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A rationally designed 2C inhibitor prevents
enterovirus D68-infected mice from
developing paralysis

KanLi 1,8,Michael J. Rudy2,8, YanmeiHu1,8,HaozhouTan1,8,GeorgeLambrinidis3,
Xiangmeng Wu4, Kyriakos Georgiou3, Bin Tan 1, Joshua Frost 2,
Courtney Wilson2, Penny Clarke2, Antonios Kolocouris 3, Qing-yu Zhang4,
Kenneth L. Tyler 2,5,6,7 & Jun Wang 1

Enterovirus D68 (EV-D68) is a respiratory virus that often causes mild to
moderate respiratory illnesses and, in severe cases, can lead to paralysis and
rarely death, mainly in children. There is currently no vaccine or antiviral for
EV-D68. Here, we report the rational design of viral 2 C inhibitors for treating
EV-D68 infection-induced paralysis in a neonatal mouse model. Viral 2 C pro-
tein is a multi-functional protein vital for viral replication. Structure-based
drug design identifies Jun6504 showing potent and broad-spectrum antiviral
activity against multiple strains of EV-D68, EV-A71, and CVB3, as well as
favorable in vitro and in vivo pharmacokinetic properties. In a neonatal mouse
model of EV-D68 infection, Jun6504 significantly improves paralysis score and
weight gain when administered immediately or 24 hours post-infection.
Jun6504 also reduces viral titers in the spinal cord and the infectedquadriceps
muscle. Collectively, Jun6504 represents a promising candidate for further
development as an EV-D68 antiviral.

Enterovirus D68 (EV-D68) is one of more than 100 non-polio
enteroviruses1. EV-D68 was first isolated from children with respira-
tory illness in California in 19622. People of all ages can be infected,
with children being the most susceptible group. Historically, EV-D68
infection generally caused mild to moderate respiratory illnesses;
severe cases were rarely reported3. However, a large outbreak of EV-
D68 in the United States in 2014 gained public attention, with a
number of patients showing severe respiratory illness and, in some
cases, neurological complications such as acute flaccid myelitis (AFM)
with arm or leg weakness4,5. Since 2014, a biennial outbreak pattern of
EV-D68 infection has occurred, though it was interrupted by the

COVID-19 pandemic6. EV-D68 cases have resumed after easing COVID-
19 precautions in the United States and Europe, but appear to be
predominantly respiratory with few reported AFM cases7,8.

No vaccine or antiviral is available to prevent or treat EV-D68
infection, and treatment is limited to supportive care9. Drug repur-
posing has identified several inhibitors with in vitro antiviral activity in
cell culture9–11. Representative examples include the viral 3C protease
inhibitor rupintrivir, the 2A protease inhibitor telaprevir12, the VP1
capsid inhibitors pleconaril and pirodavir13, the 2C inhibitors
guanidine14, fluoxetine15–17 and dibucaine18,19, the 3D polymerase inhi-
bitor ribavirin, and the host-targeting antiviral enviroxime20.
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Fluoxetine did not reduce motor impairment or viral titers in the
muscle and spinal cord in an EV-D68 infection neonatalmousemodel21

and failed to improve neurological outcomes in patients with EV-D68-
associated AFM22. Furthermore, enviroxime, pirodavir, pleconaril,
ribavirin, and rupintrivir showed no therapeutic efficacy in the
respiratory or neurological disease model following EV-D68 infection
in AG129 mice14. Only three compounds, including guanidine14,
telaprevir23, and a pleconaril analog 1152609224, have shown in vivo
antiviral activity in EV-D68 animal infection models23. Consequently,
designing additional EV-D68 antivirals with in vivo antiviral efficacy in a
mouse infection model will significantly advance the field.

2C is a nonstructural viral protein and plays essential roles in the
assembly, rearrangement, and replication of viral RNA25,26. Mutations
in 2C affect viral replication and pathogenesis27,28. 2C protein is also
highly conserved (Supplementary Fig. 1), and 2C inhibitors have shown
broad-spectrum antiviral activities against multiple strains of EV-D68
as well as EV-A71 and coxsackieviruses9,29,30. Several 2C inhibitors have
been reported, including pyrazolopyridines31,32, fluoxetine17, and
quinolines18,19. However, no 2C inhibitor has shown in vivo antiviral
efficacy in animal models of EV-D68 infection except guanidine when
tested at high drug doses (100 and 200mg/kg)14, and it remains to be
validated whether 2C inhibitors can inhibit viral replication and miti-
gate disease progression in vivo.

In this work, we report the rational design and characterization of
Jun6504, a 2C inhibitorwithdemonstrated in vivoantiviral efficacy in a
neurological mouse model of EV-D68 infection. Molecular dynamics
(MD) simulations suggest that Jun6504 binds to an allosteric pocket
within the viral 2C protein, a binding mode independently confirmed
by resistance selection studies and thermal shift assays. Jun6504
exhibits potent, broad-spectrum antiviral activity against EV-D68, EV-

A71, and CVB3. Additionally, Jun6504 displays favorable pharmaco-
kinetic (PK) properties, supporting its advancement to efficacy testing
in animal models. In a neonatal mouse model of EV-D68 infection,
Jun6504 significantly improves clinical outcomes, including paralysis
scores and weight gain, when administered immediately or 24 hours
post-infection. Furthermore, Jun6504 effectively reduces viral titers in
the spinal cord and infected quadriceps muscle. Together, these
findings establish Jun6504 as a promising 2C inhibitor with in vivo
antiviral activity, further validating 2C as a viable target for antiviral
drug development.

Results
Jun571 binds to an allosteric site in 2C
Our previous studies identified a pyrazolopyridine compound, Jun571,
with potent and broad-spectrum antiviral activity against enter-
oviruses, including multiple strains of EV-D6831. To assist structure-
based design, we performed molecular docking calculations and MD
simulations to gain insight into the binding mode. The binding inter-
actions between Jun571 and the EV-D68 2C have been explored using
500-ns-MD simulations with the amber 19 sb force field (ff19sb). For
the simulations, the EV-D68 2C proteinmodel was generated based on
the X-ray structure of (S)-fluoxetine–CVB3 2C complex (PDB ID
6S3A)16.

The MD simulations showed that Jun571 and EV-D68 2C form a
stable complex with specific interactions (Fig. 1). Specifically, the
terminal tertiary protonated amine in Jun571 forms ionic hydrogen
bonding interactions with Asp160 and Asp183, and a hydrogen bond
with Asp186 side chain carboxylate group (Fig. 1a–c); the flexibility of
the dimethylaminoethyl group allows the ammonium group to form
hydrogenbonding interactionswith all threeAsp residues surrounding

N
N
N

O
H
N

N

Jun571

a b

c d

Fig. 1 | Molecular dynamics simulations of Jun571 at the allosteric binding site
of EV-D68 2C. a Representative frames from 500-ns-MD simulations of the com-
plexes between Jun571 and the EV-D68 2C (protein = blue ribbon and gray sticks;
ligand’s carbons are shown in orange; nitrogen, oxygen, and sulfur are shown in
blue and red, and yellow respectively; hydrogen bonding interactions are shown
with yellow dashes). b Interactions between Jun571 and the residues at the

allosteric site of EV-D68 2C. c Stabilizing interactions inside the binding area of 2C
with Jun571; hydrogen bonding interactions bar is depicted in green, ionic
hydrogen bonding interactions in red, water bridges in blue, and lipophilic inter-
actions in gray. d RMSD plots of Cα carbons of 2C (blue diagram) and the heavy
atoms of the ligand Jun571 (red diagram).
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this group. The amide NH in Jun571 forms a hydrogen bond with
Tyr163 (Fig. 1b, c), and the amide carbonyl in Jun571 forms another
hydrogen bond with Met179 main chain amide NH and a water-
mediated hydrogen bond with Asp186 side chain carboxylate group
(Fig. 1b, c). The N-isopropyl fits in a hydrophobic pocket consisting of
side chains from Ile126, Phe190, Ile227, Leu238, and Phe242, forming
significant hydrophobic interaction mainly with Phe190, and the
6-cyclopropyl of the pyrazole forms hydrophobic interactions with
M189 while the pyrazole ring is surrounded by hydrophobic amino
acid side chains, e.g., Met175, Leu178, Pro182, and Tyr163 (Fig. 1b).

The binding interactions between Jun571 and the viral 2Cproteins
of EV-A71 and CVB3 were also explored using 500-ns-MD simulations.
For the simulations, the protein models were generated correspond-
ingly based on the X-ray structure of EV-A71 2 C (PDB ID 5GQ1)33 and
the structure of (S)-fluoxetine–CVB3 2C complex (PDB ID 6S3A)16.
Jun571 similarly forms stable complexes with EV-A71 and CVB3 2C
proteins by binding to the allosteric site (Supplementary Fig. 2, 3).
Jun571 forms hydrogen bonds in this site with Asp186 and Cys179 in
EV-A71 and CVB3 2C proteins. In addition, Jun571 is stabilized by van
der Waals contacts with Pro159, Leu178, Pro182, Phe190, or Met175,
Leu178, Pro182, Phe190, Leu238 in EV-A71 2C and CVB3 2C, respec-
tively. One striking difference is that the terminal tertiary amine in
Jun571 does not form hydrogen bonding interactions with the Asp160
side chain carboxylate in the EV-A71 and CVB3 2C complex structures
(Supplementary Fig. 2b–d and Fig. 3b–d), as it did in EV-D68.

To validate that Jun571 binds to the same site as (S)-fluoxetine in
CVB3 2C, we performed a differential scanning fluorimetry (DSF)
binding assay. The CVB3 2C-D183V and D186Amutants withmutations
located at the proposed drug binding site had reduced binding to
Jun571 compared to WT (Supplementary Fig. 3g), suggesting that
Jun571 binds to the same allosteric site as fluoxetine.

Lead optimization identifiedmultiple candidates with improved
mouse liver microsomal stability
Given the potent antiviral activity, high selectivity index, and broad-
spectrum antiviral activity of Jun571 against enteroviruses31, we
aimed to further advance this series of compounds to the EV-D68
infection mouse model studies. For this, we conducted a structure-
property relationship optimization to improve their mouse liver
microsomal stability. The initial lead compound Jun571 had moder-
ate microsomal stability with a T1/2 of 21.3min. Computational
metabolite prediction suggested that the amide bond and the ter-
tiary amine are susceptible to hydrolysis and demethylation,
respectively34. Therefore, we focused on increasing the steric hin-
drance on the ethyl linker to mitigate metabolism. All designed
inhibitors contain a terminal positive charged amine to maintain the
ionic hydrogen bonding interactions with Asp160 or Asp183, a cri-
tical feature for the high affinity binding to EV-D68 2C as inferred by
the MD simulations (Fig. 1). Consistent with our hypothesis, com-
pounds with sterically hindered linkers such as Jun51062, Jun51064,
Jun6504, Jun1073, Jun6962, Jun9352, Jun6952, and Jun9351 had
improved microsomal stability with the T1/2 from 70.1 to >145min
(Fig. 2a). Compounds with a primary amine were generally more
metabolically stable than compounds with secondary and tertiary
amines (Jun5532 vs Jun5251, Jun5553, and Jun5523; Jun5253 vs
Jun571 and Jun5174; Jun9352 vs Jun8944). Nevertheless, azetidine-
containing inhibitors with secondary amines are also highly meta-
bolically stable (Jun51062, Jun51064, Jun6504, and
Jun1073) (Fig. 2a).

The 2C protein is a conserved viral protein among enteroviruses
(Supplementary Fig. 1), and it is expected that 2C inhibitorswill display
broad-spectrum antiviral activities. To validate this hypothesis, we
tested Jun51064, Jun6504, Jun6962, Jun9351, Jun9352, and Jun10241
against EV-A71 Tainan and CVB3 Nacy strains in plaque assays. It was
found that these 2C inhibitors retained potent antiviral activities

against EV-A71 (EC50 = 0.27 to 0.61 µM) and CVB3 (EC50 = 0.18 to
2.03 µM) (Fig. 2b, c).

In vivo pharmacokinetic (PK) properties of 2C inhibitors inmice
To select lead candidates for the in vivo antiviral efficacy study, we
profiled the in vivo PK properties of 2C inhibitors showing potent
antiviral activity and high microsomal stability, including Jun5532,
Jun10241, Jun6504, Jun9351, and Jun6962. The original lead com-
pound Jun571 was included as a control. Each compound was admi-
nistered to female BALB/c mice (n = 5) at 30 or 50mg/kg by
intraperitoneal (i.p.) injection. The plasma concentration of com-
pounds at each time point was determined by LC–MS/MS using mul-
tiple reaction monitoring (MRM) at m/z 290.2/231.1 (Jun5532), 292.0/
275.2 (Jun10241), 328.1/299.1 (Jun6504), 302.1/243.1 (Jun9351), and
314.2/228.2 (Jun6962), respectively. For the quantification of each
compound, a calibration curve was constructed using the pure com-
pound via linear regression. The correlation coefficient values of all the
compounds in plasma were >0.99 for a range of 20-4000ng/mL. The
limit of quantification (LOQ) was 20ng/mL with the signal to noise
>10:1. The recovery of all compounds was more than 80% under the
current sample preparation method. The pharmacokinetic profiles of
Jun6504 series of compounds are shown in Fig. 3a, b, and their
pharmacokinetic parameters are shown in Fig. 3c.

Jun6504 series of compounds were quickly absorbed in vivo and
reached themaximum plasma concentration at around 1 h (Tmax) after
i.p. injection. The clearance of Jun6504 series compounds was also
relatively fast, with half-lives (t1/2) of around 2–3 h. After i.p. injection at
50mg/kg, the peak plasma concentration (Cmax) of Jun5532,
Jun10241, and Jun6504 were 2838, 2642, and 2302 ng/mL, respec-
tively. And the area under the concentration-time curve (AUC) of
Jun5532, Jun10241, and Jun6504 were 7605, 10730, and 11124 ng/
mL*h, respectively. After i.p. injection at 30mg/kg, theCmax of Jun9351
and Jun6962 were 2053 and 1432 ng/mL, respectively, and the AUC of
Jun9351 and Jun6962 were 11,552 and 7398 ng/mL*h, respectively. In
comparison, the original lead compound Jun571 displayed relatively
low plasma drug exposure with a Cmax of 916 ng/ml following i.p.
injection at 50mg/kg (Supplementary Fig. 4). Based on the in vivo PK
profiles, Jun6504 was selected for mechanistic studies and the in vivo
EV-D68 infection mouse model study.

Jun6504 displays broad-spectrum antiviral activity against
enteroviruses
To profile the broad-spectrum antiviral activity of Jun6504 against
enteroviruses, Jun6504 was tested against multiple enterovirus spe-
cies, including five strains of EV-D68 isolated from the 2014 epidemic:
clade B1 viruses US/MO/14-18947 and US/MO/14-18949, clade B2
virusesUS/IL/14-18952andUS/IL/14-18956, and cladeDvirusUS/KY/14-
18953; enterovirus A species (EV-A71, CVA16, and CVA6); enterovirus B
(CVB3); and enterovirus C (poliovirus type 1) in cell culture (Fig. 4a–c).
Jun6504 showed consistent antiviral activity against five strains of EV-
D68 with EC50 values ranging from 0.25 to 0.47 µM (Fig. 4a). In addi-
tion, Jun6504 exhibited dose-dependent inhibition against CVA16,
CVA6, poliovirus type 1, and CVB3 in CPE assay with EC50 values from
0.24 to 0.57 µM (Fig. 4b). In the plaque assay, Jun6504 dose-
dependently inhibited EV-A71 and EV-D68 plaque formation in RD
cells with EC50 values of 0.22 and 0.13 µM, respectively (Fig. 4c).
Jun6504 was not cytotoxic in Hela, RD, or Vero cells and had CC50

values greater than 100 µM (Fig. 4d).
To validate that the viral 2C protein is the drug target of Jun6504,

we performed a differential scanning fluorimetry (DSF) assay to eval-
uate the direct binding of Jun6504 to enterovirus 2C proteins. DSF is a
widely used technique to assess protein stability, and ligand binding
typically increases the stability of the target protein, resulting in a
higher melting temperature (Tm)35,36. Jun6504 displayed dose-
dependent increases in melting temperatures of the EV-A71, EV-D68,
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Fig. 2 | Structure-property relationship studies of the pyrazolopyridine series
of EV-D68 2C inhibitors. a Antiviral EC50 values were determined in the CPE assay
with EV-D68 US/MO/14-18947 in RD cells. Cytotoxicity CC50 values were deter-
mined using the neutral red uptake method in RD cells. The results are the
mean ± standarddeviation (SD) of two independent experimentswith three repeats
in each experiment. *The antiviral activity EC50 values of Jun5532 and Jun5253were

reported earlier31. SI selectivity index. b Antiviral activity of selected 2C inhibitors
against EV-A71 Tainan strain in plaque assay. c Antiviral activity of selected 2C
inhibitors against CVB3 Nancy strain in plaque assay. The EC50 values in the plaque
assay are the mean ± SD of two biological replicates. Source data are provided as a
Source Data file.
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and CVB3 2C proteins (Fig. 4e). Next, a drug time-of-addition experi-
ment was employed to elucidate which step(s) in the viral life cycle is
affected by Jun6504. The EV-D68 US/MO/14-18947 virus was amplified
in RD cells, and 3 µM of Jun6504 was added at various time points
during a single viral replication cycle (Fig. 4f)37. The period Jun6504
was present in cell culture in the time-of-addition experiment was lis-
ted in parenthesis: −1 h (−1 to 14 h), −1’ hr (−1 to 0 h), 0 h (0 to 14 h), 1 h
(1 to 14 h), 3 h (3 to 14 h), 5 h (5 to 14 h), and 7 h (7 to 14 h). It was found
that Jun6504 completely inhibited EV-D68 amplification when added
before or at 3 h post-infection (hpi) (Fig. 4g). A significant reduction in
the antiviral potency of Jun6504 was observed when added at 5 hpi,
with almost complete loss of efficacy occurring at 7 hpi. Thesefindings
suggest that Jun6504 blocks viral replication at an intermediate stage
in the viral life cycle, corroborating the role of 2C in mediating viral
RNA replication.

Serial viral passage experiment identified mutations in the 2C
protein conferring drug resistance against Jun6504
To independently investigate themechanism of action of Jun6504, we
performed a serial passage experiment to select drug-resistant muta-
tions against Jun6504. In the passage experiment, EV-D68 US/MO/14-
18947 virus was amplified in RD cells with increasing concentrations of
Jun6504, starting fromapproximately 1 × EC50 of Jun6504 at passage 1
(P1), followed by a twofold increase in each subsequent passage
(Fig. 5a). The EC50s of Jun6504 against P3, P6, and P9 viruses were
determined in CPE assay as 0.80, 3.38, and 15.45μM, respectively
(Fig. 5a). These values correspond to a 6.2-, 26-, and 118.8-fold increase,
respectively, compared to P0 virus, indicating varying degrees of
resistance might have evolved. Whole viral genome sequencing iden-
tified mutations within the viral 2C protein, specifically D323G at P3,
D183V/ D323G/I112V (partial) at P6, and D183V/ D323G/I112V at P9
(Fig. 5b). These findings indicate that the viral 2C proteinmight be the
primary target for Jun6504. To further validate this resistance

phenotype, recombinant EV-D68 viruses containing these 2C muta-
tions were generated using a previously established reverse genetics
system38. The drug sensitivity of Jun6504 was assessed against these
recombinant viruses in a plaque assay (Fig. 5c). Among the mutants
tested, r2C-I112V/D183V/D323G exhibited the highest level of resis-
tance to Jun6504, with an EC50 of 3.77 µM, a 29-fold increase com-
pared to the wild-type virus (rWT). Both r2C-D183V and r2C-D183V/
D323Gmutants displayed high levels of resistance, with EC50 values of
1.27 and 2.58 µM, respectively, corresponding to 9.8- and 19.8-fold
increases compared to rWTvirus. In contrast, r2C-I112V and r2C-D323G
mutants exhibited only moderate resistance to Jun6504, with EC50

values of 0.22 µM and 0.46 µM, respectively, representing 1.7- and 3.5-
fold increases compared to rWT virus. These findings suggest that the
2C-D183Vmutation is the predominant contributor to drug resistance,
while mutations I112V and D323G confer resistance to a lesser extent,
and the combination of these threemutants further increases the drug
resistance level.

We further characterized the binding of Jun6504 to EV-D68 2C
and its mutants in the thermal shift assay. When tested at 30 µM,
Jun6504 displayed minimal stabilization of 2C-D183V (ΔTm=0.39 °C)
or 2C-D183V/D323G (ΔTm=0.12 °C) mutants (Fig. 5d). Conversely, the
binding of Jun6504 to the 2C-D323G mutant was comparable to the
WT, exhibiting a ΔTm of 2.4 °C. The thermal shift assay results (Fig. 5d)
corroborate the antiviral assay (Fig. 5c), showing that the D183V is the
major drug-resistant mutant.

To elucidate the mechanism of drug resistance, we performed
molecular docking calculations and 500ns-MD simulations of
Jun6504 binding to EV-D68 2C and the D183V mutant (Fig. 5e–j). For
the simulations, we generated the Jun6504-EV-D68 2C complexmodel
based on the X-ray structure of (S)-fluoxetine–CVB3 2C complex
structure (PDB ID 6S3A)16 instead of the apo structure predicted by the
Alphafold 3 (Supplementary Fig. 5). The superimposed X-ray crystal
structures of EV-A71 2C/ATPγS (purple, apo) (PDB: 5GRB) and (S)-

Fig. 3 | In vivo pharmacokinetic profiling of EV-D68 2C inhibitors in BALB/
c mice. a In vivo clearance of Jun5532, Jun10241, and Jun6504 in female BALB/c
mice (n = 5) after i.p. injection at 50mg/kg. Error bars denote mean ± SD of five
biological replicates. b In vivo clearance of Jun6962 and Jun9351 in female BALB/c
mice (n = 5) after i.p. injection at 30mg/kg. Error bars denote mean ± SD of five
biological replicates. c Pharmacokinetic parameters. The values represent mean ±

SD of five biological replicates. Adult female BALB/c mice were given a single i.p.
injection at either 50 or 30mg/kg. Blood samples were collected up to 12 h after
administration of the compound. The plasma concentrations of inhibitors and the
internal standard were analyzed by LC–MS/MS. Source data are provided as a
Source Data file.

Article https://doi.org/10.1038/s41467-025-61083-8

Nature Communications |         (2025) 16:5987 5

www.nature.com/naturecommunications


fluoxetine–CVB3 2C complex (gray, bound) (PDB: 6S3A) showed that
drug binding induced a significant conformational change in the α2
helix (tilted by ~20.2° as indicated by the red arrow) (Supplementary
Fig. 5a). As such, it was more logical to use the homology model of
Jun6504-EV-D68 2C complex instead of the apo structure from
Alphafold 3 for the MD simulations. The superimposed structures of
Alphafold 3-generated apo EV-D68 2C protein (green, apo) and the
homology model of Jun6504-EV-D68 2C (blue, bound) similarly
showed a drug binding induced conformational change in the α2 helix
(Supplementary Fig. 5b).

The starting pose of Jun6504 in EV-D68 2C was generated by
Schrödinger Glide extra precision (XP) docking. The top five poses
were superimposable with variations only at the terminal dimethy-
lammonium (Supplementary Fig. 5c).

The starting and final binding poses inMD simulationsmatch well
showing that the ligand did not deviate significantly after the MD
simulations from the starting docking pose (Supplementary Fig. 6).
The MD simulations showed that the terminal secondary protonated
amine group from Jun6504 forms hydrogen bonding with Asp183 and
Asp186 side chain carboxylate groups (Fig. 5e, f). Compared to Jun571,

the hydrogen bonding interactions with the Asp160 side chain car-
boxylate group are significantly suppressed, while the ionic character
of the hydrogen bond with Asp183 is significantly diminished due to
the steric hindrance from the azetidine group. The amide carbonyl
forms a hydrogen bond with Met179 main chain amide NH, and the
amide NH from Jun6504 forms a water-mediated hydrogen bond with
Asp186 side chain carbonyl. Similarly, with Jun571, the N-isopropyl
from Jun6504 fits in a hydrophobic pocket consisting of side chains
from Ile126, Phe190, Ile127, Leu238, and Phe242, forming significant
hydrophobic interaction mainly with Phe190 (Fig. 5e, f). The
6-cyclopropyl of the pyrazole forms hydrophobic interactions with
Met189, while the pyrazole ring is surrounded by hydrophobic amino
acid side chains, e.g., Met175, Leu178, Pro182, and Tyr163. The D183V
mutation abolishes the electrostatic interaction between the
Asp183 side chain carboxylate and the terminal amine from Jun6504,
conferring drug resistance (Fig. 5h–j).

We also performed perturbative relative binding free energy cal-
culations to quantify the effect of the D183V mutation on the binding
of Jun571 or Jun6504 to EV-D68 2C; the results of the free energy
calculations revealed relative binding free energy ΔΔGb,TI/MD Jun571

Fig. 4 | Broad-spectrum antiviral activity of Jun6504 against enteroviruses.
aAntiviral activity of Jun6504 against five contemporary EV-D68 strains inRD cells.
EC50 values against EV-D68 strains were determined using the cytopathic effect
(CPE) assay in RD cells after 60 h of compound incubation. The EC50 values are the
mean ± SD of three biological replicates. b Antiviral activity of Jun6504 against
poliovirus, CVA16, CVA6, and CVB3 in CPE assay. The EC50 values are themean ± SD
of two biological replicates. c Antiviral activity of Jun6504 against EV-A71 and EV-
D68 in plaque assay. The EC50 values are themean ± SDof twobiological replicates.

d Cytotoxicity of Jun6504 in HeLa, RD, and Vero cells. The results are from two
biological replicates. e DSF assay of Jun6504 with EV-A71, EV-D68, and CVB3 2C
proteins. The results are from two biological replicates. f Jun6504 time-of-addition
experiment in a single cycle of EV-D68 replication. g Viral titers in the time-of-
addition experiment. EC50 and CC50 curve fittings using log10 (concentration of
Jun6504) vs. percentage of positive control with variable slopes were performed in
Prism 8. Error bars denote mean ± SD of two biological replicates. Source data are
provided as a Source Data file.
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(D183V) = 0.99 ±0.17 kcal/mol and ΔΔGb,TI/MD Jun6504 = 1.60 ±0.19 kcal/
mol for Jun571 and Jun6504, respectively, in agreement with experi-
mental results.

As EV-D68 2C-D183V only leads to partial drug resistance against
Jun6504 (Fig. 5c), we were interested to see whether additional
mutation(s) can lead to complete resistance. For this, we performed
another independent round of serial viral passage experiment with

escalatingdrug selectionpressure of Jun6504 (Fig. 6a).Complete drug
resistancewas observed at P7 and P10 of Jun6504-treated viruses with
antiviral EC50 values greater than 30 µM (Fig. 6b), while the DMSO-
treated viruses at P7 and P10 remained sensitive to Jun6504.
Sequencing the viral genome of the drug-resistant P7 and P10 viruses
revealed several 2C mutations, including I112V, D183V, F190L, and
D323G. While the I112V, D183V, and D323G mutations were consistent

Fig. 5 | Serial viral passage experiments to identify drug-resistant mutants
against EV-D68 2C inhibitor Jun6504 and MD simulations of Jun6504 with EV-
D68 2C WT and D183V mutant. a Schematic illustration of the serial passage of
Jun6504 in RD cells with EV-D68 US/MO/14-18947. The graph was created with
Biorender.com. Li, K (2025) https://BioRender.com/0kxixma. b Electropherogram
traces of 2C protein coding region at residues 112, 183, and 323 from viruses at
passages 0, 3, 6, and 9. c Antiviral EC50 curves of Jun6504 against recombinant EV-
D68 viruses in plaque assay. The EC50 values are mean± SD from two biological
replicates. d Thermal shift binding assay of Jun6504 with EV-D68 2C WT, D183V,
D323G, and D183V/D323G. The red line indicates a 0.5 °C shift (ΔTm=0.5 °C). A
ΔTm greater than 0.5 °C generally indicates ligand binding to the protein69. The
assay was performed in two biological replicates. e Interactions between Jun6504

and the residues at the allosteric site of EV-D68 2C. f Stabilizing interactions inside
the binding area of 2C with Jun6504; hydrogen bonding interactions bar is
depicted in green, ion hydrogen bonding interactions in red, water bridges in blue,
and lipophilic interactions ingray.gRMSDplots ofCα carbons of 2C (bluediagram)
and of the heavy atoms of the ligand Jun6504 (red diagram). h Interactions
between Jun6504 and the residues at the allosteric site of EV-D68 2C-D183V.
i Stabilizing interactions inside the binding area of 2C-D183V with Jun6504;
hydrogen bonding interactions bar is depicted in green, ion hydrogen bonding
interactions in red, water bridges in blue and lipophilic interactions in gray. j RMSD
plots of Cα carbons of 2C-D183V (blue diagram) and of the heavy atoms of the
ligand Jun6504 (red diagram). Source data are provided as a Source Data file.
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with the previous passage experiment (Fig. 5a), the F190L mutation
was a new finding. The DSF binding assay showed that the F190L-
containing single (F190L), double (D183V/F190L), and triple (D183V/
F190L/D323G) EV-D68 2C mutant proteins were completely resistant
to Jun6504 (Fig. 6d), indicating that F190L is responsible for complete
drug resistance. F190 is located at the α2 helix and forms hydrophobic
interactions with the isopropyl substituent in Jun6504 (Fig. 6e), and
F190L likely causes a steric clash with the inhibitor, leading to drug
resistance. To validate this hypothesis, we performed 500-ns-MD

simulations of Jun6504with the EV-D68 2C-F190Lmutant. The results
showed that the F190L mutation causes a destabilization of the ligand
due to the loss of hydrophobic interactions between the P190 phenyl
with the N-isopropyl from Jun6504 (Fig. 6f–h). We further performed
perturbative relative binding free energy calculations, and the results
of the free energy calculations revealed a significant positive value
ΔΔGb,TI/MD Jun6504(P190L) = 3.81 ± 0.09 kcal/mol, compared to the
ΔΔGb,TI/MD Jun6504(D183V) = 1.60 ±0.19 kcal/mol. Collectively, the rela-
tive binding free energies agree with the antiviral and DSF binding

Fig. 6 | Additional serial viral passage experiment to identify drug-resistant
mutants against EV-D68 2C inhibitor Jun6504. a Schematic illustration of the
serial passage of Jun6504 in RDcells with EV-D68US/MO/14-18947.bAntiviral EC50

curves of Jun6504 against Jun6504-treated and DMSO-treated viruses at P7 and
P10. The assay was performed in two biological replicates. c Sequencing results of
the 2C protein from Jun6504-treated viruses at P7 and P10. d DSF binding assay of
Jun6504 against EV-D68 2C WT, F190L. D183V/F190L, and D183V/F190L/D323G.
The assay was performed in two biological replicates. eDockingmodel of Jun6504

in EV-D68 2C. f Interactions between Jun6504 and the residues at the allosteric site
of EV-D68 2C-F190Lmutant. g Stabilizing interactions inside the binding area of EV-
D68 2C-F190L with Jun6504; hydrogen bonding interactions bar is depicted in
green, ion hydrogen bonding interactions in red, water bridges in blue and lipo-
philic interactions in gray. h RMSD plots of Cα carbons of EV-D68 2C-F190L (blue
diagram) and of the heavy atoms of the ligand Jun6504 (red diagram). Source data
are provided as a Source Data file.

Article https://doi.org/10.1038/s41467-025-61083-8

Nature Communications |         (2025) 16:5987 8

www.nature.com/naturecommunications


assay results, showing that P190L is more resistant than D183V against
Jun6504.

It is worth noting that the F190L mutation was also reported to
confer (S)-fluoxetine resistance against CVB3 2C16,17. These results
further demonstrated that Jun6504 targets the sameallostericbinding
pocket in 2C as (S)-fluoxetine.

We also attempted to generate the recombinant EV-D68 viruses
with either the F190L single mutation (r2C-F190L) or the I112V/D183V/
F190L/D323G quadruple mutations (r2C-I112V/D183V/F190L/D323G).
However, we failed to recover the viruses. We are unsure about the
exact reason since we were able to rescue theWT recombinant viruses
each time. Instead, we performed plaque purification of the P10 virus
mixture from the passage experiment and selected 12 colonies of
viruses (Supplementary Fig. 7). We sequenced their 2C genes and
selected two colonies: clone 9with the 2C-M179L/D183V/F190L/D323G
mutant and clone 10 with the 2C-I112V/D183V/F190L/D323G mutant.
The recombinant EV-D68 virus with the 2C-I112V/D183V/D326G had an
EC50 of 3.77 µM against Jun6504, a 29-fold increase from the WT
(Fig. 5c). The plaque purified EV-D68 virus (clone 10) with the 2C-I112V/
D183V/F190L/D323G mutant had an EC50 value the over 50 µM, sug-
gesting that F190L further increased the drug resistance.

Jun6504 is effective at protecting mice from EV-D68 infection-
induced paralysis
Neonatal mice were infected with EV-D68 by intramuscular injection
into the left quadriceps muscle. Using this previously published neo-
natal mouse model21, the US/IL/14-18952 isolate of EV-D68 reliably
produces paralysis beginning 4–6 days post-infection in the left hin-
dlimb, followed by paralysis in the right hindlimb and sometimes
paralysis of the forelimbs39. In this model, paralysis scores stabilize by
11 days post-infection, and the scores remain stable for at least 28 days
following infection. Animals that were treated with Jun6504 (via i.p.
injection at 50mg/kg) immediately following intramuscular infection,
with injections continuing daily for 14 days, had significantly lower
paralysis scores and significantly increased body weight gain com-
pared to animals injected with “no drug” control (Fig. 7a, b). When
treatment was initiated at 24 h post-infection and continued daily for
13 days (24-h delayedmodel), animals treated with Jun6504 again had
significantly lower paralysis scores and significantly increased body
weight gain compared to animals injected with “no drug” control
(Fig. 7c, d). Themice tolerated the 50mg/kg dose well, and no signs of
pain, weight loss, or death were observed in uninfected Jun6504-
treated animals.

To examine how Jun6504 affects viral titer in the muscle and
spinal cord, we collected quadriceps muscles and spinal cords from
EV-D68-infected pups at 1- and 5-days post-infection (DPI). A picto-
graphic representation of the dosing regimen, tissue collection time
points, and age of pups is shown in Fig. 7e. For these tissue collections,
mice were treated according to the 24-h delayed treatment model.
Approximately 104 TCID50 (50% tissue culture infectious dose) was
present in untreated mice’s left quadriceps muscle at 24 h post-
infection (Fig. 7f). However, by 5 days post-infection (after 4 daily
doses of Jun6504), the left quadriceps muscle of “no drug” control
animals had significantly higher viral titers than the left quadriceps
muscle of Jun6504-treated animals (~105 TCID50 vs 104 TCID50

respectively) (Fig. 7f). The right quadricepsmuscle, contralateral to the
virus injected quadricepsmuscle, did not havemeasurable viral titer at
either 1- or 5-days post-infection (data not shown). No detectable virus
was present in the spinal cord of untreated animals at 24-h post-
infection (DPI1, prior to Jun6504 treatment). At 5 days post-infection
(DPI5, after 4 daily doses of Jun6504), there was significantly less virus
in the spinal cords of Jun6504-treated animals compared to the “no
drug” treated control animals (Fig. 7g). To examine whether Jun6504
was able to cross the blood–brain barrier, we examined the con-
centration of the drug in the spinal cords of treated and untreated

animals. One hour after the intraperitoneal injection of Jun6504, mice
had approximately 575 ng drug/g of tissue in the spinal cord, whereas
no detectable drug was found in the spinal cords of untreated ani-
mals (Fig. 7h).

To examine whether the improved paralysis scores in the
Jun6504-treated animals were due to improved motor neuron survi-
val in this group, we performed immunohistochemistry (IHC) staining
of the lumbar spinal cord sections from treated and untreated animals.
All IHC stains were done at 8 DPI in animals treated using the 24-h
delayed treatment model. We found that in the “no drug” control
group, animals with a paralysis score of 6 (complete paralysis in both
hindlimbs) had no choline acetyltransferase (ChAT) positive motor
neurons evident in the lumbar spinal cord region (Fig. 8b). In contrast,
when the same region was examined in Jun6504-treated animals, with
a paralysis score of 0, there were many ChAT-positive motor neurons
present (Fig. 8a). We also noted an apparent loss of neuronal nuclei
(NeuN) positive neurons in “no drug” controls that were not present in
the Jun6504-treated animals (green stain in Fig. 8a vs b). As noted
previously, in this neonatal mouse model for EV-D68, the hindlimbs
develop paralysis a few days prior to the forelimbs. To examine whe-
ther the virus had reached the cervical spinal cord in the “no drug”
control group, we conducted IHC staining for EV-D68 VP2 and found
that EV-D68-infected (NeuN+) neurons were present in the cervical
enlargement of “no drug” controls (Fig. 8c). In contrast, no infected
(NeuN+) neurons were observed in the cervical enlargement of
Jun6504-treated animals (data not shown). Given the loss of NeuN+
neurons and ChAT+ motor neurons from the lumbar enlargement of
“no drug” control animals, and the presenceof EV-D68-infected cells in
the cervical enlargement of these animals, it suggests that viral infec-
tion has destroyed the permissive cells from the lumbar region of
untreated animals and active infection has successfully moved on to
the cervical region. Alternatively, given the presence of NeuN+ nuclei
and ChAT+ motor neurons in the lumbar region of Jun6504-treated
animals and the lack of EV-D68 VP2 in the cervical enlargement, it
suggests that infection has not moved on to the cervical region in
Jun6504-treated animals. Consistent with this, we did observe EV-D68
VP2-positive neurons in the lumbar enlargement of Jun6504-treated
animals (Fig. 8d), suggesting active infection was still limited to the
lumbar region of Jun6504-treated animals.

Discussion
EV-D68-induced paralysis is a rare but severe disease. With the
increased neurovirulence of contemporary EV-D68 strains, there is a
dire need to develop vaccines and antiviral drugs. Drug repurposing
identified multiple promising drug candidates against EV-D68 in cell
culture, but unfortunately, very few displayed in vivo antiviral effi-
cacy in EV-D68-infected mouse models. In the present work, we
employed a structure-based design and lead optimization to develop
inhibitors targeting the viral 2C protein. We identified Jun6504 as
showing potent and broad-spectrum antiviral activity against enter-
oviruses, including EV-D68, EV-A71, CVB3, CVA6, CVA16, and polio-
virus. Superposition of the X-ray crystal structure CVB3 2C onto the
homology model of EV-D68 2C showed that they adopt a similar 3D
structure (Supplementary Fig. 8), corroborating the broad-spectrum
antiviral activity of Jun6504. Jun6504 displayed favorable in vivo PK
properties, rendering it suitable for the mouse model study. The
thermal shift assay, MD simulations, and resistance selection col-
lectively validated that Jun6504 binds to the same allosteric site in
viral 2C protein as (S)-fluoxetine16. Jun6504 was well tolerated in
mice and significantly improved paralysis score and weight gain,
even when treatment was initiated 24 h post-infection. Examining
drug concentration in the spinal cord indicates that Jun6504 can
penetrate the blood–brain barrier. Moreover, Jun6504 treatment
significantly reduces viral titer in the spinal cord at 5 DPI (when
paralysis scores of untreated animals begin to increase quickly).
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Jun6504 also significantly decreases viral titer in the infected quad-
riceps muscle at this same time point. The improvement in paralysis
may be driven by the drug’s efficacy in the muscle, spinal cord, or
both. Examination of the lumbar enlargement (an enlarged region of
the spinal cord containing motor neurons critical for hindlimb
movement) showed complete loss of ChAT+ motor neurons in
untreated animals with complete paralysis of the hindlimbs, whereas

the ChAT+ motor neurons were present in unparalyzed animals that
had been treated with Jun6504. We also saw a marked loss of NeuN+
neurons from the lumbar enlargement of untreated animals. This
data indicates that EV-D68 is destroying motor neurons and other
neurons in the lumbar spinal cord. We observed EV-D68-infected
cells in a wavefront immediately anterior to the “destroyed” spinal
cord regions (characterized by a complete lack of NeuN and ChAT
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staining). Consistent with the sparing of motor neurons in the
Jun6504-treated group, we observed infected cells in the cervical
enlargement of untreated animals, but infected cells were only seen
in the lumbar region of Jun6504-treated animals. This suggests that
drug treatment markedly slows the anterior progression of infection
and shows that Jun6504 prevents the complete loss of motor neu-
rons from the lumbar spinal cord and thus preserves motor function

in the hindlimbs. Collectively, Jun6504 represents a promising drug
candidate for further development as an EV-D68 antiviral.

Methods
Molecular docking calculations
Ligands preparation. The structure of the Jun571 and of the (S)-
fluoxetine were generated by means of Maestro (Schrödinger Release

Fig. 7 | Antiviral efficacy of Jun6504 in the EV-D68 infection mouse model. All
control animals received vehicle alone (90% corn oil + 10% DMSO). All Jun6504
groups received 50mg/kg of Jun6504 in the vehicle. All error bars represent SEM.
a Paralysis scores are significantly lower in the Jun6504 group in the immediate
treatment model (*p=0.0004 Wilcoxon rank-sum; Control N= 10 [DPI14 = 5.35 ±
0.89], Jun6504 N= 10 [DPI14=0.40±0.42]). b Weights from EV-D68-infected mice
shown in Fig. a. Weight gain is also significantly increased by Jun6504 (*p=0.003 t-
test, Control DPI14 =7.92±0.46g vs Jun6504DPI14=9.29±0.14 g). c Paralysis scores
are significantly lower in Jun6504 group in 24-h delayed treatment model
(*p=0.0043 Wilcoxon rank-sum; Control N= 18 [DPI14=6.42 ±0.63], Jun6504 N= 17
[DPI14 = 1.59±0.61]).dWeights from the EV-D68-infectedmice shown in Fig. c.Weight
gain is also significantly increased by Jun6504 (*p=0.0052 t-test; Control DPI14 =
8.65±0.23g vs Jun6504 DPI14 =9.59±0.27 g). e Pictorial representation of tissue
harvest time points before treatment at DPI1 or after 4x daily injections on DPI5. The
graph was created with Biorender.com. Li, K (2025) https://BioRender.com/kmwsykp.

f Viral titer in muscle tissue from left quadriceps (infected muscle) prior to treatment
(blue bar) and after 4 days of treatment (red and green bars). There is significantly
more virus in the quadriceps muscle from untreated pups at DPI5 compared to
Jun6504-treated pups (pooled t-test *p>0.0001; Control N=9 mean
119,544± 33,194TCID50 vs Jun6504 N=9 mean 8762±3080TCID50). The limit of
detection in this assay is 1580TCID50. g Viral titer in spinal cords from the same
animals shown in panel (f). There is significantly more virus in the spinal cord of
untreated pups at DPI5 compared to Jun6504- treated pups (pooled t-test
*p>0.0484; Control mean 19,834± 11,519TCID50 vs Jun6504 mean
4520± 1796TCID50). All TCID50 values in untreated spinal cords from DPI1 are at the
limit of detection. h Concentration of Jun6504 in spinal cords collected from unin-
fected pups. Jun6504 does enter the spinal cord (*p=0.0151 Wilcoxon rank-sum,
vehicle control N=4 [50.0±0.0] vs Jun6504 N=5 [574.6 ± 100.5]). All vehicle control
data is at the limit of detection. All statistics shown in Fig. 7 are two-sided (a–d, f–h).
Source data are provided as a Source Data file.

Fig. 8 | IHC stain of motor neurons in spinal cords from Jun6504-treated vs
control (cornoil) treatedmice collectedat8dayspost-infection. a IHCstainof a
transverse section through the lumbar spinal cord of Jun6504-treated animal with
no paralysis in hindlimbs. Four panels to the right show increased zoom of the
white dashed box where neuronal nuclei, choline acetyltransferase, and DAPI are
green, red, and blue signals, respectively. b IHC stain of transverse section through
lumbar spinal cord of corn oil control-treated animal with complete paralysis in
both hindlimbs. Four panels to the right show increased zoom of the white dashed
box where neuronal nuclei, choline acetyltransferase, and DAPI are green, red, and
blue signals, respectively. c IHC stain of transverse section through cervical spinal
cord of corn oil control-treated animal with complete paralysis in both hindlimbs,

but no paralysis in forelimbs. Four panels to the right show an increased zoom of
the white dashed box. Anti-neuronal nuclei is green, anti-Enterovirus D68 viral
protein 2 is red, and DAPI is blue. d IHC stain of transverse section through lumbar
spinal cord of Jun6504- treated animalwith complete paralysis in left hindlimb, but
no paralysis in the right hindlimb. Four panels to the right show an increased zoom
of the white dashed box. Anti-neuronal nuclei is green, anti-Enterovirus D68 viral
protein 2 is red, and DAPI is blue. Scale bars in all images are 100microns in length.
Five serial sections (separated by 200 µm intervals) were collected for each spinal
cord. A single representative image is shown in Fig. 8, but N = 5 spinal cords were
stained for ChAT and N = 3 were stained for VP2.
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2020-4:Maestro, Schrödinger, LLC, New York, NY, 2020; Schrödinger
Release 2020-4: LigPrep, Schrödinger, LLC, New York, NY, 2020), their
protonation state was inspected using Epik (Schrödinger Release
2020-4: Epik, Schrödinger, LLC, New York, NY, 2020) at pH 7.4 and
were subsequently minimized by means of Macromodel (Schrödinger
Release 2020-4:MacroModel, Schrödinger, LLC, New York, NY, 2020)
and theMMFF94 force field using the conjugate gradient (CG)method
and a distance-dependent dielectric constant of 4.0 until a con-
vergence value of 0.0001 kJ Å−1 mol−1 was reached.

Preparation of the protein—Jun571 complexes for the MD simula-
tions. The X-ray structure of CVB3 2C protein in complex with (S)-
fluoxetine (PDB ID 6S3A)16 and the X-ray structure of the apo form of
EV-A71 2C protein (PDB ID 5GQ1)33 were used to build the protein
models. The PDB ID 6S3A structure was superimposed with PDB ID
5GQ1, and then the protein with PDB ID 6S3A was deleted to prepare a
complex between S-fluoxetine and EV-A71 2C protein. A homology
model for EV-D68 2C protein in complex with (S)-fluoxetine was pre-
pared using the structure with PDB ID 6S3A. All the protein complex
structures were processed with the Protein Preparation Wizard in
Schrödinger suite 2021 (Protein Preparation Wizard; Epik, Schrö-
dinger, LLC, New York, NY, 2021) through which were performed, for
example,missing hydrogen atoms addition, protein termini capping at
N-end with acetyl and at C-end with N-methyl amide groups, optimal
protonation states for histidine residues determination, restrained
minimization that allows hydrogen atoms to be freely minimized,
while allowing for sufficient heavy-atom movement to relax strained
bonds, angles, and clashes. The most favored protonation states of
ionizable residues at pH 7 in these complexeswere assigned using Epik
(Epik, Schrödinger, LLC, New York, NY, 2021).

The docking of Jun571 to CVB3 2C, EV-A71 2C, and EV-D68 2C
proteins and of (S)-fluoxetine heavy atoms to the CVB3 2C protein was
carried out with Glide program 6 (Schrödinger Release 2020-4: Glide,
Schrödinger, LLC, New York, NY, 2021) with the induced-fit method of
Schrödinger suite 2021 (Induced-fit Docking, Schrödinger, LLC, New
York, NY, 2021) and the standard protocol (standard precision) which
allows flexibility of both the ligand and the entire binding site. The
model of the X-ray structure of CVB3 2C protein in complex with
S-fluoxetine (PDB ID 6S3A) prepared as described was used as tem-
plate structure. Thus, the grid boxes for the binding site were built
considering the coordinates of S-fluoxetine. Docking of Jun571 against
the three 2C proteins and of S-fluoxetine against the CVB3 2C protein
was performed using a softened potential in which the van der Waals
scaling factor was set at 0.5 for both receptor and ligand. The Prime
refinement step was set on the side chain prediction of amino acid
residues within 5 Å of the ligand. Subsequently, a minimization of the
same set of residues and the ligand for each protein/ligand complex
pose was performed. After this stage, any receptor structure in each
pose reflects an induced fit to the ligand structure and conformation.
For each ligand docked, a maximum of 20 poses was retained. The
RMSD of the highest in score-docking pose of S-fluoxetine’s heavy
atoms to the CVB3 2C protein compared to the experimental binding
pose in the X-ray structure with PDB ID 6S3Awas <1 Å, suggesting that
the docking calculations method was reliable for the calculations of
the docking poses of Jun571. The highest score-docking poses of
Jun571 inside the three 2C proteins were used for the MD simulations
to investigate the binding profile of Jun571. The three complexes
consist of ~207 aminoacid residues and ~3183 atoms.Thedockingpose
of Jun6504 in EV-D68 2C was generated as described above using the
Schrödinger Glide extra precision. The Glide XP GScore was −7.703.

MD simulations. MD simulations were carried to the complexes of
Jun571 and Jun6504 with CVB3 2C, EV-A71 2C, and EV-D68 2C proteins
with docking poses prepared as described previously. Each complex
was solvated using the TIP3P water model40. Using the “System

Builder utility of Desmond v4.9 (Schrödinger Release 2021-1: Desmond
Molecular Dynamics System, D. E. ShawResearch, New York, NY, 2021.
Maestro-Desmond Interoperability Tools, Schrödinger, New York, NY,
2021) each complex was embedded in an orthorhombic water box
extending beyond the solute 12 Å in x,y,z direction leading to ~10,000
waters. Sodium and chloride ions were added randomly in the water
phase to neutralize the systems and reach the experimental salt con-
centration of 0.150M NaCl. The total number of atoms was ~33,000.

The ff19sb force field was used to model all protein and ligand
interactions and lipids40. The particle mesh Ewald method (PME) was
employed to calculate long-range electrostatic interactions with a grid
spacing of 0.8 Å41,42. Van der Waals and short-range electrostatic
interactions were smoothly truncated at 9.0 Å. The Langevin
thermostat43 was utilized to maintain a constant temperature in all
simulations, and the Berendsen barostat44 was used to control the
pressure. Periodic boundary conditions were applied (75 × 65 × 74)Ǻ3.
The equations of motion were integrated using the multistep RESPA
integrator45 with an inner time step of 2 fs for bonded interactions and
non-bonded interactions within a cutoff of 9 Å. An outer time step of
6.0 fs was used for non-bonded interactions beyond the cut-off. Each
system was equilibrated in MD simulations with a default protocol for
water-soluble proteins provided inDesmond,whichconsists of a series
of restrained MD simulations designed to relax the system, while not
deviating substantially from the initial coordinates.

The first simulation was Brownian dynamics run for 100 ps at a
temperature of 10K in the NVT (constant number of particles, volume,
and temperature) ensemble with solute heavy atoms restrained with a
force constant of 50 kcalmol Å−2. The Langevin thermostatwas applied
in the NVT ensemble and anMD simulation for 12 ps with solute heavy
atoms restrained with a force constant of 50kcalmol Å−2. The velo-
cities were randomized and MD simulation for 12 ps was performed in
the NPT (constant number of particles, pressure, and temperature)
ensemble and a Berendsen barostat with solute heavy atoms equally
restrained at 10K and another one at 300K. The velocities were again
randomized and unrestrained MD simulation for 24 ps was performed
in theNPTensemble. The above-mentioned equilibrationwas followed
by a 500 ns simulation without restrains. The simulations were per-
formed on a workstation with a GTX 970. The visualization of the
produced trajectories and structures was performed using Maestro or
programs Chimera and VMD. Within the 500-ns-MD simulation time,
the RMSD of the protein backbone Cα atoms reached a plateau, and
the systems were considered equilibrated and suitable for statistical
analysis (see Figs. 1d, 5g, j and Supplementary Fig. 2f, 3f).

The visualization of the trajectories was performed using the
graphical user interface (GUI) of Maestro, and the protein–ligand
interaction analysis was done with the simulation interaction diagram
(SID) tool, available with the Desmond v4.9 program. For hydrogen
bonding interactions, a distance between donor and acceptor heavy
atoms≤2.5 Å, an angle≥120°betweendonor-hydrogen-acceptor atoms
and ≥90° between hydrogen-acceptor-bonded atoms were applied.
Non-specific hydrophobic contactswere identifiedwhen the side chain
of a hydrophobic residue fell within 3.6 Å from a ligand’s aromatic or
aliphatic carbon, while π–π interactions were characterized by stack-
ing of two aromatic groups face-to-face or face-to-edge. Water-
mediated hydrogen bonding interactions were characterized by
≤2.7 Å distance between donor and acceptor atoms, as well as an angle
≥110° between donor-hydrogen-acceptor atoms and ≥80° between
hydrogen-acceptor-bonded atoms were applied.

Alchemical binding free energies calculations
TI/MD method’s principle. The TI/MD method has been described46.
Free energy is a state function, and thus the free energy difference
between states is independent of the path that connects them. To
compare ligand binding for two protein mutants 0 and 1, the calcula-
tion ofΔAb, 1 andΔAb, 0, respectively, is needed and then the difference
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ΔΔAb, 0!1 (b) or ΔΔAb,0, 1 (b). The calculation of ΔA1 bð Þ and ΔA0 bð Þ is
demanded because it includes large changes between the two states.
Thus, the calculation of the relative binding free energies for Jun571
and Jun6504 bound to EV-D68 2C WT and D183V mutant protein or
Jun6504 bound to EV-D68 2C WT and P190L mutant protein can be
performed instead using the MBAR method47 and applying a thermo-
dynamic cycle listed below, i.e., using the ΔG values obtained for the
transformations of the proteins in the bound (b) and the solvent (s;
water) state, ΔGb,0,1 and ΔGs,0,1(s), respectively, according to equation
(Supplementary Fig. 9).

Briefly, a thermodynamic parameter λ that smoothly connects
states 0 and 1 through a λ-dependent potential U(rN; λ), such that U(rN;
0) =U0(rN) andU(rN; 1) = U1(rN). The transformation isbrokendown into
a series of M steps corresponding to a set of λ values λ1, λ2,…, λM
ranging from 0 to 1, such that there is sufficient phase space overlap
between neighboring intermediate λ states. The TI estimator com-
putes the free energy changeof transformation0→ 1 by integrating the
Boltzmann averaged dU(λ)/dλ as is described in Eq. (1)

ΔA0!1 =
Z 1

0
dλ

dU rN ; λ
� �
dλ

� �
λ

=ΔA0!1 �
XM

k = 1
wk

�
dU rN ; λ

� �
dλ

�
λk

ð1Þ

where the second sum indicates numerical integration over M quad-
rature points (λk, for k = 1,…, M) with associated weights wk. A linear
extrapolation between states can be applied for the construction of
U1(rN; λ), while with Amber18 softcore potentials48–50 the Lennard-Jones
and Coulomb term potentials are described according to Eq. (2)

U rN ; λ
� �

=USC
0 rN ; λ
� �

+ λΔUSC rN ; λ
� �

=USC
0 rN ; λ
� �

+ λ USC
1 rN ; 1� λ
� �� USC

0 rN ; λ
� �� � ð2Þ

MBAR47 calculates the free energy difference between neighbor-
ing intermediate states using Eq. (3)

ΔAλ!λ+ 1 = � ln ln
hwexp �βUλ+ 1

� �iλ
hwexp �βUλ+ 1

� �iλ+ 1
ð3Þ

where w is a function of Α(λ) and Α(λ + 1). The equation is solved
iteratively to give the free energy change of neighboring states
ΔΑ(λ→ λ + 1), which, via combination, yields the overall free energy
change. The MBAR method has been shown to minimize the variance
in the calculated free energies, by making more efficient use of the
simulation data47,51–53.

TI/MD calculations protocol
For the TI/MD calculations, the experimental structure of the
protein–ligand with the solvent around, was used as starting structure
for the alchemical transformations between amino acids. For the
ligand their protonated form assumed at pH 8 was used.

Setups were performed by using the Amber22 software54,55. To
start the process, we extracted the protein and ligand from the solvent
box into anewPDBfile. Then, by initializing thepdb4ambermodulewe
mutated the necessary amino acid to create a new PDB file for each
protein mutation. Afterward, we processed the mutant and non-
mutant protein–ligand PDB files to extract the protein-only into a new
PDB file. By using the tleap module of Amber22, we merged the
protein–ligand and protein only PDB files (mutants and non-mutant)
into a prmtop file (now the prmtop file has both protein and protein-
mutant or complex and complex mutant). Then, by using the parmed
module and the tiMerge command, we were able to merge these two
different proteins (mutant and non-mutant) into one copy of the
duplicated protein, and the mutated residue was correctly linked to

the protein. For the protein, we used the ff19sb40, for the ligand we
used GAFF2, for the water and ions we used the tip3p model56.

The initial geometries were minimized using 20,000 steps of
steepest descent minimization at λ = 0.5. Theseminimized geometries
were used for simulations at all λ values. Eleven λ values were applied,
equally spaced between 0.0 and 1.0. In eachMD simulation the system
was heated to 298K for 500ps using the Langevin43 thermostat
(dynamics) for temperature control, as implemented in
Amber22 software, employing a Langevin collision frequency of
2.0 ps−1 in the presence of harmonic restraint with force constant
10 kcalmol−1 Å−2 on all membrane, protein, and ligand atoms. The
Berendsen barostat57 was used to adjust the density over the 500 ps of
equilibration at constant pressure (NPTγ) simulation using
γ = 10 dyn cm−1 with a target pressure of 1 bar and a 2 ps coupling time.
Then, a 500ps of NVT equilibration MD simulation was applied fol-
lowing by 2 ns NVT production MD simulation without restraints.
Energies were recorded every 1 ps, and coordinates were saved every
10 ps. Production simulations recalculated thepotential energy at each
λ value every 1 ps for later analysis with MBAR47,51.

The bond constraint SHAKE algorithm58 was disabled for the TI
calculations performed with Amber GPU-TI module pmemdGTI59,60,
and therefore a time step of 1 fs was used for all MD simulations. Long
range electrostatics were calculated using the PME method41,42 with a
1 Å grid, and short-range non-bonding interactions were truncated at
12 Å with a continuummodel long range correction applied for energy
and pressure.

For each alchemical calculation, dual topology was applied, that
does not convert one species to another, but only converts between
dummy atoms and an interacting species, but usually uses softcore
potentials. The one-step protocol was applied, where in the softcore
potential, the electrostatic and van der Waals interactions are scaled
simultaneously.

Thefinal states0 and 1 of the alchemical calculations0→ 1 or 1→0,
complexes as resulted from the alchemical transformations were
compared with these complexes structure resulted from the con-
verged 500-ns-MD simulations. This was performed to certify that the
2 ns-MD simulation for each λ-state during the alchemical calculations
was enough for the complexes to converge to the same structure with
500 ns-MD simulations. Two repeats of the TI/MD calculation for each
alchemical transformation were performed, and themean values were
computed.

Cell lines and viruses
Rhabdomyosarcoma (RD, CCL-136), Vero C1008 (CRL-1586), HeLa
(CCL-2), and HEK293T (CRL-3216) cell lines were obtained from the
American Type Culture Collection (ATCC) and maintained in Dulbec-
co’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1%penicillin-streptomycin. Cellswere cultured
at 37 °C in a humidified incubator with 5% CO₂ and routinely screened
to confirm the absence of mycoplasma contamination.

Enterovirus D68 (EV-D68) strains US/MO/14-18947, US/KY/14-
18953, US/MO/14-18949, US/IL/14-18952, and US/IL/14-18956 (ATCC);
Coxsackievirus B3 (CVB3) Nancy strain (VR-30); Enterovirus A71 (EV-
A71) Tainan/4643/1998 (BEI Resources, NR-471); Coxsackievirus A6
(CVA6, VR-1801); and human rhinovirus 16 (RV16, VR-283) were
sourced fromATCC or BEI Resources. Coxsackievirus A16 (CVA16) and
poliovirus type 1 were provided by Dr. William Nix (CDC) under a
material transfer agreement. Viral stocks were propagated in RD cells
(EV-D68, EV-A71, CVA6, CVA16), Vero C1008 cells (CVB3), or HeLa cells
(RV16, poliovirus type 1) prior to use in infection assays.

Antiviral assays
Cytopathic effect (CPE) assay and plaque assay were developed for
multiple viruses in our laboratory and routinely employed to evaluate
the antiviral activity of compounds in cell culture61. For the CPE assay,
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cell lines were selected based on viral tropism: RD cells were used for
EV-D68, EV-A71, CVA6, and CVA16; HeLa cells for poliovirus type 1 and
RV16; and Vero cells for CVB3. Cells were seeded into 96-well plates to
reach approximately 90% confluency after 24 h. Prior to infection, the
culture medium was removed, and cells were washed with 1 × PBS.
Virus inoculum prepared in infection media at the desired multiplicity
of infection (MOI) was added (100 µL per well), followed by a 1–2 h
incubation for viral adsorption. Next, 100 µL of infection media con-
taining the test compound at the indicated concentrations (without
virus) was added to each well. Upon full CPE development (typically
within 2–3 days), media were aspirated and replaced with neutral red
solution (50 µg/mL) to stain viable cells. Absorbance was read at
540nm using a Multiskan FC Microplate Photometer (Thermo Fisher
Scientific), and EC₅₀ values were calculated by plotting absorbance
against log compound concentration using non-linear regression in
GraphPad Prism 8.

Plaque reduction assay for EV-D68 was performed as previously
described62,63. RD cells were seeded in six-well plates and cultured to
>95% confluencywithin 24 h. Prior to infection, cells werewashed with
1× PBS supplementedwithmagnesiumand calcium. Eachwellwas then
infected with 500 µL of EV-D68-containing infection media, yielding
approximately 100–120plaque-formingunits (PFU) perwell. Following
a 1–2 h incubation at 33 °C to allow viral attachment, the inoculumwas
removed, and cells were overlaid with 4mL of DMEM containing 2%
FBS, 30mM MgCl₂, 1.2% Avicel (FMC BioPolymer), and the indicated
concentration of Jun6504. Plates were incubated at 33 °C in a 5% CO₂
atmosphere for 3 days. After incubation, the Avicel overlay was
removed, and cells were stained with crystal violet. Plaque areas were
quantified using ImageJ software, and EC₅₀ values were calculated by
plotting plaque area against the log concentration of Jun6504 using
non-linear regression in GraphPad Prism 864.

Virus plaque purification
The plaque purification procedure was adapted from the standard
plaque reduction assay. Prior to purification, the viral stock from
passage 10 was titrated by plaque assay. RD cells were seeded in six-
well plates and incubated overnight at 37 °C to achieve over 95%
confluence. Based on the titration results, the virus stock was diluted
to the desired concentrations using viral diluent consisting of DMEM
supplemented with 2% FBS, 1% penicillin-streptomycin (P/S), and
30mMMgCl₂. A total of 500 µL of the diluted virus was added to each
well, followed by gentle swirling to ensure even distribution. Plates
were incubated at 33 °C for 1 h to allow virus adsorption.

Meanwhile, a 0.75% agarose overlay medium was prepared by
mixing equal volumes of 1.5% autoclaved agarose (A9539, Sigma,
maintained at 50 °C)with 2×DMEMsupplementedwith 4%FBS, 2%P/S,
and 60mM MgCl₂. After confirming the appropriate temperature,
2mL of overlaymediumwas gently added to eachwell. Plates were left
at room temperature for 10min to allow the overlay to solidify, then
incubated at 33 °C for 60 h.

Clear and countable plaques were visible to the naked eye. Twelve
well-isolated plaques were selected and marked on the bottom of the
plates. Using sterile glass pipette tips, plaques were picked along with
topping agarose and transferred into sterile centrifuge tubes con-
taining 500 µL of viral diluent. Tubes were rotated overnight at 4 °C to
facilitate viral release, and the recovered viruses were subsequently
amplified by inoculation into fresh RD cell monolayers in six-well
plates.

Cytotoxicity assay
The cytotoxicity of 2C inhibitors in RD, Vero C1008, andHeLa cells was
assessed using the neutral red uptake assay, following previously
established protocols65,66. Cells were seeded in 96-well plates to reach
over 95% confluency after 24 h. The growth medium was then
removed, and cells were washed with 1× PBS. Subsequently, 200 µL of

DMEM supplemented with 2% FBS and serial dilutions of the 2C inhi-
bitors was added to eachwell. Incubation timesmatched those used in
the corresponding CPE assays. After incubation, viable cells were
stained with neutral red dye (50 µg/mL), and CC₅₀ values were calcu-
lated by plotting absorbance against the log concentration of each
compound using non-linear regression in GraphPad Prism 8.

Differential scanning fluorimetry (DSF)
The binding of Jun6504 to EV-A71 Tainan/4643/1998, EV-D68 US/MO/
14-18947, CVB3Nancy 2Cwildtype, ormutant 2Cproteinswas assessed
usingDSFwith aThermal FisherQuantStudio™ 5RealTimePCRSystem
as previously described35. Briefly, Jun6504 was incubated at con-
centrations of 0, 3, 10, 30, 100, and 300 µM with 4 µM of either wild-
type or mutant 2C protein at 37 °C for 1 h. After incubation, SYPRO
Orange dye (Thermo Fisher) was added, and fluorescence was mon-
itored under a temperature gradient from 30 to 90 °C, increasing at a
rate of 0.05 °C per second. Melting temperatures (Tm) were deter-
mined using Protein Thermal Shift Software v1.3. ΔTm values were
calculated by subtracting the Tm of the DMSO control from the Tm
observed in the presence of Jun6504.

Serial passage experiment
To identifymutations inducedby Jun6504, serial passage experiments
of EV-D68 were conducted, followed by sequencing as previously
described31,63. Subsequently, EV-D68 recombinant viruses harboring
2C mutations identified in the serial passage experiment were gener-
ated using reverse genetics. The detailed procedure can be found
in ref. 31.

Time of addition experiment
A time-of-addition experiment was conducted as previously
described67,68. Briefly, RD cells were infected by EV-D68 US/MO/
14−18947 at an MOI of 0.2. 3 µM of Jun6-50-4 was added at different
time points before, during, or after viral infection. Viruses were har-
vested from the cell culture supernatant at 14 h post-infection, and the
viral titers were quantified by plaque assay.

Compound synthesis and characterization
Details for the synthesis procedure and compound characterizations
(HNMR, CNMR, MS) can be found in the Supplementary Material.

In vivo PK profiling in BALB/c mice of 2C inhibitors
The in vivo PK studies in BALB/c mice were carried out in accordance
with the protocol approved by the Institutional Animal Care and Use
Committee of the University of Arizona (Protocol # 17-355).

Acetonitrile, methanol, and water (LC–MS grade) were purchased
from Fisher Scientific (Fair Lawn, NJ, USA). Formic acid was purchased
from Sigma-Aldrich (St. Louis, MO).

Plasma samples (5 µl each) weremixedwith 45 µL ofmethanol and
10 µL of internal standard (IS; UAWJ102 100 ng/mL in methanol). The
mixture was vortexed for 30 s, centrifuged at 15,000 rpm for 5min,
then the supernatant was diluted with 900 µl Milli Q water and loaded
onto OASIS® HLB cartridge (C18, 1mL/30mg, Waters Corporation,
Milford, MA) pre-conditioned with 1mL methanol followed by 1mL
water, and the cartridgewas thenwashedwith 1mLwater. The analytes
werefinally eluted from the cartridgeswith 1mLofmethanol forHPLC-
MS/MS analysis.

Jun5532, Jun10241, Jun6504, Jun9351, and Jun6962 were
detected using LC–MS/MS. The LC–MS system consisted of an Agilent
1290 UPLC system (Agilent Technologies, Santa Clara, CA) and a Sciex
Qtrap6500+ Mass Spectrometer (AB SCIEX, Framingham, MA). Ana-
lytes were separated on an EclipsePlus C18 column (2.1 × 50mm,
1.8 µm, Agilent) at a temperature of 35 °C. Compound Jun5532,
Jun6504, Jun9351, and Jun6962 were eluted with mobile phase con-
taining 0.1% formic acid (v/v) in water and mobile phase B containing
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0.1% formic acid (v/v) in methanol, at a flow rate of 0.3mL/min as
follows: 10%B (0–0.2min), 10%B→ 95%B (0.2–5min), 95%B (5–7min),
95% B→ 10% B (7–7.1min), 10% B (7.1−10min). Compound Jun10241
waselutedwithmobile phase containing0.1% formic acid (v/v) inwater
and mobile phase B containing 0.1% formic acid (v/v) in acetonitrile,
also at a flow rate of 0.3mL/min as follows: 10% B (0–0.5min), 10%
B→ 95% B (0.5–0.6min), 95% B (0.6–7min), 95% B→ 10% B (7–7.1min),
10% B (7.1−10min). The MS was operated in the positive ion mode,
using electrospray ionization. The ion spray voltage and temperature
were set at 5000V and 500 °C, respectively. Curtain gas, ion source
gas1 and ion source gas2 were set at 40, 40, and 10 psi, respectively.
Jun5532, Jun10241, Jun6504, Jun9351, Jun6962, and the internal
standard (IS, UAWJ102) were detected using multiple reaction mon-
itoring (MRM), with a dwell time of 200msec per transition, at m/z
290.2/231.1, 292.0/275.2, 328.1/299.1, 302.1/243.1, 314.2/228.2 and
289.1/139.1, respectively. Retention times for Jun5532, Jun6504,
Jun9351, Jun6962 and the IS were 4.80, 4.72, 4.52, 6.54, and 3.18min,
respectively. Retention for Jun10241 and the IS were 2.00 and
2.10min, respectively. For quantitative analysis of Jun5532, Jun10241,
Jun6504, Jun9351, and Jun6962, pure compounds (20 to 4000ng/mL
in 5 µl methanol), along with 10 µL IS (at 100 ng/ml in methanol), were
added to 5 µL of blank mouse plasma to construct the
calibration curve.

The pharmacokinetic parameters were calculated using PK solver
(Microsoft, Redmond, WA) by assuming a noncompartmental model.

In vivo EV-D68 infection mouse model study
For the EV-D68 infection mouse model studies in Swiss Webster mice,
the experiments were carried out in accordance with the protocol
approved by the Institutional Animal Care and Use Committee of the
University of Colorado (Protocol # 00075).

Treatment model. Litter size was kept constant between 9 and 11
animals per dambymixing litters of the same age. Postnatal day 2 (P2)
Swiss Webster mice were intramuscularly (IM) injected with 10 µL of
EV-D68 at 10,000x TCID50/pup into the left quadriceps muscle. An
equal number of males and females were used in these experiments,
and no statistically significant sex effects were observed. Animals were
infected with EV-D68 isolate US/IL/14−18952, which was purchased
from BEI resources NR-49131 LOT#63205985. Drug treatment was
initiated within 30min following IM viral infection (in the immediate
treatment model) or at 24 h post-IM infection (in the 24-h delayed
treatment model), and treatment was repeated once daily for the
remainder of the experiment. The drug was dissolved in 10% DMSO
and mixed with 90% corn oil immediately prior to intraperitoneal
injection at a concentration of 50mg/kg (25 µL total injection volume
per pup). “Nodrug” treated controls were dosed intraperitoneallywith
25 µL of 90% corn oil + 10% DMSO. Pups were checked once daily to
record paralysis scores and weight for each animal. Pups were housed
withdamsuntil the timeofweaning (P21) in aBSL2 facility kept at 23°C,
43% relative humidity, and kept on a 12- to-12-h light-dark cycle with ad
libitum access to food and water.

Paralysis scoring scale. Paralysis scores were assessed as previously
publishedby ref. 21, with the exception that in rare instances, a scoreof
1.5 or 2.5 was used to better capture limb paralysis that was borderline
between bins. Briefly, each limb was scored from 0 to 3, where 0
represents normal limbmovement and 3 represents a complete loss of
function in the limb. The score from each limb was added together to
give a total paralysis score up to 12 for a completely paralyzed, quad-
riplegic animal. An animal was sacked if its paralysis score was ≥11 or if
its weight dropped below 60% of the litter average.

TCID50 protocol. Rhabdomyosarcoma cells (ATCC CCL-136) were
plated at 3000 cells/well into two sets of five columns in a 96-well flat-

bottomed cell culture plate. After 24 h, serial tenfold dilutions of EV-
D68 were added to the appropriate wells and incubated at 33 °C for
7 days. All wells were examined for signs of cytopathic effect, and
TCID50 (50% tissue culture infectious dose) values were calculated
using the Reed-Muench method. All TCID50 values in this paper
represent TCID50/mL even if it is not explicitly stated.

Determination of drug concentration in the spinal cord by LC–MS/
MS. Swiss Webster mouse pups were intraperitoneally injected with
Jun6-50-4 (at 50mg/kg) beginning on postnatal day 2 and continuing
daily for 7 days. The final dose of Jun6-50-4 was given 1 h prior to
harvesting spinal cord tissue. The spinal column was cut at C2 and L3,
then pressurized, and ice-cold PBS was used to force the spinal cord
from the spinal column. Spinal cords were weighed, frozen, and then
homogenized in 10 x volumes (v/w, i.e., 1mg tissue added 10μL buffer)
of PBS buffer (137mMNaCl, 2.7mMKCl, 10mMNa2HPO4, and 1.8mM
KH2PO4 pH = 7.2) using NEXT ADVANCE Bullet Blender (speed setting
at 10’; 3 × 5minwith 5min rest on icebetween the cycle). The Jun6-50-4
was extracted by mixing 20 µL of each homogenate with 10 µL internal
standard (IS; Jun6-50-4, 1μg/mL) and 100 µL methanol. Then the mix-
ture was vortexed for 30 s at room temperature (RT) and centrifuged
at 15,000 rpm for 5min at 4 °C. The supernatant (100 µL) was pro-
cessed for LC–MS/MS analysis in the same way as for the plasma, as
described above. The eluates of 2 µL from the OASIS® HLB cartridge
were injected for LC–MS/MS analysis. Jun6-50-4 in tissue lysate was
detected using the same LC–MS/MS system as described in PK analysis
above. The analytes were separated on an EclipsePlus C18 column
(2.1 × 50mm, 1.8 µm, Agilent) at a temperature of 35 °C, with mobile
phase A containing 0.1% formic acid (v/v) in water and mobile phase B
containing 0.1% formic acid (v/v) in methanol. Gradient elution was
applied at a flow rate of 0.2mL/min. The MS was operated in the
positive ionmode, using electrospray ionization. The ion spray voltage
and temperature were set at 5500V and 500 °C, respectively. Curtain
gas, ion source gas1 and ion source gas 2 were set at 40, 50, and 50psi,
respectively. Tissue extract and the internal standard were detected
using multiple reaction monitoring (MRM), with a dwell time of
200msec per transition, at m/z 328.1/299.1 and 289.1/139.1, respec-
tively. For quantitative analysis of Jun6-50-4 in tissue lysate, 10 µL
standards (10 to 10,000ng/mL in methanol), along with 10 µL of
internal standard (at 1 µg/mL in methanol), were added to 20 µL of
blank plasma to construct the calibration curve.

IHC protocol. Spinal cord tissue was taken from Swiss Webster pups,
in the 24-h delayed treatment model, at 6 days post-infection. Spinal
cords were placed in 4% paraformaldehyde for 24 h, briefly rinsed in
PBS, and then soaked in30% sucrose for48 h. Tissuewas then frozen in
OCT, and the lumbar enlargement was sectioned at 20 µm using a
cryotome. Standard IHC protocol for fresh frozen tissue was followed.
Antigen retrieval was performed for 30minusing 10mMCitrate buffer
at pH 6.0. Sections were blocked in (0.1% triton, 5%NGS, 1% BSA, 0.05%
tween20, in PBS) for 1 h, then primary antibodies were added to
blocking buffer as follows: anti-NeuN mAb from AbCam (ab279297)
used at 1:100; anti-EV-D68 VP2 pAb fromGeneTex (GTX132314) used at
1:50; antiChAT mAb from AbCam ([EPR16590] ab178850) used at 1:50.
Samples were incubated in primary antibody for 24-h at room tem-
perature. Nuclear stain was Hoechst 33342, trihydrochloride used at
1 ug/mL.

Statistical analysis. JMP®, Version 15.0.0. SAS Institute Inc., Cary, NC,
1989–2007, was used for all statistical calculations.Wedid not observe
sex differences in survival or paralysis for any experiment. We did
observe litter effects, so pups were mixed between litters (whenever
possible), and all litters included a 50/50 mix of treated and control
animals. A total of 20 animals in the immediate treatment model and
35 animals in the 24-h delayed treatment model (from 6 litters) were
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used for these experiments. Three animals in the control group of the
24 h delayed treatment model were sacked before the completion of
the experiment (days 8, 9, and 11), so their last recordedparalysis score
(12, 11, and 11, respectively) was carried forward to the end of the
experiment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analyzed in this study are included in the main
text and the supplementary information files. Publicly available data-
sets used in this study are X-ray crystal structures of CVB3 2C with (S)-
fluoxetine (PDB ID 6S3A), the apo structure of EV-A71 2C (PDB ID
5GQ1), and EV-A71 2C with ATPγS (PDB: 5GRB). The following link is
provided to access the initial and final configurations of the following
complexes inMDsimulations: Jun571 + EV-D682C, Jun571 + EV-A71 2C,
Jun571 +CVB3 2C, Jun6504 + EV-D68 2C, Jun6504 + EV-D68 2C-
D183V, and Jun6504 + EV-D68 2C_F190L: https://github.com/
georgioukyriakos/enterovirus_d68. Source data are provided with
this paper.
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