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Abstract

Enterovirus D68 (EV-D68) is an RNA virus that causes respiratory illnesses mainly in children. In 

severe cases, it can lead to neurological complications such as acute flaccid myelitis (AFM). EV-

D68 belongs to the enterovirus genera of the Picornaviridae family, which also includes many 

other significant human pathogens such as poliovirus, enterovirus A71 and rhinovirus. There are 

currently no vaccines or antivirals against EV-D68. In this review, we present the current 

understanding of the link between EV-D68 and AFM, the mechanism of viral replication, and 

recent progress in developing EV-D68 antivirals by targeting various viral proteins and host factors 

that are essential for viral replication. The future directions of EV-D68 antiviral drug discovery 

and the criteria for drugs to reach clinical trials are also discussed.

Graphical Abstract

Enterovirus D68 (EV-D68) is an RNA virus that mainly causes respiratory illnesses in children, 

but in rare cases also leads to neurological complications such as acute flaccid myelitis (AFM). 

There are currently no vaccines or antivirals against EV-D68. In this review, we discuss recent 

progress in developing EV-D68 antivirals by targeting different stages of viral replication cycle. In 
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addition, we provide insights regarding future directions of EV-D68 antiviral drug discovery and 

the criteria for drugs to reach clinical trials.
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Enteroviruses include poliovirus and non-polio enteroviruses such as enterovirus A71 (EV-

A71), enterovirus D68 (EV-D68), coxsackievirus, echovirus, and rhinovirus. They are non-

enveloped, single-stranded, positive-sense RNA viruses that belong to the enterovirus genera 

of the Picornaviridae family. EV-D68 mainly infects children and causes flu-like symptoms. 

EV-D68 has two unique features that distinguish itself from other enteroviruses. First, 

instead of transmitting through the fecal-oral route like many other enteroviruses (poliovirus, 

echovirus, coxsackievirus), EV-D68 mainly transmits through airways. The molecular 

explanation underlying this phenotype is that EV-D68 is acid labile, therefore it cannot 

survive in the acidic environment of the gastrointestinal tract. It has been shown that low pH 

can trigger uncoating of viral capsids of EV-D68.1 Second, EV-D68 prefers lower growth 

temperature at 33°C, while other enteroviruses such as echovirus and coxsackievirus prefer 

37°C. Overall, EV-D68 is more closely related with rhinovirus. Historically, EV-D68 was 

misclassified as rhinovirus 87 prior to genetic sequencing.

EV-D68 emerged as public health threat when its first outbreak in 2014 coincided with 

increasing cases of acute flaccid myelitis (AFM), a neurological complication that resembles 

poliovirus infection. AFM is defined as acute onset of paralysis, accompanied by lesions in 

the grey matter of the spinal cord shown by magnetic resonance imaging. Although AFM is 

a severe disease, it remains rare. Majority of EV-D68 infection only leads to mild respiratory 

illness, and a small fraction will progress to AFM.2 Poliovirus is a well-known cause of 

AFM and is associated with poliomyelitis. A number of non-polio viruses have also been 

reported to be associated with AFM including West Nile virus, Japanese encephalitis virus, 

adenovirus, and echovirus.3

EV-D68 and AFM

Poliomyelitis was nearly eliminated through vaccination with only limited cases reported in 

three countries – Pakistan, Afghanistan, and Nigeria. However, neurological infections 

caused by non-polio enteroviruses, including EV-D68 and EV-A71 haven risen continuously 

in recent years. EV-D68 was first isolated in 1962 and rarely caused any significant 

problems until the first outbreak in 2014. The rise in AFM cases led to the speculation that 

contemporary EV-D68 viruses might have evolved to become more pathogenic than historic 

viruses such as the Fermon strain isolated in 1962. This is not surprising as EV-D68 and 

poliovirus actually belong to the same genera of enterovirus family. Indeed, sequencing of 

the contemporary EV-D68 viruses revealed 12 substitutions in both the coding and non-

coding regions that showed similar sequences identity with neurotropic poliovirus and EV-

A71,4 suggesting EV-D68 viruses have evolved overtime to become neurotropic. To fulfill 

Koch’s postulations that EV-D68 is the causative agent of AFM, Tyler et al. infected Swiss 

Webster (SW) mice with several EV-D68 isolates from the 2014 U.S. outbreak and were 
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able to reproduce flaccid paralysis symptoms.5 In a follow-up study, they further showed 

that contemporary EV-D68 strains isolated during the 2014 outbreak such as US/MO/47 

were able to infect and replicate in neuronal cell lines such as SH-SY5Y as well as primary 

human neuron cultures.6 In contrast, EV-D68 strains isolated prior to the 2014 outbreak such 

as VR1197 (similar to the prototypical Fermon strain isolated in 1962) and US/TN (isolated 

in 2012), failed to grow in these neuronal cells. Furthermore, among the three viruses tested, 

only contemporary EV-D68 strain US/MO/47 was able to cause paralysis in neonatal mice 

following intramuscular injection as shown by the lack of movement in one or more limbs. 

Increasing viral titers were also detected in the spinal cord and muscle after US/MO/47 

infection. In addition, mouse models developed by several other groups were also able to 

reproduce the paralysis symptoms when mice were infected with contemporary EV-D68 

viruses.7, 8 Other than the neurological mouse model, the respiratory mouse model for EV-

D68 was also reported.9 More information on the development of mouse models of EV-D68 

infection can be found in recent reviews.10–12

In contrast to the conclusion that neurotropism is only a recent acquired phenotype, 

Rosenfeld et al. recently reported that both historic and contemporary EV-D68 isolates were 

able to replicate in organotypic mouse brain slice cultures as well as induced human 

astrocytes.13 All viruses except the 952 isolate also replicated in neurons derived from 

human induced pluripotent stem cells. There appears to be no clear difference between 

historic strains and contemporary strains in terms of their ability to infect neuronal cells. 

Thus, they concluded that neurotropism is not a recently acquired phenotype. The 

controversy raised by these two studies might have resulted from different cell types used for 

viral infection: Brown et al. used human neuroblastoma-derived neuronal cell line SH-SY5Y 

as a cell culture model, which Rosenfeld et al. argued is not suitable for studying 

neurotropism as this cell line might lose the neuronal characteristics upon passage. Instead, 

Rosenfeld et al. chose stem cell induced neurons, including cortical neurons and astrocytes, 

as well as mice organotypic brain slice cultures, all of which have been widely used to study 

other neurotropic viruses such as ZIKA virus and measles virus.14 However, in Brown et 

al.’s study, aside from SH-SY5Y cells, they also showed that only contemporary EV-D68 

strain US/MO/47, and not the historic strains US/TN and VR1197, was able to replicate in 

primary human fetal brain-derived neurons,6 raising further questions regarding the 

neurotropism.

The mechanism by which EV-D68 leads to neurological complications in humans is still 

under investigation. Clinically, EV-D68 virus was rarely detected in the patients’ blood, 

cerebrospinal spinal fluid, or spinal cord samples.15 Only one sample of cerebrospinal fluid 

from AFM patients tested positive for EV-D68 in 2018.15, 16 Absence of viral RNA in AFM 

might be due to the timing of sampling or the extremely low levels of viral genome in the 

CSF. This raised the questions of how viruses spread in the body and whether viruses 

penetrate blood-brain barrier or blood-spinal cord barrier. To address this question, a recent 

study took an alternative approach by identifying EV-D68 antibodies in the CSF samples 

from AFM patients instead of detecting viral genome directly.17 Specifically, peptide 

microarrays consisting of 160,000 unique peptide fragments from the capsid proteins of 

enteroviruses were used to isolate binding antibodies from the CSF samples. Encouragingly, 

antibodies reacting specifically to a 22 amino acid peptide fragment derived from the EV-
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D68 VP1 capsid protein were identified in 6 out of 11 CSF samples and in 8 out of 11 serum 

samples. In contrast, no reactive antibody against this peptide was detected in 26 control 

samples. Although the authors could not completely rule out the possibility of the CSF 

antibodies originating from the blood, this finding strongly suggests the presence of virus in 

the CSF at some point during viral infection. Another independent study using a similar 

strategy came up with a similar conclusion stating that there is a plausible correlation 

between EV-D68 infection and AFM.16

EV-D68 REPLICATION CYCLE

EV-D68 virion contains a single positive-sense RNA genome surrounded by an icosahedral 

capsid made of viral capsid proteins VP1-VP4 with VP1-VP3 displayed on the surface and 

VP4 sitting underneath.18 It is among the smallest viruses with a diameter of ~ 30 nm. Each 

virion contains 60 copies of the capsid proteins VP1-VP4. Inside the virion is a single-

stranded, positive-sense viral RNA that is approximately 7400 bases long. The viral RNA 

contains three segments: a 5’ untranslated region (UTR), a single open reading frame (ORF), 

and a 3’-UTR. Upon binding to host cell receptors (sialic acid, ICAM-5, or others), virion 

enters cell through endocytosis (Figure 1).19, 20 The low pH in the endosome triggers viral 

uncoating and releasing of viral RNA.1 The host cell ribosome then binds to an internal 

ribosomal entry site (IRES) within the 5’-UTR and initiates translation. Similar to HIV and 

HCV viruses, the protein-coding region within the ORF is first translated into a single viral 

polypeptide in which all viral proteins are linked together. Next, two viral proteases, 2A and 

3C, that are within this polypeptide self-cleave the polypeptide into individual viral proteins 

– four capsid proteins VP1-VP4 and seven non-structural proteins (2A, 2B, 2C, 3A, 3B, 3C, 

and 3D). Viral genome replication starts with transcription of the genomic (+)-RNA to the 

(−)-RNA by the viral RNA-dependent RNA polymerase (3Dpol). The (−)-RNA then serves 

as a template for the synthesis of new (+)-RNA. Replication of enteroviruses typically 

involves membranous replication organelles, and several viral proteins (2C and 3A) and host 

factors (ACBD3, PI4KB and OSBP) are involved in this membrane remodeling process.
21, 22 Finally, capsid proteins, together with viral genomic RNA, self-assemble and exit the 

host cell as progeny virions either through exocytosis or lytic release.23

ANTIVIRAL DRUG DISCOVERY STRATEGIES

Theoretically, compounds targeting any step during the viral replication process could be 

developed as antivirals. The compounds can act on either viral proteins or host factors that 

are essential for viral replication. It is generally more feasible to develop direct-acting 

antivirals than host-targeting antivirals due to off-target issues. In reality, maraviroc, an HIV 

CCR5 co-receptor antagonist, is the only specifically designed host-target antiviral.24 Other 

known host-targeting antivirals include interferons and ribavirin; however their mechanism 

of action is not well understood and multiple mechanisms of action might be involved.

The goal of this review is to summarize the recent progress and discuss the future directions 

in developing EV-D68 antivirals. We will mainly focus on drug candidates that have a 

defined mechanism of action. The following section is organized based on individual drug 

targets.
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There are three general approaches used to discover antivirals for EV-D68. The first 

approach is to test EV-D68 against existing antivirals that have antiviral activity against 

similar viruses such as poliovirus, EV-A71, CVB3, or rhinovirus. The rationale is that 

viruses in the same family generally share a certain degree of sequence similarity; therefore, 

antivirals targeting conserved viral proteins might have broad-spectrum antiviral activity 

against viruses in the same family. Examples of compounds identified through this approach 

include pleconaril and rupintrivir. The second approach involves screening of chemical 

libraries against EV-D68 in phenotypic viral cytopathic effect assay. The mechanisms of 

action by the positive hits are then elucidated through either resistance selection or various 

cellular and biochemical assays. The third approach involves target-based design and 

screening of inhibitors targeting certain viral proteins from EV-D68.

CAPSID INHIBITORS (VP1-VP4)

The VP1, VP2, and VP3 subunits from EV-D68 assemble and form an icosahedral shell with 

VP4 located in the inner surface of the viral capsid (Figure 2A). Pleconaril (1) was originally 

developed as a capsid inhibitor for rhinovirus, and it was later found to be active against EV-

D68 (Figure 2B). Pleconaril (1) failed in the clinical trial for the treatment of rhinovirus-

induced common colds due to a lack of efficacy.25 The X-ray crystal structure of EV-D68 

virion in complex with pleconaril (1) was solved at 2.32 Å resolution (PDB: 4WM7) (Figure 

2C).18 Pleconaril (1) fits in a hydrophobic drug-binding pocket in the canyon region located 

at the VP1 protein and protects the virion against thermal inactivation. It inhibits EV-D68 

replication in cell culture with single-digit to submicromolar potency as shown by multiple 

studies (Table 1),26–28 and it is often used as a positive control compound in antiviral assays 

as well as in mechanistic studies. Pleconaril (1) is active against multiple EV-D68 strains 

tested. However, it was not active against the close-related EV-A71 virus.28, 29 Resistance to 

pleconaril (1) was mapped to VP1-V81A (V69A in the 4WM7 numbering), a residue that 

locates right above the benzene ring of pleconaril (1). Mutating a bulky valine to a smaller 

alanine is likely to diminish the hydrophobic interactions between VP1 and pleconaril (1), 

leading to drug resistance. However, the fitness of the VP1-V69A mutant virus was not 

studied, and it is not clear whether this drug resistant mutation might be a potential concern 

or not. Other capsid inhibitors tested against EV-D68 include vapendavir (2), pirodavir (3), 

and pocapavir (4) (Figure 2B), all of which were originally designed as rhinovirus antivirals. 

The antiviral potency of vapendavir (2) against EV-D68 was not conclusive. In one study, 

vapendavir inhibited multiple EV-D68 strains but only one with single to submicromolar 

potency,26and in another study, it was not active against the four EV-D68 strains tested 

(EC50 > 10 μM) (Table 1).27 Pirodavir (3) was less active against EV-D68 and had a low 

selectivity index, and it was not active against the historic strain rhinovirus 87 (EC50 > 19 

μM). Pocapavir (4) was not active against EV-D68.27 No mechanistic studies have been 

performed to elucidate the mechanism of action of these capsid inhibitors, but they 

presumably bind to the same binding pocket as pleconaril (1). From these drug-repurposing 

results, it can be concluded that although the capsid proteins from EV-D68 share many 

similarities with other enterovirus such as EV-A71, rhinovirus and poliovirus, not all 

previously discovered enterovirus capsid inhibitors are active against EV-D68. Main reason 

for this is due to the VP1 sequence divergence in the capsid inhibitor drug-binding site.18
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When evaluated against EV-D68 in both the respiratory model and the neurological model of 

infection in AG129 mice, pleconaril (1) and pirodavir (3) had no effect in reducing lung 

virus titers and improving survival.7 Although this result was somewhat disappointing, it 

should be noted that the mouse of EV-D68 infection was still in its early development stage, 

and the lack of in vivo efficacy in this study does not imply EV-D68 capsid inhibitors should 

be terminated. It is reasonable to speculate that the failure was not due to the in vivo 

pharmacokinetic properties of pleconaril (1), as this compound was active in the in vivo 

mouse model of rhinovirus infection as well as coxsackievirus infection.30 It was also 

evaluated in human clinical trials for common colds.31, 32 The in vivo antiviral efficacy of 

pleconaril (1) deserved to be re-tested in other relevant EV-D68 mouse models when 

possible, and the drug formulation, dose, and dosing frequency all need to be systematically 

evaluated.

A recent study from our group identified a tetrazole compound R856932 (5) that inhibited 

multiple EV-D68 strains with single-digit to submicromolar potency.29 Mechanistic studies 

showed that R856932 (5) had an overlapping drug-binding site as pleconaril (Figure 2C). A 

mutation VP1-A129V led to drug resistance against R856932 (5). However, VP1-A129V 

mutant virus was shown to have reduced fitness of replication compared to wild-type (WT) 

EV-D68 as shown by the competition growth assay. Therefore, R856932 (5) might represent 

a novel capsid inhibitor for further development as an EV-D68 antiviral.

For review of capsid inhibitors targeting enteroviruses in general, please refer to recent 

reviews.33, 34 A number of capsid inhibitors have been reported to inhibit EV-A71, CVB3 or 

poliovirus in either in vitro cell culture model or in vivo mouse model studies.35–37 

However, their antiviral activity has not been evaluated against EV-D68.

Overall, existing results suggest VP1 is a validated antiviral drug target for EV-D68. Other 

than the hydrophobic pleconaril drug-binding pocket, there are two additional drug-binding 

pockets that might be worth pursuing. One is located at the entrance of the hydrophobic 

canyon pocket of VP1 (Figures 2A & 2D). A recent study from Wald et al suggested that 

designing inhibitors targeting this entrance region might be feasible.38 Cryo-EM structure 

showed that a pyrazolopyrimidine compound OBR-5–340 (6) was located at the entrance of 

the VP1 capsid protein of rhinovirus-B5 (RV-B5). OBR-5–340 (6) potently inhibited RV-B5 

and did not show cross-resistance with pleconaril (1) since it did not have an overlapping 

binding site with pleconaril (1). However, it is yet unknown whether EV-D68 is sensitive 

towards OBR-5–340 (6). Another potential capsid drug-binding pocket is located at the 

VP1-VP3 junction, and this pocket appears to be conserved among coxsackieviruses (Figure 

2E).39 However, when tested against EV-D68, the most active compound 7 (numbered 17 in 

the original paper) did not show inhibition. Nevertheless, it is reasonable to speculate that 

the same drug-binding pocket located at the VP1-VP3 junction in EV-D68 might be 

similarly targeted by small molecules. Since the high-resolution structure of EV-D68 capsid 

protein is available (PDB: 4WM7), both rational design and high-throughput screening can 

be applied in searching for EV-D68 capsid inhibitors with a novel mechanism of action. Of 

particular interest are the capsid inhibitors that have a novel mechanism of action and a high 

genetic barrier to drug resistance. Although capsid inhibitors are unlikely to be used as 
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monotherapy, due to high mutation rates, they are nevertheless valuable candidates for 

combination therapy.

INHIBITORS TARGETING/MIMICKING THE CELL SURFACE SIALIC ACID 

RECEPTORS

Several studies have shown that the EV-D68 capsid proteins bind to the sialic acid receptor 

on the host cell surface, suggesting that EV-D68 uses sialic acid-containing proteins/lipids 

for cell entry.50 The X-ray crystal structure of sialic acid bound to EV-D68 further 

strengthened this claim.20 DAS181, a sialidase enzyme that cleaves sialic acid, inhibited the 

replication of both historic and contemporary EV-D68 strains in RD cells with nanomolar 

potency.27 However, a recent study showed that the interaction between sialic acid and EV-

D68 capsid protein is both strain and cell type specific, and the neurotropism is independent 

of the sialic acid receptor.13 In other words, the in vitro antiviral activity of DAS181 against 

EV-D68 in RD cells might be cell-type dependent. Therefore, entry inhibitors designed as 

decoy receptors should be evaluated against multiple EV-D68 strains in multiple cell lines to 

ensure their physiological relevance.51 Indeed, suramin (8) (Figure 2B), a 

naphthalenetrisulfonic acid compound, binds to the positively charged region in the 5-fold 

axis of the EV-A71 capsid proteins and showed potent antiviral activity against EV-A71 and 

several coxsackievirus, but not against the closely related polioviruses and EV-D68.43 

However, suramin is a well-known promiscuous compound that may represent a Pan-Assay 

Interference compound (PAIN),52 therefore lacking translational potential.

It has also been shown that EV-D68 virus can enter cell through sialic acid-independent 

mechanism via binging to cellular receptors such as intercellular adhesion molecule 5 

(ICAM-5/telencephalin).19, 50 Soluble ICAM-5 fragments inhibited EV-D68 virus 

replication in multiple permissive cells. However, no small molecule has been reported to 

block ICAM-5-depenent EV-D68 entry. Interestingly, sialic acid-independent EV-D68 

strains also bind to sialic acid-containing human erythrocytes, suggesting these viruses 

might use multiple receptors for cell entry.50

2A PROTEASE INHIBITORS

EV-D68 2A protease has long been speculated as a viral cysteine protease based on 

sequence alignment. However, its protease activity had not been demonstrated in vitro until 

recently.40 It turned out that the 2A protein itself could not be efficiently expressed in E. 
coli. Nevertheless, our group was able to express this protein with a cleavable SUMO tag. 

The protease activity of the tag-free 2A protein was shown by the fluorescence resonance 

energy transfer (FRET) assay. 2A protease specifically cleaved a peptide substrate 

corresponding to the VP1–2A junction, but not the 3C protease substrate. Subsequently, a 

FRET-based high-throughput screening was applied to identify 2A protease inhibitors. 

Telaprevir (9) (Figure 3A), an FDA-approved HCV NS3/NS4A serine protease inhibitor, 

inhibited EV-D68 2A protease with an IC50 value of 0.2 μM. To profile the specificity, 

telaprevir (1) was tested against two closely related viral cysteine proteases, the EV-D68 3C 

protease and the EV-A71 2A protease. It was found that telaprevir did not show comparable 

inhibition against these two proteases, suggesting that the inhibition of EV-D68 2A protease 
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by telaprevir (9) is specific. Enzyme kinetic studies suggest that telaprevir (9) forms a nearly 

irreversible complex with EV-D68 2Apro, and this conclusion was further supported by the 

dialysis experiment. In cell culture, telaprevir (9) inhibited multiple contemporary EV-D68 

strains with single-digit to submicromolar potency in multiple cell lines, including RD, 

A549, HEK293, and neuronal cells A172. Serial viral passage experiment identified one 

mutation— 2A-N84T that confers resistance in both the enzymatic assay and the cellular 

antiviral assay. In thermal shift assay, telaprevir binds and stabilizes the WT 2Apro, but not 

the 2A-N84T mutant protein. In the docking model, telaprevir (9) was positioned at the 

active site with its ketone in close proximity with the catalytic cysteine (Figure 3C). 

Collectively, this result showed that EV-D68 2A is a validated antiviral drug target, and that 

telaprevir (9) is a specific EV-D68 2A protease inhibitor.

Although the discovery of telaprevir (9) as a potent antiviral for EV-D68 is encouraging, 

caution should be taken in repurposing telaprevir (9) as an antiviral for EV-D68. Telaprevir 

(9) is no longer on the market as a HCV drug because newer generations of HCV NS3/

NS4A protease inhibitors were introduced, and Vertex announced the discontinuation of 

telaprevir (9). Telaprevir (9) also carries a black box warning of potential severe skin 

reactions, which makes it undesired for pediatric patients. As telaprevir (9) was not 

specifically developed for EV-D68 2Apro, it is expected that re-designing telaprevir (9) 

through either structure-based approach or structure-activity relationship studies might 

further improve its potency and selectivity index against EV-D68 2Apro. In this regard, 

solving the high-resolution structure of the 2A protease will help facilitate this process. As 

for now, only the EV-A71 2Apro is available,53 and the EV-D68 2Apro has not been solved 

yet. In addition, large-scale high-throughput screening might identify novel 2A protease 

inhibitors for further development.

3C PROTEASE INHIBITORS

Viral 3C or 3C-like proteases (3Cpro and 3CLpro, respectively) have been extensively studied 

as antiviral drug targets for picornaviruses, noroviruses, and coronaviruses.54 The 3Cpro is 

more conserved than the 2Apro among various viral families. Therefore, viral 3Cpro and 

3CLpro inhibitors are expected to have broad-spectrum antiviral activity against multiple 

viruses. The X-ray crystal structures of several viral 3Cpro and 3CLpro proteases including 

EV-D68 3Cpro and EV-A71 3Cpro with and without inhibitor bound have also been solved, 

paving the way for structure-based drug design.55 Viral 3Cpro and 3CLpro are cysteine 

proteases that adopt a typical chymotrypsin-like fold with a catalytic triad of Cys, His, and 

Glu (or Asp). One of the reasons that viral 3Cpro and 3CLpro are attractive antiviral drug 

targets is because these proteases prefer a glutamine residue at the P1 position on the 

substrate, a unique feature that is not shared among majority of the host proteases.56 

Therefore, it is feasible to design highly selective and specific 3Cpro and 3CLpro inhibitors as 

antivirals without potential side effects. Among the reported viral 3Cpro and 3CLpro 

inhibitors, one of the most advanced compounds is rupintrivir (AG7088) (10) (Figure 3A), a 

peptide-mimetic with an α,β-unsaturated ester warhead. Another similar analog that was 

advanced to human clinical trial was AG7404 (11) (Figure 3A), which had improved oral 

bioavailability compared to rupintrivir (10). Rupintrivir (10) and AG7404 (11) act as 
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irreversible inhibitors against viral 3Cpro and 3CLpro by forming a covalent bond with the 

active side cysteine (PDB: 3SJO) (Figure 3D).57 Rupintrivir (10) was originally developed 

as an antiviral against the human rhinovirus 3C protease, but dropped out of clinical trials 

due to a lack of efficacy in naturally acquired rhinovirus infections. Given the sequence 

similarities between the 3Cpro from rhinovirus and EV-D68, further studies showed that 

rupintrivir (10) was highly active against EV-D68 with nanomolar potency in cytopathic 

effect assay.27, 28 Several other viral 3Cpro and 3CLpro inhibitors have also been reported in 

literature showing varying degrees of potency in the enzymatic assay and cellular antiviral 

assay against EV-D6855, 58. The majority of them follow the similar design of rupintrivir 

(10) – a peptidomimetic sequence with a covalent warhead.41 Rupintrivir (10) was tested in 

the EV-D68 respiratory and neurological infection mouse models, but failed to show 

significant efficacy compared to the control group.7 In contrast, rupintrivir (10) was active in 

protecting suckling mice from EV-A71 infection induced limb paralysis.59 As rupintrivir 

(10) is well-tolerated and safe in humans,60 the lack of efficacy against EV-D68 might be 

due to the specific mouse model used, rather than the poor pharmacokinetic properties of the 

drug. Thus, research on viral 3Cpro and 3CLpro inhibitors should not be discouraged by this 

particular study.

A non-peptidomimetic small molecule DC07090 (12) (Figure 3A) was identified as a non-

covalent inhibitor of EV-A71 3Cpro through virtual screening and showed moderate antiviral 

activity against EV-A71 (EC50 = 22.09 ± 1.07 μM).61 However, this compound has not been 

tested against EV-D68.

The majority of the cysteine protease inhibitors feature a peptide mimetic sequence and a 

reactive warhead, which are designed to mimic the substrate and covalently label the 

catalytic cysteine residue, respectively. Although many of the reported 3C inhibitors have 

potent enzymatic inhibition as well as cellular antiviral activity, very few of them have 

demonstrated in vivo antiviral efficacy in animal model studies. Up to now, the FDA has not 

approved a single cysteine protease inhibitor. One caveat of covalent inhibitors, especially 

3C protease inhibitors, is their poor selectivity and pharmacokinetic properties. Reactive 

warheads such as aldehyde and α,β-unsaturated ester tend to react non-specifically with free 

thiols from glutathione or cysteine residues from host proteins or proteases, leading to 

reduced antiviral efficacy and toxic side effects.62 To balance the selectivity and potency of 

3C protease inhibitors, novel warheads are explored. For example, compound 13 (numbered 

30 in the original paper) featuring N-disubstituted cyanoacrylamide had not only potent 

enzymatic inhibition (Ki = 9.3 nM against EV-A71 3C) and cellular antiviral activity (EC50 

= 51 nM against EV-A71),63 but also promising selectivity against three mammalian 

proteases, including the serine protease chymotrypsin and the two cysteine proteases 

cathepsin K and calpain-1. The proposed mechanism of action is that the α-proton in the 

enzyme-inhibitor adduct was sterically shielded from deprotonation, resulting in slow off-

rate and long residence time (Figure 3B). Follow up studies should be planned to investigate 

whether the in vitro potency and selectivity of this series of compounds could be translated 

into in vivo antiviral activity and selectivity in animal models. Another 3C inhibitor worth 

highlighting is GC376 (14), which is being developed as a veterinary medicine to treat cats 

with feline infectious peritonitis (FIP). FIP virus is a coronavirus that similarly encodes a 
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3CLpro. GC376 (14) was designed to target the 3CLpro and had potent antiviral activity in 

cell culture against a panel of picornaviruses, noroviruses, and coronaviruses, including EV-

A71 and rhinoviruses.54, 64 More importantly, cats infected with feline infectious peritonitis 

(FIP) showed full recovery after treatment with GC376 (14),65 suggesting that GC376 (14) 

is well tolerated and had favorable in vivo PK properties. GC376 (14) is the bisulfite adduct 

of the aldehyde and is slowly reverted to aldehyde in solution (Figure 3B). It acts as a 

reversible inhibitor of the 3C protease.66 GC376 (14) has not been tested against EV-D68, 

but if it is active in the cell culture, it will be a promising candidate for the in vivo mouse 

model study. A third class of promising 3C protease inhibitors are the ones containing α-

ketoamide as a warhead such as compound 15 (numbered 10 in the original paper) (Figure 

3A).41 Compound 15 inhibited EV-D68 with high potency in cell culture (EC50 = 0.04 μM). 

The translational potential of α-ketoamide is conferred by two FDA-approved drugs, 

telaprevir (9) and boceprevir. Therefore, continuous development of 3C inhibitors with α-

ketoamide warhead will likely yield clinical candidates. Overall, a fine balance between the 

reactivity of the cysteine-reactive warhead and the substrate mimic sequence should be fine-

tuned to achieve high potency and selectivity simultaneously. In addition, more efforts 

should focus on optimizing the in vitro and in vivo pharmacokinetic properties of these 

3Cpro and 3CLpro inhibitors and advancing them to the in vivo mouse model study.

2C INHIBITORS

2C is approximately 328 amino acid protein with an N-terminal membrane-binding domain 

that spans residues 1–116, followed by an ATPase domain between 116 and 266 that 

resemble the AAA+ superfamily of ATPases. Residues that span amino acids 266 to 299 

contain a zinc finger domain with three cysteine residues that coordinate the ion. The C-

terminal domain forms a 29 amino-acid long α-helix that is suggested to play a role in 

forming 2C dimers or higher order oligomers, possibly hexamers.67, 68 The functions of the 

viral 2C protein are still under investigation and are not fully understood. The known 

functions of 2C protein include but are not limited to RNA binding and replication, 

membrane rearrangement, encapsidation of the viral genome, and progeny viral assembly.
12, 22 The 2C protein was also reported to interact with multiple host proteins.69 Although 

the investigation of the precise roles of 2C protein in the viral life cycle is still ongoing, the 

multifunctional roles of 2C protein render it a prominent antiviral drug target. Structural 

diverse compounds have been reported as EV-D68 antivirals by targeting the viral 2C 

protein. Among all the 2C inhibitors, guanidine (16) and fluoxetine (17) were the most 

extensively studied ones (Figure 4). Guanidine (16) inhibited multiple EV-D68 strains in cell 

culture with close to 100 μM potency.28, 46 In addition, guanidine (16) also inhibited EV-

A71 virus replication. The antiviral mechanism of action of guanidine (16) was studied 

using EV-A71 virus and mutations in 2C protein confer drug resistance.70 Surprisingly, 

despite the weak in vitro antiviral potency of guanidine (EC50 > 50 μM), it was the only 

small molecule that showed in vivo antiviral efficacy in the EV-D68 respiratory and 

neurological infection models.7 Another 2C inhibitor that moved to human clinical trials for 

EV-D68 infection is fluoxetine (Prozac) (17). Fluoxetine (17) is an FDA approved 

antidepressant drug; therefore it is well positioned for the treatment of EV-D68 induced 

AFM.71 Fluoxetine (17) inhibited multiple EV-D68 strains with single-digit or 
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submicromolar potency in cell culture.27, 46, 72 In addition, it also inhibited CVB3, EV-A71, 

but was not active against poliovirus and rhinovirus.72, 73 The antiviral mechanism of action 

of fluoxetine (17) was studied using the CVB3 virus, and mutations located at the 2C protein 

(A224V, I227V, and A229V) conferred drug resistance. However, fluoxetine (17) did not 

show antiviral efficacy in the EV-D68 infection mouse models.7, 74 When tested in patients 

with AFM, fluoxetine (17) also failed to improve clinical symptoms, although it was well-

tolerated.75 It was not clear the reasons behind the failure. Nevertheless, one 

immunocompromised pediatric patient with chronic enteroviral encephalitis did show 

stabilization and improvement following fluoxetine (17) treatment,76 emphasizing the need 

to continuously develop more potent and specific 2C inhibitors for the treatment of EV-D68 

infection.

Other 2C inhibitors discovered through drug repurposing approach that are active against 

EV-D68 in vitro include pirlindole mesylate (18), formoterol (19), zuclopenthixol (20), and 

dibucaine (21) with single-digit to double-digit micromolar potency (Figure 4).27, 46, 48 To 

be effective in clinic, the antiviral efficacy and selectivity index of these compounds need to 

be significantly improved. In this regard, a recent structure-activity relationship study based 

on dibucaine (21) led to the discovery of several quinoline analogs such as compound 22 
with nanomolar potency and a high selectivity index (SI > 500).46 Other synthetic small 

molecules that were reported as enterovirus 2C inhibitors include TBZE-029 (23) 72, 77 HBB 

(24), MRL-1237 (25), and pyrazolopyridine (26) (Figure 4).78, 79 However their antiviral 

potency against EV-D68 has not been tested.

It remains intriguing that structural diverse compounds inhibit enterovirus replication by 

targeting the same viral 2C protein, albeit at different locations.67 Sequence alignment of 

various members of the enterovirus family showed ~60% amino acid sequence identity, 

suggesting EV-D68 2C protein might function similarly as other enteroviral 2C proteins.
67, 68 The structure of EV-D68 2C protein has not been solved yet, but the existing drug 

resistance mutations, coupled with the X-ray crystal structures of the 2C proteins from 

poliovirus 67 and EV-A7168, might offer insights regarding the mechanism of action of EV-

D68 2C inhibitors.

The pharmacology of 2C inhibitors needs to be further delineated. Specifically, do these 

molecules directly bind to 2C protein or do they inhibit the interactions between 2C protein 

and viral RNA or host protein? How do these inhibitors affect the ATPase and helicase 

activities of 2C protein? In this regard, high-resolution structures of EV-D68 2C protein with 

and without inhibitors are highly desired to elucidate the mechanism of action. Of particular 

highlight is a recent study investigating the antiviral mechanism of action of fluoxetine 

against CVB3. Fluoxetine (17) was shown to bind to CVB3 2C protein in a stereospecific 

manner with the (S)-enantiomer significantly more potent than the (R)-enantiomer.47

INTERNAL RIBOSOME ENTRY SITE (IRES) INHIBITORS

IRES is located at the 5’-UTR of the viral genome and is approximately 450 nucleotides 

long. IRES directs the translation of viral polyprotein in a cap-independent manner mediated 

by the interactions between the multiple stem-loop structures located within IRES element 
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and the host IRES trans-acting factors (ITAFs).69 Enteroviruses contain type I IRES.80 This 

unique translation mechanism is distinct from the canonical eukaryotic cap-dependent 

translation, suggesting that it might be feasible to selectivity perturb the IRES-directed viral 

translation to achieve antiviral activity.

In a recent study, emetine (27) was shown to inhibit multiple enteroviruses including EV-

A71, CV-A16, CV-B1, EV-D68, and Echov-6 viruses with low submicromolar potency 

(Figure 5).42 Significantly, when tested in the in vivo EV-A71 infected mouse model, 

emetine treated mice showed 100% survival protection when dosed as low as 0.2 mg/kg 

twice a day. In addition, viral loads in several organs of the infected mice including front and 

hind limbs, brain, and spleen were significantly lower in the emetine-treated group than the 

vehicle-treated control group. Given the promising in vitro results of emetine against EV-

D68, coupled with the in vivo antiviral efficacy against EV-A71, it might be worthwhile to 

test emetine in the EV-D68 infected mouse models.

Other reported IRES inhibitors include idarubicin (28),81 apigenin (29) (Figure 5).82 

However, their antiviral activity against EV-D68 has not yet been confirmed.

3D POLYMEREASE (3Dpol) INHIBITORS

The 3Dpol of EV-D68 is a RNA-dependent RNA polymerase that mediates viral genome 

replication within the replication organelles. EV-D68 3Dpol resembles a right hand with 

finger, thumb, and palm motifs. The palm holds the RNA template and is involved in 

catalysis through the coordination of magnesium ions. Fingers and thumb motifs coordinate 

the RNA strand and NTPs. The mechanism of action of antivirals targeting the 3Dpol may be 

through inhibition of transcript polymerization or through lethal mutagenesis. The X-ray 

crystal structure of the EV-D68 3Dpol was solved (PDB: 5XE0) (Figure 6A), paving the way 

for structure-based drug design.83 Ribavirin (30) showed weak antiviral activity against EV-

D68 (EC50 > 100 μM).28 Another nucleoside drug tested against EV-D68 was favipiravir 

(T-705) (31), which similarly showed weak antiviral activity (EC50 > 50 μM) and was not 

active against all EV-D68 strains tested.26 Screening existing nucleoside/nucleotide drugs 

against EV-D68 might yield additional 3Dpol inhibitors. For example, NITD008 (32), a 

failed clinical candidate for the treatment of dengue virus infection due to toxicity, showed 

promising in vitro and in vivo antiviral activity against EV-A71 infection.84 Gemcitabine 

(33) also showed potent inhibition against EV-A17 and CVB3 in cell culture,85 as well as 

poliovirus.86 However, it is not known whether NITD008 (32) or gemcitabine (33) is active 

against EV-D68.

A recent study showed that a cytidine analog 2’-deoxy-2’-β-fluoro-4’-azidocytidine, also 

known as azvudine or FNC (34) (Figure 6B), had broad-spectrum antiviral activity against 

multiple enteroviruses including EV-A71, coxsackievirus A16 (CV-A16), CV-A6, CV-B3, 

and EV-D68 with EC50 values at the nanomolar range.44 The mechanism of action of FNC 

(34) was confirmed in the in vitro 3Dpol assay as well as the isothermal titration calorimetry 

(ITC) assays. Encouragingly, FNC (34) had promising in vivo antiviral efficacy and 

protected neonatal mice against lethal challenges with EV-A71 and CV-A16 viruses and 

reduced the viral load in several organs. FNC (34) was originally developed as a HIV drug 
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and is currently in clinical trial phase II in China. Therefore, FNC (34) represents a 

promising candidate for EV-D68.

Several non-nucleoside compounds were also reported as enterovirus antivirals by targeting 

the 3Dpol, including aurintricarboxylic acid (35),87 amiloride (36),88 BPR-3P0128 (37),89 

GPC-N114 (38),45 and DTrip-22 (39) (Figure 6B).90 However, the exact mechanism of 

action remains uncharacterized. One exception is GPC-N114 (38), which had broad-

spectrum antiviral activity against enteroviruses with EC50 values in the single-digit and 

submicromolar range, including EV-D68 (EC50 = 1.44 ± 0.13 μM). GPC-N114 (38) has a 

novel mechanism of action by targeting the RNA template-primer site in the core of 3Dpol. 

The mechanism of action was characterized by X-ray crystallography, in vitro viral 

polymerase assay, and mutagenesis studies. However, this compound lacks drug-like 

properties and was not advanced to animal model studies.91 Nevertheless, the identification 

of this novel drug-binding pocket in 3Dpol opens the possibility to develop second-

generation inhibitors with favorable pharmacokinetic properties.

The advantages of targeting viral 3Dpol include high potency, high genetic barrier to drug 

resistance, and broad-spectrum antiviral activity. However, the concerns that need to be 

addressed with nucleoside/nucleotide analogues are off-target side effects including 

immunosuppression and cytotoxicity.

HOST-TARGETING ANTIVIRALS

Enterovirus genome replication occurs at the membranous replication organelles, and several 

host proteins as well as viral proteins are known to participate in this process, including host 

acyl-CoA-binding domain-containing protein 3 (ACBD3), phosphatidylinositol-4-kinase 

IIIβ (PI4KIIIβ), oxysterol-binding protein (OSBP), and viral 2BC, 3A, 2C and 3D proteins 

(Figure 7A). However, the exact composition of the replication organelle and the mechanism 

of coordination among these proteins remain elusive. Nevertheless, these replication 

organelle-associated host proteins have been shown to be relevant antiviral drug targets.

Enviroxime (40) inhibits multiple EV-D68 and EV-A71 strains with single-digit micromolar 

to submicromolar potency in cell culture (Figure 7B).26, 28 Enviroxime (40) was advanced to 

clinical trials for treatment of human rhinovirus-associated common cold, but was dropped 

out of phase II due to toxicity issues.92 The mechanism of action of enviroxime (40) was 

studied using resistance selection with rhinovirus, enterovirus, and poliovirus, and in all 

cases, resistance mutations were mapped to the viral 3A protein.93 Interestingly, enviroxime 

(40) inhibits the enzymatic activity of PI4KIIIβ in vitro.94 Therefore, although resistant 

mutants were mapped to the viral 3A protein, the 3A protein is not the direct target of 

enviroxime (40), but rather the host protein PI4KIIIβ. It was shown that enterovirus 3A 

mediates the interaction between host PI4KIIIβ and ACBD4 protein.95 Several other 

enviroxime-like inhibitors have also been reported as potent antivirals against enteroviruses,
96, 97 but none of them have been tested in animal models.

Itraconazole (41) inhibits EV-D68 with an EC50 value of 0.32 μM.49 However, the antiviral 

potency appears to be not conclusive, as another study showed that itraconazole (41) was not 
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active against multiple EV-D68 strains in cell culture (EC50 > 10 μM).27 The mechanism of 

action of itraconazole (41) was proposed to be mediated through OSBP.98 Similarly, OSW-1 

(42), a specific OSBP antagonist, also had antiviral activity against multiple enteroviruses. 

Similar to enviroxime (40), resistant mutants against intraconazole were mapped to the viral 

3A protein,49 suggesting that OSBP might interact with 3A directly or indirectly within the 

replication organelle.

It is noted that PI4KIIIβ inhibitors and OSBP antagonists are also often referred to as 3A 

inhibitors. For host-targeting antivirals, the in vitro potency may or may not correlate with 

the in vivo efficacy, therefore in vivo study should be planned when available for further 

target validation.

A recent genome-wide CRISPR screen identified the actin histidine methyltransferase SET 

domain containing 3 (SETD3) as an essential host factor for the replication of multiple 

enteroviruses including EV-A71 and EV-D68.99 It was shown that SETD3 specifically 

interacts with the viral 2A protease, and 2A mutants that abolish the interaction with SETD3 

have compromised RNA replication. This study suggest that SETD3–2A interaction might 

be a novel host-targeting antiviral drug target for EV-D68.

PERSPECTIVES OF EV-D68 ANTIVIRAL DRUG DISCOVERY

Although AFM is a severe and devastating disease, it remains rare, and only a small fraction 

of the EV-D68 infected children progressed to neurological complications. Notably, in the 

majority of the AFM cases, infected children had fever and respiratory illness prior to limb 

weakness.100 Therefore, due to the limited therapeutic window, early diagnosis is the key for 

therapeutic intervention, and drug treatment should be initiated at the respiratory infection 

phase to prevent CNS invasion by the viruses. Indeed, EV-D68 is the most frequently 

detected virus in respiratory samples among the 233 patients with confirmed AFM in 2018, 

highlighting the feasibility of early diagnosis.

Drug discovery targeting EV-D68 is still at its infancy. The compounds presented above are 

promising starting points for further optimization, but they are still far from reaching human 

clinical trials. The only small molecule that has in vivo antiviral efficacy against EV-D68 is 

guanidine, whose mechanism of action remains elusive. To develop EV-D68 antivirals with 

potential clinical impact, the following features should be taken into consideration: 1) The in 

vitro antiviral potency EC50 of EV-D68 antivirals should be at the submicromolar range and 

ideally nanomolar range. A high potency is a pre-requisite to ensure that the in vivo drug 

concentration can exceed the in vitro EC90 value. A high selectivity index/therapeutic 

window is also desired since the majority of the patient population are children. 2) The drug 

candidates should have favorable in vitro and in vivo pharmacokinetic properties, including 

solubility, membrane permeability, stability, and minimal drug-drug interactions. 3) Blood-

brain barrier (BBB) penetrating antivirals might be needed for the late-stage treatment of 

EV-D68 infection in which viruses already invade the central nervous system. Nevertheless, 

BBB-impermeable antivirals are also highly desired for early intervention to achieve 

maximum clinical benefits. 4) EV-D68 is an RNA virus with high mutation rates, and 

combination therapy might be necessary to suppress drug resistance. Although capsid 
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inhibitors and protease inhibitors typically have low genetic barrier to drug resistance, they 

are valuable candidates for combination therapy.

Although drug discovery targeting EV-D68 is still in the early stage, we have accumulated a 

significant amount of knowledge and expertise from studying related enteroviruses including 

poliovirus, rhinovirus, coxsackievirus, and EV-A71. Given the similarities between EV-D68 

and other enteroviruses (EV-A71, rhinovirus, coxsackievirus, and poliovirus) in terms of 

their viral protein sequence and replication mechanism, it is worthwhile to test existing EV-

A71 antivirals,34, 101 coxsackievirus antivirals,78, 102 rhinovirus antivirals, and poliovirus 

antivirals against EV-D68, especially the ones that already have proven in vivo antiviral 

efficacy in animal models. Priority should be given to molecules that have proven in vivo 

antiviral efficacy against other enteroviruses. In parallel, with the high-resolution structures 

of various viral proteins, structure-based drug design and target-based virtual screening are 

now feasible.

Highly potent and selective enterovirus antivirals will not only serve as drug candidates for 

translational research, but also as valuable chemical probes to help understand the 

mechanism of viral replication and viral-host interactions. The progress made by the EV-

D68 scientific community over the past 6 years is exciting, and developing effective 

treatments of EV-D68 infection is promising and shows great potential in the future.
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Figure 1. 
Viral replication cycle of EV-D68. EV-D68 enters a cell via receptor-mediated endocytosis. 

The low pH in the endosome triggers uncoating of the viral capsid proteins and the releasing 

of the viral RNA. The (+)-RNA is translated into a single viral polypeptide, which is 

subsequently cleaved by two viral proteases 2A and 3C into individual viral proteins. Next, 

viral 3D polymerase mediates the synthesis of (+)-RNA via (−)-RNA in the replication 

organelle. Finally, the progeny virion is released from the infected cell.
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Figure 2. 
EV-D68 capsid proteins and capsid inhibitors. (A). Cartoon representation of the EV-D68 

capsid shell and three different drug-binding sites. (B). Structures of capsid inhibitors. Note 

that not all listed compounds are active against EV-D68. (C). X-ray crystal structure of EV-

D68 VP1 in complex with pleconaril (1) (PDB: 4WM7). R856932 (5) binds to the same 

pocket and the docking pose was overlaid with pleconaril (1). (D). Cryo-electron 

microscopy (Cryo-EM) structure of RV-B5 VP1 in complex with OBR-5–340 (6) (PDB: 

6SK5). (E). Cryo-EM structure of CV-B3 VP1-VP3 in complex with compound 7. VP1 and 

VP3 are colored in grey and orange, respectively.
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Figure 3. 
EV-D68 2A and 3C protease inhibitors and their mechanism of action. (A). Structures of 

enterovirus 2A and 3C protease inhibitors. Note that not all compounds have been tested 

against EV-D68 2A and 3C protease. (B). Mechanisms of action of compounds 13 and 

GC376 (14). (C). Docking model of telaprevir (9) with EV-D68 2A protease. (D). X-ray 

crystal structure of rupintrivir (10) in complex with EV-A71 3C protease (PDB: 3SJO).
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Figure 4. 
Structures of enterovirus viral 2C inhibitors. Note that not all compounds have been tested 

against EV-D68.
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Figure 5. 
Structures of IRES inhibitors. Note that not all compounds have been tested against EV-D68.
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Figure 6. 
Structures of EV-D68 3Dpol and viral polymerase inhibitors. (A). X-ray crystal structure of 

EV-D68 3Dpol in complex with GTP (PDB: 5XE0). (B). Structures of enterovirus 

polymerase inhibitors. Note that not all compounds have been tested against EV-D68 virus.
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Figure 7. 
Replication organelles and the structures of host-targeting antivirals. (A). Cartoon 

representation of replication organelle-associated host factors and viral proteins. Note that 

the exact order of interactions is still under investigation. (B) Structures of host-targeting 

antivirals.
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Table 1.

Antiviral activity of selected compounds on the in vitro replication of EV-D68 viruses

Inhibitor EV-D68 potency Inhibitor EV-D68 potency

Capsid and entry inhibitors 2A protease inhibitors

Pleconaril (1)
EC50 = 0.081 to 0.83 μM26

EC50 = 0.38 to 6.11 μM27

EC50 = 0.13 μM28
Telaprevir (9) EC50 = 0.4 to 1.9 μM40

Vapendavir (2)
EC50 = 2.4 to 9.6 μM26

EC50 = 7 to 13 μM28 3C protease inhibitors

Pirodavir (3)
EC50 = 2.4 to 9.6 μM26

EC50 = 7 to 13 μM28 Rupintrivir (10)
EC50 = 0.0019 to 0.0030 μM26

EC50 = 0.0015 to 0.0046 μM27

EC50 = 0.0022 to 0.0046 μM28

Pocapavir (4) EC50 > 10 μM27 AG7404 (11) EC50 = 0.0035 to 0.027 μM27

R856932 (5) EC50 = 0.46 to 4.39 μM29 15 EC50 = 0.04 μM41

OBR-5–340 (6) Not tested38 IRES inhibitors

7 EC50 > 296 μM39 Emetine (27) EC50 = 0.0187 μM42

DAS181 EC50 = 0.0012 to 0.114 μM27 3D polymerase inhibitors

Suramin (8) No inhibition43 FNC (34) EC50 = 1.548 nM44

2C inhibitors GPC-N114 (38) EC50 = 1.44 μM45

Guanidine (16)
EC50 = 80 to 91 μM28

EC50 = 219.4 μM46 Host-targeting antivirals

Fluoxetine (17)

(s)-fluoxetine
EC50 = 0.67 μM

(r)-fluoxetine
Not active47

Enviroxime (40)
EC50 = 0.19 to 0.45 μM26

EC50 = 0.27 to 0.31 μM28

Pirlindole mesylate (18)
EC50 = 9.24 μM48

EC50 = 8.4 μM46 Itraconazole (41)
EC50 = 0.32 μM49

EC50 > 10 μM27

Formoterol (19)
EC50 > 10 μM27

EC50 = 0.51 μM48

EC50 = 24.7 μM46

Zuclopenthixol (20) Not tested

Dibucaine (21)
EC50 = 3.03 μM48

EC50 = 5.3 μM46
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