) depletion of
guanosine triphosphate (GTP) pools via inhibition of inosine 50-
monophosphate dehydrogenase (IMPDH), (ii) maintaining an
immunomodulatory response, (iii) inhibition of viral capping,
(iv) direct inhibition of viral polymerases and finally (v) by
inducing lethal mutagenesis in which ribavirin will be incorporat-
ed in the viral genome. This latter will increase the viral mutation
rate and eventually force the viral population beyond the error
threshold and, potentially, extinction [75,76]. Recent studies with
poliovirus demonstrate that lethal mutagenic treatment does not
only effectively reduce viral fitness, but results also in ribavirin-
resistant virus populations with increased polymerase fidelity.
This lowered mutation rate impaired viral spread, pathogenesis
and capacity of evolving resistance against antiviral drugs
targeting structural or nonstructural proteins [77]. Combination
therapy, consisting of lethal mutagenesis-inducing agents and the
classic antiviral approach could thus create an indirect synergism
[78]. Only a few non-nucleoside anti-enterovirus agents have been
identified so far including gliotoxin, amiloride and DTriP-22.
Gliotoxin, a fungal metabolite, was shown to inhibit poliovirus
replication by targeting 3Dpol, thereby hampering the synthesis of
both plus- and minus-strand RNA synthesis. Amiloride (Fig. 3D)
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and its derivatives are known inhibitors of epithelial Na+ channels
and are used to treat hypertension. They also have been reported to
inhibit rhinovirus 2 and CVB3 replication by targeting 3Dpol [79]. A
recent study of Levi et al. suggested that amiloride acts as a non-
nucleoside mutagenic agent by mediating alterations in intracel-
lular ion levels such as Mg2+ and Mn2+. As these ions are essential
cofactors for polymerase activity and nucleotide insertion, they
affect RdRp fidelity in an indirect way and prove how lethal
mutagenesis can be induced by targeting the cellular environment
[80]. Finally, another non-nucleoside inhibitor, DTriP-22, was
identified as an inhibitor of several enteroviruses. Generation of
drug-resistant variants revealed that 3Dpol is the antiviral target. It
was suggested that DTriP-22 impairs 3Dpol activity by hindering
entry of nucleoside triphosphates into the cavity, but not by
incorporation into newly formed RNA [81]. In summary, 3Dpol has a
very specific and indispensible role in the viral life cycle, and is
therefore considered as a prime target for antiviral drug develop-
ment. Identifying inhibitors of 3Dpol is not only useful in a classical
therapeutic approach but also provides very valuable tools to shed
a light on viral evolution, genetic diversity and adaptation of virus
populations in vivo.

2.4. Inhibitors that target morphogenesis

Despite the fact that morphogenesis of enteroviruses is rather
poorly understood, it is known to be a multi-tiered process before
infectious particles are formed. First, the capsid precursor P1,
including the four structural components VP1 to VP4, is released
from the polyprotein [82]. Upon release, the enterovirus capsid
precursor interacts with chaperone heat shock protein 90 (Hsp90),
probably in cooperation with Hsp70 and several cofactors,
maintaining the nascent P1 in a processing-competent conforma-
tion and shielding it from proteasome degradation [83]. Subse-
quently, P1 is processed by 3Cpro or 3CDpro yielding an immature
structural unit, the protomer particle, containing one copy of VP0
(precursor of VP4 and VP2), VP3 and VP1 [84]. Five of these
protomers will self-assemble into a pentamer; twelve of these
pentamers form a next-higher-order empty capsid or procapsid.
Recent studies on enterovirus morphology suggest a role of
2CATPase in the morphogenesis of virus particles by direct
interactions with pentameric units via capsid protein VP3. In this
way, pentamer particles will only condense around actively
replicating genomic RNA forming a provirion [53,85]. Despite
the fact that morphogenesis is a stepwise event with many
potential targets, so far only few inhibitors were found to inhibit
one of these steps in the final stage of virus replication. The
replication of poliovirus and coxsackievirus A21 was shown to be
inhibited by 5-(3,4-dichlorophenyl)methylhydantoin by interfer-
ence with the correct encapsidation of viral RNA and with post-
synthetic cleavages of poliovirus proteins [86,87]. Geldanamycin
(Fig. 3D), a specific inhibitor of the cellular protein chaperone
Hsp90 was shown to impair the correct folding and maturation of
enterovirus capsid proteins [83]. In summary, morphogenesis is a
stepwise process involving both cellular and viral factors and is a
critical step in the release of infectious virus particles. Future
research should allow further differentiation of this multi-tiered
process through the identification of critical cellular and viral
factors that can be targeted by a specific inhibitor.

2.5. Inhibitors that target host cell factors

Because of the quasispecies nature of enteroviruses, the rapid
emergence of drug resistance remains a major concern with the
current antiviral approach based on small molecular inhibitors
[88]. This calls for new generations of inhibitors. Although
targeting virus-encoded proteins will likely remain the major
therapeutic approach, virus replication can also be inhibited by
targeting host cell factors that are essential for viral replication.
Viral proteins require and interact with the cellular machinery to
facilitate genome replication, translation and even morphogenesis.
A potential advantage of such approach is the fact that cellular
factors may be less prone to drug resistance due to their genetic
stability. Combination therapies based on targeting both viral and
cellular factors may prevent or delay the emergence of drug-
resistant variants [71,83,88]. Although several studies demon-
strated the interplay between virus and host factors, so far only few
cellular proteins have been identified as a possible antiviral target.
Geldanamycin (Fig. 3D), and its pharmacologically more active
analogue 17AAG, acts as a potent inhibitor of enterovirus
replication. Geldanamycin, a known inhibitor of chaperone
Hsp90, impaired the correct folding and maturation of enterovirus
capsid proteins, without any apparent toxicity in vivo. This low
toxicity could be explained by the fact that partial inhibition of a
single chaperone system does not impair cellular protein folding
which is distributed among many chaperones. In addition, despite
the high mutation rate, poliovirus was not capable of developing
resistance against geldanamycin, revealing a potential target for
the development of antiviral therapies that may be refractory to
drug resistance [83]. As described above, PI4KIIIb has recently
been identified as an essential component of enterovirus replica-
tion [69]. Several molecules have been described that target this
kinase including GW5074 (Fig. 3D), PIK93 (Fig. 3D) and T-00127-
HEV1 [71]. Despite the fact that also in this case the virus was still
able to develop resistance to the inhibitor, the drug-resistant
variants were shown to have a reduced viral fitness, suggesting
that ablation of virus replication could render the virus more
responsive to the host’s immune response or therapy with another
agent that targets another component in the replication cycle [71].
In summary, targeting host factors that are critical to viral
replication (but whose action can be bypassed via other factors in
the host cell biology) may form attractive targets for inhibition of
viral replication. Understanding the complex virus–host interac-
tions holds great promise for developing new approaches to
combat enterovirus infections and will also provide better insights
into the replication of these viruses.

3. Conclusion

Many molecules that block in vitro enterovirus replication have
been reported in the preceding decades. Although these com-
pounds were designed with the aim to eventually treat infected
patients, none of them got final approval for marketing. In many
cases, toxicity or poor pharmacokinetics posed major issues. On
the other hand, the clinical applications for such drugs called for
very few if not any adverse effects. Indeed, a treatment for the
common cold should not go along with adverse effects that are
similar than, or worse than the symptoms of the common cold
itself. Similarly, treatment of children and neonates (e.g. for
enterovirus sepsis) requires a drug that is extremely safe and well-
tolerated. Nowadays, the pressure to develop anti-enterovirus
drugs has augmented and hence, the constraints for such drugs in
term of tolerability might be reconsidered. Epidemics among
children are reported increasingly and often lead to fatal outcomes.
Especially in Asia, enteroviruses have become a major threat in the
young population and clinicians urgently call for an efficient and
selective treatment. Likewise, the need for a treatment to block
rhinovirus infections has become more urgent since it is now
widely recognized that these viruses are implicated in exacerba-
tions of chronic lung diseases. As the clinical relevance of
enteroviruses has become more serious, the demands as well as
the efforts in the field are accelerating. We therefore expect that
the question is no longer if but when an anti-enterovirus drug will
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appear on the market. Although antivirals and vaccines are the two
principle weapons to combat viral infections, we believe that
vaccines have an incomplete role in the fight against enteroviruses.
Considering the rhinoviruses, the number of serotypes reported so
far exceeds 100. For polioviruses, the use of OPV will be
discontinued in the post-eradication era, whereas the IPV alone
is insufficient to provide complete protection in possible future
outbreaks. It is unmistakable that the search for novel, potent and
selective therapies to tackle enterovirus infections is one of the
major challenges for the years to come in the field of antivirals.

References

[1] Rossmann MG, Arnold E, Erickson JW, Frankenberger EA, Griffith JP, Hecht HJ,
et al. Structure of a human common cold virus and functional relationship to
other picornaviruses. Nature 1985;317:145–53.

[2] Mallia P, Contoli M, Caramori G, Pandit A, Johnston SL, Papi A. Exacerbations of
asthma and chronic obstructive pulmonary disease (COPD): focus on virus
induced exacerbations. Curr Pharm Des 2007;13:73–97.

[3] Mallia P, Message SD, Gielen V, Contoli M, Gray K, Kebadze T, et al. Experimental
rhinovirus infection as a human model of chronic obstructive pulmonary
disease exacerbation. Am J Respir Crit Care Med 2011;183:734–42.

[4] Griffiths E, Wood D, Barreto L. Polio vaccine: the first 50 years and beyond.
Biologicals 2006;34:73–4.

[5] Aylward RB, Sutter RW, Heymann DL. Policy. OPV cessation—the final step to a
‘‘polio-free’’ world. Science 2005;310:625–6.

[6] Couzin J. Report concludes polio drugs are needed—after disease is eradicated.
Science 2006;311:1539.

[7] Yang F, Ren L, Xiong Z, Li J, Xiao Y, Zhao R, et al. Enterovirus 71 outbreak in the
People’s Republic of China in 2008. J Clin Microbiol 2009;47:2351–2.

[8] Sawyer MH. Enterovirus infections: diagnosis and treatment. Semin Pediatr
Infect Dis 2002;13:40–7.

[9] Diana GD, Salvador UJ, Zalay ES, Johnson RE, Collins JC, Johnson D, et al. Antiviral
activity of some beta-diketones. 1. Aryl alkyl diketones. In vitro activity against
both RNA and DNA viruses. J Med Chem 1977;20:750–6.

[10] Rossmann MG. The structure of antiviral agents that inhibit uncoating when
complexed with viral capsids. Antiviral Res 1989;11:3–13.

[11] Pevear DC, Fancher MJ, Felock PJ, Rossmann MG, Miller MS, Diana G, et al.
Conformational change in the floor of the human rhinovirus canyon blocks
adsorption to HeLa cell receptors. J Virol 1989;63:2002–7.

[12] Diana GD, Rudewicz P, Pevear DC, Nitz TJ, Aldous SC, Aldous DJ, et al.
Picornavirus inhibitors: trifluoromethyl substitution provides a global pro-
tective effect against hepatic metabolism. J Med Chem 1995;38:1355–71.

[13] Pevear DC, Tull TM, Seipel ME, Groarke JM. Activity of pleconaril against
enteroviruses. Antimicrob Agents Chemother 1999;43:2109–15.

[14] Rotbart HA, Webster AD. Treatment of potentially life-threatening enterovirus
infections with pleconaril. Clin Infect Dis 2001;32:228–35.

[15] Hayden FG, Herrington DT, Coats TL, Kim K, Cooper EC, Villano SA, et al.
Efficacy and safety of oral pleconaril for treatment of colds due to picorna-
viruses in adults: results of 2 double-blind, randomized, placebo-controlled
trials. Clin Infect Dis 2003;36:1523–32.

[16] Abzug MJ, Cloud G, Bradley J, Sanchez PJ, Romero J, Powell D, et al. Double blind
placebo-controlled trial of pleconaril in infants with enterovirus meningitis.
Pediatr Infect Dis J 2003;22:335–41.

[17] Senior K. FDA panel rejects common cold treatment. Lancet Infect Dis
2002;2:264.

[18] Andries K, Dewindt B, De Brabander M, Stokbroekx R, Janssen PA. In vitro
activity of R 61837, a new antirhinovirus compound. Arch Virol
1988;101:155–67.

[19] Chapman MS, Minor I, Rossmann MG, Diana GD, Andries K. Human rhinovirus
14 complexed with antiviral compound R 61837. J Mol Biol 1991;217:455–63.

[20] Watson KG, Brown RN, Cameron R, Chalmers DK, Hamilton S, Jin B, et al. An
orally bioavailable oxime ether capsid binder with potent activity against
human rhinovirus. J Med Chem 2003;46:3181–4.

[21] Brown RN, Cameron R, Chalmers DK, Hamilton S, Luttick A, Krippner GY, et al.
2-Ethoxybenzoxazole as a bioisosteric replacement of an ethyl benzoate group
in a human rhinovirus (HRV) capsid binder. Bioorg Med Chem Lett
2005;15:2051–5.

[22] Oberste MS, Moore D, Anderson B, Pallansch MA, Pevear DC, Collett MS. In vitro
antiviral activity of V-073 against polioviruses. Antimicrob Agents Chemother
2009.

[23] Zhang A, Nanni RG, Li T, Arnold GF, Oren DA, Jacobo-Molina A, et al. Structure
determination of antiviral compound SCH 38057 complexed with human
rhinovirus 14. J Mol Biol 1993;230:857–67.

[24] Rozhon E, Cox S, Buontempo P, O’Connell J, Slater W, De Martino J, et al. SCH
38057 a picornavirus capsid-binding molecule with antiviral activity after the
initial stage of viral uncoating. Antiviral Res 1993;21:15–35.

[25] De Palma AM, Vliegen I, De Clercq E, Neyts J. Selective inhibitors of picornavi-
rus replication. Med Res Rev 2008;28:823–84.

[26] Thibaut HJ, Leyssen P, Puerstinger G, Muigg A, Neyts J, De Palma AM. Towards
the design of combination therapy for the treatment of enterovirus infections.
Antiviral Res 2011;90:213–7.
[27] Dougherty WG, Semler BL. Expression of virus-encoded proteinases: function-
al and structural similarities with cellular enzymes. Microbiol Rev
1993;57:781–822.

[28] Banerjee R, Weidman MK, Navarro S, Comai L, Dasgupta A. Modifications of
both selectivity factor and upstream binding factor contribute to poliovirus-
mediated inhibition of RNA polymerase I transcription. J Gen Virol
2005;86:2315–22.

[29] Ghildyal R, Jordan B, Li D, Dagher H, Bardin PG, Gern JE, et al. Rhinovirus 3C
protease can localize in the nucleus and alter active and passive nucleocyto-
plasmic transport. J Virol 2009;83:7349–52.

[30] Glaser W, Skern T. Extremely efficient cleavage of eIF4G by picornaviral
proteinases L and 2A in vitro. FEBS Lett 2000;480:151–5.

[31] Bonderoff JM, Larey JL, Lloyd RE. Cleavage of poly(A)-binding protein by
poliovirus 3C proteinase inhibits viral internal ribosome entry site-mediated
translation. J Virol 2008;82:9389–99.

[32] Dougherty JD, White JP, Lloyd RE. Poliovirus-mediated disruption of cyto-
plasmic processing bodies. J Virol 2011;85:64–75.

[33] Binford SL, Maldonado F, Brothers MA, Weady PT, Zalman LS, Meador III
JW, et al. Conservation of amino acids in human rhinovirus 3C protease
correlates with broad-spectrum antiviral activity of rupintrivir, a novel
human rhinovirus 3C protease inhibitor. Antimicrob Agents Chemother
2005;49:619–26.

[34] Tong L. Viral proteases. Chem Rev 2002;102:4609–26.
[35] Rawlings ND, Tolle DP, Barrett AJ. Evolutionary families of peptidase inhibi-

tors. Biochem J 2004;378:705–16.
[36] Fear G, Komarnytsky S, Raskin I. Protease inhibitors and their peptidomimetic

derivatives as potential drugs. Pharmacol Ther 2007;113:354–68.
[37] Malcolm BA, Lowe C, Shechosky S, McKay RT, Yang CC, Shah VJ, et al. Peptide

aldehyde inhibitors of hepatitis A virus 3C proteinase. Biochemistry
1995;34:8172–9.

[38] Huang Y, Malcolm BA, Vederas JC. Synthesis and testing of azaglutamine
derivatives as inhibitors of hepatitis A virus (HAV) 3C proteinase. Bioorg
Med Chem 1999;7:607–19.

[39] Matthews DA, Dragovich PS, Webber SE, Fuhrman SA, Patick AK, Zalman LS,
et al. Structure-assisted design of mechanism-based irreversible inhibitors of
human rhinovirus 3C protease with potent antiviral activity against multiple
rhinovirus serotypes. Proc Natl Acad Sci USA 1999;96:11000–7.

[40] Patick AK, Binford SL, Brothers MA, Jackson RL, Ford CE, Diem MD, et al. In vitro
antiviral activity of AG7088, a potent inhibitor of human rhinovirus 3C
protease. Antimicrob Agents Chemother 1999;43:2444–50.

[41] Zhang KE, Hee B, Lee CA, Liang B, Potts BC. Liquid chromatography–mass
spectrometry and liquid chromatography–NMR characterization of in vitro
metabolites of a potent and irreversible peptidomimetic inhibitor of rhinovi-
rus 3C protease. Drug Metab Dispos 2001;29:729–34.

[42] Hayden FG, Turner RB, Gwaltney JM, Chi-Burris K, Gersten M, Hsyu P, et al.
Phase II, randomized, double-blind, placebo-controlled studies of ruprintrivir
nasal spray 2-percent suspension for prevention and treatment of experimen-
tally induced rhinovirus colds in healthy volunteers. Antimicrob Agents Che-
mother 2003;47:3907–16.

[43] Hsyu PH, Pithavala YK, Gersten M, Penning CA, Kerr BM. Pharmacokinetics and
safety of an antirhinoviral agent, ruprintrivir, in healthy volunteers. Antimi-
crob Agents Chemother 2002;46:392–7.

[44] Patick AK, Brothers MA, Maldonado F, Binford S, Maldonado O, Fuhrman S,
et al. In vitro antiviral activity and single-dose pharmacokinetics in humans of
a novel, orally bioavailable inhibitor of human rhinovirus 3C protease. Anti-
microb Agents Chemother 2005;49:2267–75.

[45] Dragovich PS, Prins TJ, Zhou R, Johnson TO, Hua Y, Luu HT, et al. Structure-
based design, synthesis, and biological evaluation of irreversible human
rhinovirus 3C protease inhibitors. 8. Pharmacological optimization of orally
bioavailable 2-pyridone-containing peptidomimetics. J Med Chem
2003;46:4572–85.

[46] Patick AK. Rhinovirus chemotherapy. Antiviral Res 2006;71:391–6.
[47] Zunszain PA, Knox SR, Sweeney TR, Yang J, Roque-Rosell N, Belsham GJ, et al.

Insights into cleavage specificity from the crystal structure of foot-and-mouth
disease virus 3C protease complexed with a peptide substrate. J Mol Biol
2010;395:375–89.

[48] Marcotte LL, Wass AB, Gohara DW, Pathak HB, Arnold JJ, Filman DJ, et al.
Crystal structure of poliovirus 3CD protein: virally encoded protease and
precursor to the RNA-dependent RNA polymerase. J Virol 2007;81:3583–96.

[49] Bedard KM, Semler BL. Regulation of picornavirus gene expression. Microbes
Infect 2004;6:702–13.

[50] Gorbalenya AE, Blinov VM, Donchenko AP, Koonin EV. An NTP-binding motif is
the most conserved sequence in a highly diverged monophyletic group of
proteins involved in positive strand RNA viral replication. J Mol Evol
1989;28:256–68.

[51] Cho MW, Teterina N, Egger D, Bienz K, Ehrenfeld E. Membrane rearrangement
and vesicle induction by recombinant poliovirus 2C and 2BC in human cells.
Virology 1994;202:129–45.

[52] Rodriguez PL, Carrasco L. Poliovirus protein 2C contains two regions involved
in RNA binding activity. J Biol Chem 1995;270:10105–12.

[53] Liu Y, Wang C, Mueller S, Paul AV, Wimmer E, Jiang P. Direct interaction
between two viral proteins, the nonstructural protein 2C and the capsid
protein VP3, is required for enterovirus morphogenesis. PLoS Pathog 2010;6.

[54] Tang WF, Yang SY, Wu BW, Jheng JR, Chen YL, Shih CH, et al. Reticulon 3 binds
the 2C protein of enterovirus 71 and is required for viral replication. J Biol
Chem 2007;282:5888–98.



H.J. Thibaut et al. / Biochemical Pharmacology 83 (2012) 185–192192
[55] Rodriguez PL, Carrasco L. Poliovirus protein 2C has ATPase and GTPase
activities. J Biol Chem 1993;268:8105–10.

[56] Li JP, Baltimore D. An intragenic revertant of a poliovirus 2C mutant has an
uncoating defect. J Virol 1990;64:1102–7.

[57] Gorbalenya AE, Koonin EV, Wolf YI. A new superfamily of putative NTP-
binding domains encoded by genomes of small DNA and RNA viruses. FEBS
Lett 1990;262:145–8.

[58] De Palma AM, Vliegen I, De CE, Neyts J. Selective inhibitors of picornavirus
replication. Med Res Rev 2008;28:823–84.

[59] Barton DJ, Flanegan JB. Synchronous replication of poliovirus RNA: initiation of
negative-strand RNA synthesis requires the guanidine-inhibited activity of
protein 2C. J Virol 1997;71:8482–9.

[60] Bienz K, Egger D, Troxler M, Pasamontes L. Structural organization of poliovi-
rus RNA replication is mediated by viral proteins of the P2 genomic region. J
Virol 1990;64:1156–63.

[61] Pfister T, Wimmer E. Characterization of the nucleoside triphosphatase activi-
ty of poliovirus protein 2C reveals a mechanism by which guanidine inhibits
poliovirus replication. J Biol Chem 1999;274:6992–7001.

[62] Shimizu H, Agoh M, Agoh Y, Yoshida H, Yoshii K, Yoneyama T, et al. Mutations
in the 2C region of poliovirus responsible for altered sensitivity to benzimid-
azole derivatives. J Virol 2000;74:4146–54.

[63] De Palma AM, Heggermont W, Lanke K, Coutard B, Bergmann M, Monforte AM,
et al. The thiazolobenzimidazole TBZE-029 inhibits enterovirus replication by
targeting a short region immediately downstream from motif C in the non-
structural protein 2C. J Virol 2008;82:4720–30.

[64] Wessels E, Duijsings D, Lanke KH, van Dooren SH, Jackson CL, Melchers WJ,
et al. Effects of picornavirus 3A Proteins on Protein Transport and GBF1-
dependent COP-I recruitment. J Virol 2006;80:11852–60.

[65] Fujita K, Krishnakumar SS, Franco D, Paul AV, London E, Wimmer E. Membrane
topography of the hydrophobic anchor sequence of poliovirus 3A and 3AB
proteins and the functional effect of 3A/3AB membrane association upon RNA
replication. Biochemistry 2007;46:5185–99.

[66] Pacheco JM, Henry TM, O’Donnell VK, Gregory JB, Mason PW. Role of non-
structural proteins 3A and 3B in host range and pathogenicity of foot-and-
mouth disease virus. J Virol 2003;77:13017–2.

[67] De Palma AM, Thibaut HJ, van der Linden L, Lanke K, Heggermont W, Ireland S,
et al. Mutations in the nonstructural protein 3A confer resistance to the novel
enterovirus replication inhibitor TTP-8307. Antimicrob Agents Chemother
2009;53:1850–7.

[68] Dodd DA, Giddings Jr TH, Kirkegaard K. Poliovirus 3A protein limits interleu-
kin-6 (IL-6), IL-8, and beta interferon secretion during viral infection. J Virol
2001;75:8158–65.

[69] Hsu NY, Ilnytska O, Belov G, Santiana M, Chen YH, Takvorian PM, et al. Viral
reorganization of the secretory pathway generates distinct organelles for RNA
replication. Cell 2010;141:799–811.

[70] Phillpotts RJ, Jones RW, Delong DC, Reed SE, Wallace J, Tyrrell DA. The activity
of enviroxime against rhinovirus infection in man. Lancet 1981;1:1342–4.

[71] Arita M, Kojima H, Nagano T, Okabe T, Wakita T, Shimizu H. Phosphatidyli-
nositol 4-kinase III beta is a target of enviroxime-like compounds for anti-
poliovirus activity. J Virol 2011;85:2364–72.
[72] Arita M, Wakita T, Shimizu H. Cellular kinase inhibitors that suppress entero-
virus replication have a conserved target in viral protein 3A similar to that of
enviroxime. J Gen Virol 2009;90:1869–79.

[73] Tsai CH, Lee PY, Stollar V, Li ML. Antiviral therapy targeting viral polymerase.
Curr Pharm Des 2006;12:1339–55.

[74] McHutchison JG, Gordon SC, Schiff ER, Shiffman ML, Lee WM, Rustgi VK, et al.
Interferon alfa-2b alone or in combination with ribavirin as initial treatment
for chronic hepatitis C. Hepatitis Interventional Therapy Group. N Engl J Med
1998;339:1485–92.

[75] Graci JD, Cameron CE. Mechanisms of action of ribavirin against distinct
viruses. Rev Med Virol 2006;16:37–48.

[76] Crotty S, Maag D, Arnold JJ, Zhong W, Lau JY, Hong Z, et al. The broad-spectrum
antiviral ribonucleoside ribavirin is an RNA virus mutagen. Nat Med
2000;6:1375–9.

[77] Pfeiffer JK, Kirkegaard K. Increased fidelity reduces poliovirus fitness and
virulence under selective pressure in mice. PLoS Pathog 2005;1:e11.

[78] Vignuzzi M, Stone JK, Andino R. Ribavirin and lethal mutagenesis of poliovirus:
molecular mechanisms, resistance and biological implications. Virus Res
2005;107:173–81.

[79] Harrison DN, Gazina EV, Purcell DF, Anderson DA, Petrou S. Amiloride deri-
vatives inhibit coxsackievirus B3 RNA replication. J Virol 2008;82:1465–73.

[80] Levi LI, Gnadig NF, Beaucourt S, McPherson MJ, Baron B, Arnold JJ, et al. Fidelity
variants of RNA dependent RNA polymerases uncover an indirect, mutagenic
activity of amiloride compounds. PLoS Pathog 2010;6:e1001163.

[81] Chen TC, Chang HY, Lin PF, Chern JH, Hsu JT, Chang CY, et al. Novel antiviral
agent DTriP-22 targets RNA-dependent RNA polymerase of enterovirus 71.
Antimicrob Agents Chemother 2009;53:2740–7.

[82] Mueller S, Wimmer E, Cello J. Poliovirus and poliomyelitis: a tale of guts,
brains, and an accidental event. Virus Res 2005;111:175–93.

[83] Geller R, Vignuzzi M, Andino R, Frydman J. Evolutionary constraints on
chaperone-mediated folding provide an antiviral approach refractory to de-
velopment of drug resistance. Genes Dev 2007;21:195–205.

[84] Ypma-Wong MF, Dewalt PG, Johnson VH, Lamb JG, Semler BL. Protein 3CD is
the major poliovirus proteinase responsible for cleavage of the P1 capsid
precursor. Virology 1988;166:265–70.

[85] Nugent CI, Johnson KL, Sarnow P, Kirkegaard K. Functional coupling between
replication and packaging of poliovirus replicon RNA. J Virol 1999;73:427–35.

[86] Vance LM, Moscufo N, Chow M, Heinz BA. Poliovirus 2C region functions
during encapsidation of viral RNA. J Virol 1997;71:8759–65.

[87] Verlinden Y, Cuconati A, Wimmer E, Rombaut B. The antiviral compound 5-
(3,4-dichlorophenyl) methylhydantoin inhibits the post-synthetic cleavages
and the assembly of poliovirus in a cell-free system. Antiviral Res 2000;48:61–
9.

[88] Muller B, Krausslich HG. Antiviral strategies. Handb Exp Pharmacol 2009;1–
24.

[89] http://www.who.int/respiratory/copd/en/ [last checked 17.08.11].
[90] http://www.polioeradication.org/casecount.asp [last checked 17.08.11].
[91] http://www.clinicaltrials.govid. NCT00394914 [last checked 17.08.11].
[92] http://www.clinicaltrials.govid. NCT00031512 [last checked 17.08.11].

http://www.who.int/respiratory/copd/en/
http://www.polioeradication.org/casecount.asp
http://www.clinicaltrials.govid/
http://www.clinicaltrials.govid/

	Combating enterovirus replication: State-of-the-art on antiviral research
	Introduction
	Small molecule inhibitors of enterovirus replication
	Inhibitors of attachment, entry and/or uncoating
	Inhibitors that target proteolytic enzymes
	Inhibitors that target the RNA replication machinery
	Targeting 2C protein
	Targeting 3A protein
	Targeting 3D protein

	Inhibitors that target morphogenesis
	Inhibitors that target host cell factors

	Conclusion
	References


