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Infection with coxsackievirus A10 (CV-A10) can cause hand-foot-mouth disease and is also associated with se-
vere complications, including viral pneumonia, aseptic and viral meningitis. Coxsackievirus infection may also
play a role in the pathogenesis of acute myocardial infarction and in the increased risk of type 1 diabetes mellitus
in adults. However, there are no approved vaccines or direct antiviral agents available to prevention or treatment
of coxsackievirus infection. Here, we reported that GC376 potently inhibited CV-A10 infection in different cell
lines without cytotoxicity, significantly suppressed production of viral proteins, and strongly reduced the yields
of infectious progeny virions. Further study indicated that GC376, as viral 3C protease inhibitor, had the po-
tential to restrain the cleavage of the viral polyprotein into individually functional proteins, thus suppressed the
replication of CV-A10. Furthermore, the drug exhibited antiviral activity against coxsackieviruses of various
serotypes including CV-A6, CV-A7 and CV-A16, suggesting that GC376 is a broad-spectrum anti-coxsackievirus

Antiviral
GC376

inhibitor and the 3C protease is a promising target for developing anti-coxsackievirus agents.

Introduction

Coxsackievirus is one of the non-enveloped RNA viruses, and its
infection can cause hand-foot-mouth disease (HFMD), posing a serious
threat to the health of children worldwide, especially those less than 5
years old (Chen et al.,, 2017; Guo et al., 2022). The coxsackievirus
infection may also play a direct role in the pathogenesis of acute
myocardial infarction or increasing the risk of type 1 diabetes mellitus in
adults (Andréoletti et al., 2007; Nekoua et al., 2022a; Nekoua et al.,
2022b). In addition, infection with coxsackievirus A10 (CV-A10) is
associated with severe complications including aseptic and viral men-
ingitis (Bian et al., 2019; Cui et al., 2020). Recently, several epidemio-
logical studies reveal that more and more HFMD cases are related to
CV-A10 infection (Jiang et al., 2021; Duan et al., 2022). Moreover,
CV-A10 often cocirculated with other enteroviruses, such as enterovirus
A71 (EV-A71), CV-A16 and CV-A6 (Mirand et al., 2012; Zhang et al.,
2015; Chen et al., 2019). However, there are no approved direct anti-
viral agents available to treatment with CV-A10 infection.

* Corresponding authors.

As a member of the genus Enterovirus, CV-A10 shares many charac-
teristics with other enteroviruses. The genome of the viruses in this
genus is a positive-sense single-stranded RNA, which is approximately
7.4 kgbases long and contains a single open reading frame (ORF). The
ORF encodes a large polyprotein that is conceptually subdivided into P1,
P2 and P3 regions (Li et al., 2020). P1 encodes four structural proteins
VP1-VP4, which compose the viral capsid responsible for binding to the
receptor on the cells. P2 and P3 encode seven non-structural proteins
2A-2C and 3A-3D respectively, which are essential for enteroviruses
replication (Saarinen et al., 2020). The enterovirus protease 3C, cleaving
both viral and host proteins, participates in multiple steps of the viral
lifecycle and pathological processes of the infection (M. Liu et al., 2021).
As a cysteine protease, 3C cleaves the viral polyprotein to produce the
separate structural and nonstructural proteins, supporting viral capsid
assembly and viral RNA replication/translation cycle (Saarinen et al.,
2020).

Previous studies revealed that GC376, as a covalent inhibitor against
main protease (Mpro, also called 3C-like protease) of several
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coronaviruses, potently restricted the infection of feline infectious
peritonitis virus (FIPV) (Kim et al., 2013), severe acute respiratory
syndrome coronavirus (SARS-CoV) (Kim et al., 2012) and SARS-CoV-2
(Fu et al., 2020). GC376 also suppressed the infection of noroviruses,
human hepatitis A virus (HAV), human rhinovirus (HRV) and porcine
teschovirus (PTV) as 3C protease inhibitor (Kim et al., 2012). In this
study, the efficacy of GC376 in inhibiting infection of coxsackievirus was
investigated. It was found that GC376 effectively blocked the infection
of CV-A10 in different cell lines with little cytotoxicity. And the drug
greatly suppressed the expression of the viral proteins and the genera-
tion of progeny infectious virions. Further investigation indicated that
GC376 effectively inhibited the activity of CV-A10 3C protease, thus
significantly suppressed the replication of CV-A10. Moreover, it potently
inhibited infection of other serotypes of coxsackieviruses in vitro, such as
CV-A6, CV-A7 and CV-A16. In summary, these results demonstrated that
GC376, as a 3C protease inhibitor, has a potential to be developed as an
antiviral agent against coxsackievirus infection.

Materials and methods
Cells, viruses, compounds and antibodies

RD cells (Human Rhabdomyosarcoma cells), Vero cells (African
green monkey kidney cells) and HEK-293T cells (human embryonic
kidney cells) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Biological Industries, Israel) supplemented 10% fetal bovine
serum (FBS; Biological Industries, Israel) and 1% penicillin/strepto-
mycin (Biological Industries, Israel) at 37 °C with 5% CO,. Coxsack-
ievirus A10 (CV-A10), Coxsackievirus A6 (CV-A6), Coxsackievirus A7
(CV-A7) and Coxsackievirus A16 (CV-A16) were all propagated in RD
cells as described previously (Liu et al., 2021). The GC376 sodium was
purchased from Targetmol (Wellesley Hills, MA, USA) at a purity of 98%
and was dissolved in DMSO. The anti-3A mouse monoclonal antibody
and the anti-3AB rabbit polyclonal antibody were purchased from Youke
Biotech (Shanghai, China) and GeneTex (Irvine, CA, USA), respectively.
The anti-GAPDH mouse monoclonal antibody was purchased from
Transgen Biotech (Beijing, China).

Plaque assay

The titer of coxsackievirus was determined on RD cells by plaque
assay as previously described with some modifications (Wang et al.,
2020). Briefly, RD cells were seeded into 6 or 12-well cell culture plates.
After culturing overnight to form confluent monolayer, the cells were
infected with serially diluted viruses for 1 h. Then the inoculum was
removed and immediately replaced with DMEM containing 1.2% Avicel
(FMC Biopolymer, Philadelphia, PA, USA) and 2% FBS. The RD cells
were further cultured at 37 °C for 2 to 3 days, then fixed and stained by
4% formaldehyde and 0.5% crystal violet respectively. Finally, plaques
were counted using plaque forming unit (PFU).

Antiviral activity assays

For testing the efficacy of GC376 against coxsackievirus, RD or Vero
cells were infected with CV-A10 at MOI of 0.5 or 1, respectively. After
incubation of 1 h, the supernatants were replaced with fresh DMEM
containing different concentrations GC376 and 2% FBS. Then the su-
pernatant was collected at 24 or 48 h after infection respectively, and the
titer of CV-A10 was determined by plaque assay as described above.

The plaque reduction assay was also performed. Briefly, the
confluent RD or Vero cells seeded in cell culture plates were infected
with coxsackievirus for 1 h. Then the supernatants were replaced by
DMEM containing different concentration GC376, 1.2% Avicel and 2%
FBS. After incubation for 2 to 3 days, the plaque was fixed and stained as
described above and the half-maximal inhibitory concentrations value
(IC50) was calculated.
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Western blot assay

RD or HEK-293T cells were infected with CV-A10 at MOI of 0.5 for 1
h, and then the supernatants were removed and immediately replaced
with DMEM containing 2% FBS and serially diluted GC376. After in-
cubation for another 10 h, the cells were collected and lysed for western
blot assay to detect 3A and 3AB protein of CV-A10. Briefly, proteins in
each sample were separated by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), followed by being transferred to the nitrocellulose mem-
brane. Subsequently, the membrane was blocked by 5% skim milk for 2
h and incubated with primary antibodies overnight at 4 °C. Then the
membrane was incubated with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (Dako, Glostrup, Denmark) after washing
away the unbound primary antibodies. Protein bands were detected by
ultrasensitive ECL chemiluminescence detection kits. The GAPDH was
used as control.

Immunofluorescence staining assay

The RD cells (2 x 10°/well) seeded on coverslips in a 24-well plate
were infected with CV-A10 at MOI of 2 for 1 h at 37 °C. The inoculum
was replaced by fresh DMEM with different concentrations of GC376
and 2% FBS. After 8 h, cells were fixed, permeabilized and blocked by
4% paraformaldehyde, 0.2% Triton X-100 and 3% BSA (Amresco, Solon,
OH, USA), respectively. After that, RD cells were incubated with mouse
anti-3A primary antibodies (1:1000 dilution) for 1 h and with anti-
mouse IgG conjugated to AlexaFluor488 (Jackson ImmunoResearch,
West Grove, PA, USA) for another 40 min following 3 washes with PBS.
After extensive washes, the coverslips were stained and sealed by Pro-
long Gold Antifade reagent containing DAPI (Thermo Fisher Scientific,
Waltham, MA, USA) and scanned with a Leica TCS SP5 II confocal
microscope.

Cell viability assays

RD, Vero or HEK-293T cells (2 x 10*/well) were seeded into 96-well
cell culture plates and cultured overnight. Subsequently, the cells were
incubated with fresh DMEM in the presence of serially diluted GC376
and 2% FBS. After culturing 48 h at 37 °C, cell viability was detected by
Cell Counting Kit-8 (CCK8, Dojindo, Japan) as previously described
(Chen et al., 2022; Wang et al., 2022).

Time-of-addition assay

The time-of-addition experiment was performed as previously
described with minor modifications (Cao et al., 2021). RD cells seeded in
12-well plate were infected with CV-A10 at MOI of 2. The inoculum was
discarded and fresh medium was supplemented after the cells were
washed twice to remove the unbound virus at 2 h post-infection (hpi).
Meanwhile, GC376 (5 uM) was added at 0, 1, 2, 4, 6, and 8 hpi until the
collection of the supernatant at 12 hpi. The titer of CV-A10 particles in
the supernatant was determined by plaque assay as described above.

Viral entry, attachment, internalization and post-entry assays were
performed as previously described (Tan et al., 2017; Chen et al., 2019;
Wang et al., 2019; Liu et al., 2020). For the entry assay, infection of RD
cells with CV-A10 was accompanied by the treatment of 5 uM of GC376
at 37 °C, and then unbound viruses and drug were removed by washing
with DMEM twice 1 h later. In the attachment experiment, RD cells were
infected with CV-A10 in the presence of 5 uM of GC376 at 4 °C for 1 h,
followed by removing unbound viruses and drugs by washing with
DMEM twice. For the internalization assay, RD cells were infected with
CV-A10 at 4 °C for 1 h to allow virus adsorption and then washed twice
with cold DMEM to remove unbound viruses. Subsequently, RD cells
were transferred to 37 °C to allow virus internalization in the presence of
5 uM of GC376, and GC376-containing medium was removed 1 h later.
The overlay medium of plaque assay for viral entry, attachment and
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internalization contained no GC376. In the post-entry experiment, RD
cells were infected with CV-A10 at 37 °C for 1 h to allow viral entry.
Subsequently, the inoculum was replaced with overlay medium con-
taining 5 uM of GC376, 1.2% Avicel and 2% FBS. After incubation for 2
to 3 days, plaques were visualized and counted as described above.

Transient viral subgenomic replicon assay and replicon-derived single
round infectious particles-based assay

Transient CV-A10 subgenomic replicon RNA transfection experiment
was performed as previously described to show whether GC376 sup-
pressed the replication of CV-A10 (Mounce et al., 2017; Wang et al.,
2020). Briefly, the in vitro transcribed CV-A10 subgenomic replicon
RNA, in which the viral structure genes (P1 region) was substituted by
the luciferase reporter, was transfected into RD cells by Lipofectamine
3000 (Life Technologies, Carlsbad, USA), followed by treatment with 5
or 0.5 pM of GC376. After 24 h of incubation, the luciferase activity of
the RD cell lysate was detected by luciferase assay kits (Promega,
Madison, WI, USA).

The single round infectious particles (SRIPs) of CV-A10 were
generated by transfection of HEK 293T cells with the capsid expresser
and the CV-A10 replicon subgenomic RNA bearing the luciferase re-
porter as previously described (Wang et al., 2020). The SRIPs-containing
inoculums were applied to RD cells seeded in 96-well culture plates at
37 °C, and then replaced by fresh DMEM with 2% FBS and GC376 (5 or
0.5 uM) 2 h later. After incubation for 24 h, the luciferase activity of the
RD cell lysate was detected as described above.

CV-A10 3C protease hydrolysis activity assay

The Escherichia coli (E. coli) codon optimized DNA sequence of CV-
A10 3C protease was synthesized in Tsingke Biotechnology and cloned
into the Ncol and Xhol site of pET-28a vector, with a 6 xHis-tag at the C-
terminus. The protein substrate MBP (Maltose Binding Protein)-
TATVQGPSLD-EGFP (Enhanced Green Fluorescent Protein)-Hisg,
which contained the 3C protease cleavage site (TATVQGPSLD) in be-
tween MBP and EGFP, was also constructed in the Ncol and Xhol site of
pET-28a by overlapping PCR and seamless cloning method. Then the
two plasmids were transformed into E. coli BL21 (DE3) cells, and indi-
vidual colonies were cultured in LB medium at 37 °C. The LB culture
medium was then supplemented with isopropyl-p-1-thiogalactopyrano-
side (IPTG) to induce protein expression. E. coli cells were harvested by
centrifugation at 7000 rpm for 10 min after 16 h of culturation at 18 °C,
and resuspended in lysis buffer (100 mM Tris-HCl, 400 mM NacCl, pH
8.0). Subsequently, cells were crushed in an ultrasonic cell pulverizer
(SCIENTZ-1200E, Ningbo Scientz Biotechnology, Ningbo, China) and
centrifugated at 12,500 g for 20 min. Next, the supernatant was added to
Ni Sepharose 6 Fast Flow (GE Healthcare Bio-Sciences, Sweden). The
target protein was eluted with the buffer containing 100 mM Tris-HCl,
150 mM NaCl and 250 mM imidazole (pH 8.0) after the resin was
thoroughly washed with wash buffer (100 mM Tris—HCI, 800 mM NacCl,
30 mM imidazole, pH 8.0). The purified protein was dialyzed against 50
mM Tris-HCl, 150 mM NaCl (pH 8.0) at 4 °C and stored at —20 °C.

The inhibition of GC376 on the hydrolytic activity of CV-A10 3C
protease was then evaluated by cleavage of MBP-TATVQGPSLD-EGFP-
Hise. The 3C protease were incubated with MBP-TATVQGPSLD-EGFP
and GC376 (10, 1 or 0.1 pM) in the buffer containing 50 mM
Tris-HCl, 150 mM NaCl and 1 mM DTT (pH 8.0) at 30 °C for 4 h, and
then the cleavage of MBP-TATVQGPSLD-EGFP was visualized by SDS-
PAGE and Coomassie brilliant blue staining.

Statistical analysis
One-way ANOVA was utilized to compare the inhibitory activity of

different concentration GC376 on the yields of CV-A10 and the repli-
cation of CV-A10 replicon RNA. Student’s unpaired two-tailed t-test was
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employed to examine the antiviral activities of GC376 on CV-A10 entry,
attachment, internalization and post-entry between the DMSO group
and GC376 group. Statistical analyses were carried out by GraphPad
Prism Software 7.0 (GraphPad Prism Software Inc., CA, USA). NS, not
significant; * p < 0.05; ** p < 0.01; *** p < 0.001; and **** p < 0.0001.

Results
GC376 inhibits coxsackievirus A10 infection in different cell lines

To explore the inhibitory effects of GC376 against coxsackievirus
A10 (CV-A10) infection, a plaque reduction assay was performed. RD
cells were infected with CV-A10 at 37 °C for 1 h, and then the inoculum
was replaced by overlay medium containing serially diluted GC376. As
shown in Fig. 1A, the plaque numbers gradually decreased with the
increasing concentrations of GC376, demonstrating that GC376 effec-
tively inhibited the infection of CV-A10 in a dose-dependent manner.
The half-maximal inhibitory concentrations (IC50) value of GC376
against CV-A10 in plaque reduction assay was 0.24 + 0.04 uM (Fig. 1B).

We next assessed whether treatment with GC376 would restrict the
expression of viral proteins and reduce the yields of progeny virus par-
ticles. RD cells were infected by CV-A10 at MOI of 0.5 for 1 h. Subse-
quently, the supernatants were replaced by overlay medium containing
2% FBS and different concentrations of GC376. The RD cells or super-
natants were collected at 10 or 24 h post-infection (hpi), respectively. As
shown in Fig. 1C, GC376 at the concentration of 0.63 uM had little
inhibitory activity on the expression of the viral 3A protein, while 2.5
uM of GC376 completely blocked the viral protein expression following
infection with CV-A10. In addition, the titer of CV-A10 in the superna-
tant was determined on RD cells by plaque assay. We found that the
yields of infectious virions were also significantly reduced by 1.47 Log10
(96.61%), 3.61 Log10 (99.98%) and 5.26 Log10 (~100.00%) with 1.1,
3.3 and 10 uM of GC376 compared to DMSO control, respectively
(Fig. 1D). Taken together, these data indicated that GC376 greatly
reduced the viral protein expression and the generation of infectious
virus particles in RD cells following CV-A10 infection, suggesting that
GC376 exhibited potent antiviral activity against CV-A10 in vitro.

To further confirm the suppression activity of GC376 against CV-
A10, we conducted an immunofluorescence assay to detect the expres-
sion of viral 3A protein following CV-A10 infection at higher MOI (MOI
of 2). Treatment with 3.3 uM GC376 also strongly inhibited the viral 3A
protein expression. Moreover, the percentage of infected-RD cells
decreased by more than 50% when treated with 1.1 uM of GC376
(Fig. 2), which was in accordance with the above results.

To investigate whether GC376 effectively blocked CV-A10 infection
in other cell lines, the plaque reduction assay was also performed on
Vero cells. As shown in Fig. 3A, GC376 also significantly inhibited CV-
A10 infection in a dose-dependent manner with IC50 values of 1.69 +
0.62 pM. Furthermore, Vero cells were also infected with CV-A10 at MOI
of 1 to determine whether GC376 restricted the yield of progeny infec-
tious CV-A10. As expected, we did observe the decrease of viral yield in
the GC376-treated groups. The titers of progeny CV-A10 virions were
reduced by 66.45%, 85.65% and 96.84% when treated with 1.1, 3.3 and
10 uM of GC376, respectively (Fig. 3B). Besides, 1 uM of GC376
significantly restricted viral 3AB protein expression in HEK-293T cells
infected with CV-A10 at MOI of 0.5 (Fig. 3C). Meanwhile, GC376
exhibited low cytotoxicity to RD (Fig. 3D), Vero (Fig. 3E) and HEK-293T
cells (Fig. 3F). Collectively, these results confirm that GC376 has potent
and lasting inhibitory activity on CV-A10 infection in various cell lines
with low cytotoxicity.

GC376 inhibits CV-A10 infection in the late stage
To elucidate the potential antiviral mechanism of GC376 against CV-

A10 infection, a time-of-addition assay was conducted to identify which
stage of the virus life cycle was blocked by the drug. As illustrated in
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Fig. 1. The inhibitory activity of GC376 against CV-A10 infection in RD cells. (A) Antiviral effects of GC376 against CV-A10 infection was measured by plaque
reduction assay and IC50 value was calculated (B). GC376 suppressed the expression of viral 3A proteins (C) and the yields of progeny virions (D) following CV-A10
infection. Data are represented as means + SD. NS, not significant; **** p < 0.0001.

Fig. 4A, the RD cells were infected with CV-A10 and the viruses were
removed 2 hpi by washing with fresh DMEM. GC376 (5 uM) was added
at the indicated time points and the yields of CV-A10 in the supernatants
at 12 hpi were measured by plaque assays. As shown in Fig. 4B, the CV-
Al0-infected RD cells shrank, became round and lost normal
morphology, exhibiting cytopathic effect (CPE) compared to the unin-
fected control, while addition of GC376 at 0, 1, 2 and 4 hpi potently
inhibited the CPE induced by virus infection and reduced the yields of
the progeny CV-A10 (Fig. 4C). Moreover, addition of GC376 at 6 hpi still
significantly suppressed the production of progeny virions by more than
60%. These results demonstrated that addition of the drugs in the late
stage of CV-A10 infection could still inhibit the proliferation of the virus.

Next, viral entry and post-entry experiments were carried out to
further confirm at which particular step GC376 exhibited antiviral
properties against CV-A10 infection. As shown in Fig. 4D (I), 5 uM of
GC376 and CV-A10 were simultaneously incubated with RD cells at
37 °C for 1 h, and drug and unbound viruses were then removed by
washing with fresh DMEM, followed by plaque assay. However, no
significant differences were observed between GC376-treated and
DMSO groups. The results suggest that GC376 treatment might not
disturb the entry step of CV-Al0 infection. In support of this, viral
attachment and internalization assays were performed as previously
described. As expected, GC376 did not block attachment or internali-
zation of CV-A10 (Fig. 4D II and III), while GC376 could significantly
inhibit CV-A10 infection after the viruses had entered into the cells
(Fig. 4D IV). Taken together, these results suggest that GC376 is a post-
entry inhibitor against CV-A10.

GC376 effectively suppresses the replication of CV-A10 RNA by blocking
proteolytic activity of CV-A10 3C protease

The viral subgenomic replicon system and replicon-based single
round infectious particles (SRIPs) with the viral structural genes (P1
region) replaced by luciferase reporter are safe and useful tools to
evaluate inhibitor activities which inhibit viral RNA replication (Xie
et al.,, 2016; Wang et al., 2020). In order to further assess that whether
GC376 could suppress CV-A10 viral RNA replication as a post-entry
inhibitor, CV-A10 SRIPs with luciferase reporter were utilized. RD
cells seeded in 96-well culture plate were infected with CV-A10 SRIPs for
2 h, followed by removal of the inoculum and adding fresh medium
containing different concentrations of GC376. After culturing for 24 h,
the luciferase activity was detected. As shown in Fig. 5A, upon the
treatment with GC376 at 5 uM, the luciferase activities significantly
decreased by 2.47 Logl0 (99.66%), demonstrating that GC376 effec-
tively suppressed CV-A10 viral RNA replication in RD cells. Similarly, 5
uM of GC376 also exhibited potent inhibitory activity against the
replication of the CV-A10 subgenomic RNA which was transcribed from
replicon plasmid in vitro and then directly transfected into RD cells
(Fig. 5B).

It was reported that GC376 is a cysteine protease covalent inhibitor
that potently restricts the infection of human hepatitis A virus, human
rhinovirus, enterovirus A71, and some coronaviruses including feline
infectious peritonitis virus, SARS-CoV and SARS-CoV-2 (Kim et al.,
2012; Kim et al., 2013; Fu et al., 2020). The 3C protease of CV-A10 is
also a cysteine protease which plays an important role in the hydrolysis
of coxsackievirus polyprotein and consequently converting it into
separate proteins with different functions. Therefore, we questioned
whether GC376 could act as a 3C cysteine protease inhibitor to suppress
the replication of CV-A10. Thus, the inhibitory effect of GC376 on
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3A Merge

Fig. 2. GC376 effectively restrained viral protein expression in CV-A10 infected-RD cells. RD cells were infected by CV-A10 at a multiplicity of infection (MOI) of 2,
and then treated with serially diluted GC376. After 8 h of culturation, viral 3A proteins expressed in the cells were stained by anti-3A mouse monoclonal antibody
(green); nuclei were stained by 4,6-diamidino-2-phenylindole (DAPI, blue). Scale bar: 25 um.

CV-A10 3C protease hydrolyzing a  protein  substrate
(MBP-TATVQGPSLD-EGFP-Hisg), which contained the protease cleav-
age site TATVQGPSLD, was assessed. As shown in Fig. 6, the SDS-PAGE
results showed that the MBP-TATVQGPSLD-EGFP protein were hydro-
lyzed to MBP and EGFP by CV-A10 3C protease in vitro, and GC376
blocked the activity of 3C protease in a dose-dependent manner, sug-
gesting that GC376 exhibited antiviral efficacy by restraining the hy-
drolysis of the polyprotein by CV-A10 3C protease.

GC376 inhibits infection of various serotypes of coxsackieviruses

CV-A10 often co-circulates with other coxsackieviruses, such as CV-
Al16 and CV-A6 (Mirand et al., 2012; Zhang et al., 2015; Chen et al.,
2019). Thus, in order to identify whether GC376 exhibited

broad-spectrum anti-coxsackievirus activities, the plaque reduction
assay was performed using coxsackieviruses of different serotypes. The
results indicated that GC376 significantly inhibited the infection of
CV-Al6, CV-A6 and CV-A7 in a dose dependent manner, with IC50
values of 0.18 & 0.02 uM (Fig. 7A), 0.22 & 0.02 uM (Fig. 7B) and 0.21 +
0.05 pM (Fig. 7C), respectively. These results demonstrated that GC376
possessed significant antiviral activities against coxsackieviruses of
various serotypes, suggesting GC376 is a broad-spectrum anti-coxsack-
ievirus inhibitor.

Discussion

The genomic RNA of the positive-sense RNA viruses, such as coro-
navirus, enterovirus and flavivirus, can serve as the messenger RNA that
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Fig. 3. The inhibitory activity of GC376 against CV-A10 infection in Vero and HEK-293T cells and its toxicity to these cell lines. (A) Anti-CV-A10 effects of GC376
was measured by plaque reduction assay in Vero cells. (B) GC376 significantly inhibited the yield of progeny virions in Vero cells infected by CV-A10. (C) GC376
restricted viral 3A proteins expression in HEK-293T cells following CV-A10 infection at MOI of 0.5. The RD (D), Vero (E) and HEK-293T cells (F) were treated with
different concentrations of GC376, and the cell viability was detected by Cell Counting Kit-8. Data are represented as means + SD. NS, not significant; **** p

< 0.0001.

is directly translated to a large precursor protein usually called poly-
protein, making the function of virus encoded protease a prerequisite for
proper proteolytic processing of the polyprotein that is necessary for
virus replication. The protease can be released from the polyprotein by
autocleavage and then split the polyprotein into some smaller structural
and nonstructural proteins in specific site. Some of the virus encoded
proteases are serine protease for flavivirus and HIV, while others are
cysteine protease for coronavirus and enterovirus, etc. The cysteine
protease encoded by enterovirus or coxsackievirus is called 3C protease,
which is responsible for cleavage of the polyprotein. Interestingly,
accumulating evidence indicated that 3C protease can be involved in the
cleavage of host proteins to resist host immune response (Lei et al., 2011;
Lei et al., 2013; Xiang et al., 2016; Xiao et al., 2021). For example,
interferon regulatory factor 7 (IRF7) suppresses virus infection, while
EV-A71 3C protease cleaves IRF7 to inhibit its function, thus escaping
cellular responses (Lei et al., 2013). Moreover, 3C protease exhibits
activity of cleaving the Toll-like receptors pathway ligand TRIF, there-
fore inhibiting the production of IFN-p and the activation of NF-kB (Lei
et al., 2011).

Given its essential roles in viral replication and infection, more and
more viral protease inhibitors have been developed for clinic use or are
under studies. The inhibitors against serine protease of HIV, together
with reverse transcriptase inhibitors, have constituted the regime of
highly active antiretroviral therapy (HAART) to achieve HIV virological
suppression. Beside non-competitive or non-covalent inhibitors (Ratia
et al., 2008; Xu et al., 2021; Liang et al., 2022), small molecule com-
pounds covalently linked to thiol group have also been discovered
because of the high nucleophilicity of thiol group on cysteine residue
located in the catalytically active site of cysteine protease (Dai et al.,
2020; Liu et al., 2021). Paxlovid, a drug under investigation which
consists of covalent coronavirus cysteine protease inhibitor (nirma-
trelvir) and an enhancer (ritonavir) has been authorized for the emer-
gency use to treat mild-to-moderate COVID-19. Recently, besides the
enterovirus A71, infections by coxsackieviruses of different serotypes
are reported increasingly to cause HFMD outbreaks. However, infection
by one coxsackievirus confers no or little cross-protection against

infection by other serotypes, and there are no approved antiviral agents
available to treatment with coxsackievirus infection. Although GC376
has been previously reported to inhibit 3C or 3C-like proteases of some
viruses, its effects on coxsackievirus infection have not been character-
ized in detail and whether GC376 has broad-spectrum anti-coxsack-
ievirus properties also needs to be clarified.

In this study, the results showed that GC376 could effectively sup-
press coxsackievirus replication, which may be attributed to multiple
mechanisms. First, the viral proteins involved in coxsackievirus RNA
replication become mature only after being cleaved by 3C protease and
released from the polyprotein encoded by coxsackievirus itself. For
example, the 3B protein, a small nonstructural protein commonly known
as viral protein genome-linked protein (VPg), serves as primer for viral
RNA synthesis when uridylylated by viral 3D polymerase and covalently
linked to the 5’ termini of the viral RNAs (Paul et al., 1998; Pathak et al.,
2007; Gruez et al., 2008). The 3D protein, a viral RNA-dependent RNA
polymerase (RdRp), is responsible for chain elongation during viral RNA
replication. The RdRp activity of 3D is obscured in its precursor 3CD and
restored when separated from 3C by autocleavage of 3C protease be-
tween 3C carboxy-terminus and 3D amino-terminus (Harris et al.,
1992). Other viral nonstructural proteins participated in the replication
complex formation, such as 2B, 2C and 3A, also need to be proteolyti-
cally cleaved and released from polyprotein by 3C. On the other hand,
3C protease cleaves cellular proteins involved in the interferon pathway
to antagonize the inhibition of viral RNA replication (Lei et al., 2013).
Hence, as the specific inhibitor of coxsackievirus 3C protease, GC376
could impede the maturation of viral proteins important for viral RNA
replication and relieve the repression of IFN pathway, resulting in the
inhibition of replication of viral RNA in host cells.

In conclusion, GC376 was demonstrated to exert potent efficacy to
inhibit CV-A10 infection in different cell lines. It interfered with the
proteolytic processing of CV-A10 polyprotein by blocking the activity of
CV-A10 3C protease, hence suppressed viral RNA replication. Moreover,
GC376 exhibited antiviral activity against various serotypes of cox-
sackieviruses, indicating that the 3C protease of coxsackievirus is indeed
a promising target for developing anti-coxsackievirus agents with broad-
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Fig. 4. GC376 inhibited CV-A10 infec-
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(B) GC376 was added at different time
points as indicated, and then cytopathic
effect (CPE) were observed under mi-
croscope. Scale bar: 400 um. (C) The
virus titers in the supernatants were also
measured at 12 hpi by plaque assays.
(D) For the entry assay, RD cells were
treated with CV-A10 and 5 uM of GC376
at 37 °C for 1 h, and then unbound vi-
ruses and drug were removed. For the
attachment assay, RD cells were infec-
ted by CV-A10 at 4 °C for 1 h in the
presence of 5 uM of GC376, followed by
removing unbound viruses and drugs.
For the internalization assay, RD cells
were infected with CV-A10 at 4 °C for 1
h to allow virus adsorption and washed
twice with cold DMEM to remove un-
bound viruses, and then RD cells were
incubated at 37 °C for 1 h to allow virus
internalization in the presence of 5 uM
of GC376, followed by removal of the
drug. For the post-entry experiment, RD
cells were infected with CV-A10 at
37 °C for 1 h to allow viral entry, and
then the inoculum was removed. The
overlay medium, supplemented with
GC376 for post-entry assay or without
GC376 for the other three assays, was
then added to conduct plaque assay.
Data are represented as means + SD.
NS, not significant; **** p < 0.0001.

Fig. 5. GC376 potently suppressed the replication of
the CV-A10 subgenomic viral RNA. (A) Single round
infectious particles (SRIPs), which encapsulated the
luciferase reporter gene-containing CV-A10 sub-
genomic RNA, was utilized to infect RD cells with or
without GC376 treatment. The luciferase activity of cell
lysate was detected at 24 hpi, showing the suppression
of CV-A10 viral RNA replication by GC376 treatment.
(B) RD cells were transfected with in vitro transcribed
CV-A10 replicon RNA bearing luciferase reporter and
simultaneously treated with GC376, followed by
detection of luciferase activity of the cell lysate at 24
hpi. Data are represented as means + SD. NS, not sig-
nificant; **** p < 0.0001.
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Fig. 6. GC376 effectively inhibited the proteolytic activity of CV-A10 3C protease. CV-A10 3C protease together with the MBP-TATVQGPSLD-EGFP-His6 protein,
which contained the 3C protease cleavage site TATVQGPSLD as the substrate, were treated with or without GC376 at 30 °C for 4 h. Then the proteins in each sample
were subsequently separated and visualized by SDS-PAGE and Coomassie brilliant blue staining.
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were measured by plaque reduction assay. Data are represented as means + SD.
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