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Enterovirus D68 (EVD68) is an emerging pathogen that re-
cently caused a large worldwide outbreak of severe respira-
tory disease in children. However, the relationship between
EVD68 and host cells remains unclear. Caspases are involved
in cell death, immune response, and even viral production.
We found that caspase-3 was activated during EVD68 rep-
lication to induce apoptosis. Caspase-3 inhibitor (Z-DEVD-
FMK) inhibited viral production, protected host cells from
the cytopathic effects of EVD68 infection, and prevented
EVD68 from regulating the host cell cycle at GO/G1. Mean-
while, caspase-3 activator (PAC-1) increased EVD68 produc-
tion. EVD68 infection therefore activates caspase-3 for virus
production. This knowledge provides a potential direction
for the prevention and treatment of disease related to EVD68.

Keywords: EVD68, caspase-3, apoptosis, viral production,
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Introduction

Human enterovirus 68 (EVD68) was originally isolated in
California in 1962 from four children with respiratory illness.
Since that time, reports of EVD68 infection have been scarce;
however, over the past 10 years, EVD68 infection outbreaks
have been reported in Italy, the United States, Germany,
China, and several other countries (Esposito et al., 2015; Far-
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rell et al., 2015; Reiche et al., 2015; Zhang et al., 2015; Carballo
et al., 2019; Kamau et al., 2019; Messacar and Tyler, 2019),
with a record number of confirmed cases in 2014 (http://
www.cdc.gov/non-polio-enterovirus/about/ev-d68.html).
EVD68 is associated with respiratory illness, neurological
complications, and even death among children. Unfortun-
ately, there are still no available vaccines or medicines, which
may be largely because the pathogenic mechanism of EVD68
has not been well explained.

EVD68 belongs to genus Enterovirus (family Picornaviridae).
Human enterovirus (HEV) species are currently divided into
HEV-A, -B, -C, and -D according to their molecular and bio-
logical characteristics (Oberste et al., 1999a, 1999b). EVD68
belongs to the HEV-D serotype but is biologically more sim-
ilar to human rhinoviruses, which are related to respiratory
diseases (Smura et al., 2010). Our previous studies revealed
that infection with EVD68 or coxsackievirus A6 (assigned to
the HEV-A serotype) induces GO/G1 cell cycle arrest (Wang
et al., 2017, 2018), while human enterovirus 71 and coxsackie-
virus A16 (HEV-A serotype) manipulate the host cell cycle
at S phase in order to promote their own viral replication (Yu
et al., 2015). Different enteroviruses therefore show simil-
arities and differences in regulating the host cell cycle. Know-
ing and targeting these similarities and differences will aid
development of both broad-spectrum and highly effective
specific anti-enterovirus drugs.

Enterovirus 71 (Song et al., 2018) and coxsackievirus A16
(Li et al., 2014) activate caspase-3 and induce apoptosis, while
coxsackievirus A6 induces necroptosis independently of cas-
pase-3 activation (Zhang et al., 2020). However, it is not clear
whether EVD68 activates caspase-3 and induces apoptosis.
Furthermore, our previous studies found that caspase-3 in-
hibitor (Z-DEVD-FMK) inhibits enterovirus 71 production
(Song et al., 2018) but does not affect coxsackievirus A6 pro-
duction (Zhang et al., 2020). It is not clear whether caspase-
3 inhibitor inhibits EVD68 production.

Apoptosis is a well-studied mechanism of viral pathogenesis
(Chang et al., 2004; Shi et al., 2012; Lu et al., 2013). Members
of the caspase family of protease enzymes play important
roles in apoptosis (Salvesen and Dixit, 1997; Villa et al., 1997;
Hengartner, 2000). Numerous viruses avoid caspase activa-
tion that inhibits virus replication (Henderson et al., 1993;
Rao et al., 1997; Hardwick, 1998); by contrast, some viruses
activate caspases, especially caspase-3, to promote their own
replication (Wurzer et al., 2003; Martin et al., 2007; Richard
and Tulasne, 2012; Song et al., 2018). In this study, we con-
firmed that EVD68 replication induces apoptosis by acti-
vating caspase-3. A caspase-3 inhibitor decreased EVD68 pro-
duction to protect host cells from damage. Therefore, caspase-
3 inhibitors might represent a useful strategy for anti-EVD68
vaccine or drug development.



Materials and Methods

Virus and cells

The US/KY/14-18953 (ATCC, VR-1825D) strain of EVD68
was propagated in human rhabdomyosarcoma RD cells (CCL-
136), and the supernatants were collected and stored at -80°C.
RD cells were purchased from the ATCC. Cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
(Hyclone) supplemented with 10% fetal bovine serum (FBS)
(GIBCO BRL).

Viral titer determination

Viral titers were determined by measuring the 50% tissue
culture infective dose (TCID50) in a microtitration assay us-
ing RD cells, as described by Gay et al. (2006) and Reed (1983).

Hoechst 33258 staining

The nuclear stain Hoechst 33258 (Sigma) was used to visualize
nuclear changes by fluorescence microscopy. Briefly, RD cells
were plated in 6-well plastic culture dishes (4 x 10° cells/well),
infected with EVD68 at an MOI of 2 for 24 h when obvious
cell death could be found, fixed in 3.7% formaldehyde for 1 h,
washed with PBS, then stained with 5 mg/L Hoechst 33,258
for 30 min. Nuclear changes were observed by fluorescence
microscopy at excitation wavelength 350 nm with a 460 nm
emission filter (Leica).

Propidium iodide (PI) staining

At the indicated time point, RD cells were stained with 4.5 uM
of PI (40747-B, Yeasen) in buffer (40747-C, Yeasen) for 15
min at room temperature. Morphological changes were ob-
served and photographed under a light microscope (Olym-
pus). PI staining was observed using fluorescence microscopy
at excitation wavelength 488 nm with a 630 nm emission filter
(Leica).

Determination of DNA fragmentation by agarose gel elec-
trophoresis

Cells were trypsinized after EVD68 infection for 0, 12, 24,
and 36 h, and both adherent and floating cells were collected
by centrifugation at 1,000 x g for 5 min according to the
protocol of Yu et al. (2007). The cell pellet was suspended
in cell lysis buffer (10 mM Tris-HCl; pH 7.4, 10 mM EDTA;
pH 8.0, 0.5% Triton-100) and kept at 4°C for 30 min. The
lysate was centrifuged at 25,000 x g for 20 min. The super-
natant was incubated with 20 mg/ml RNase A (2 ml) at 37°C
for 1 h, then incubated with 20 mg/ml proteinase K (2 ml)
at 37°C for 1 h. The supernatant was mixed with 5 M NaCl
(20 ml) and isopropanol (120 ml) at -20°C overnight, and
then centrifuged at 25,000 x g for 15 min. After drying, DNA
was dissolved in TE buffer (10 mM Tris-HCL; pH 7.4, 1 mM
EDTA; pH 8.0) and separated using 2% agarose gel electro-
phoresis at 100 V for 50 min.

Caspase-3 inhibitor treatment or caspase-3 activator treat-
ment

Caspase-3 inhibitor treatment was according to the me-
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thod of Song et al. (2018). RD cells were pre-treated with
0.05% DMSO in 10% DMEM or 20 uM caspase-3 inhibitor
(Z-DEVD-FMK, ApexBio, A1920) for 2 h and then washed
with PBS and infected with EVD68 at an MOI of 2 or mock-
treated for 2 h. Cells were then washed again with PBS and
re-treated with 0.05% DMSO in 10% DMEM or 20 uM cas-
pase-3 inhibitor for the indicated times.

For caspase-3 activator treatment, RD cells were infected
with EVD68 at an MOI of 2 or mock-treated for 2 h. Cells
were then washed again with PBS and treated with 0.05%
DMSO in 10% DMEM, or 0.2 uM or 0.5 uM of caspase-3 ac-
tivator (PAC-1, A8177, Apexbio) for the indicated times.

Quantitative reverse-transcription PCR

Total RNA was extracted using Trizol reagent (GIBCO BRL)
as specified by the manufacturer. The RNA was treated with
DNAse (DNase I-RNase-Free, Ambion) to remove any con-
taminating DNA before 200 ng of RNA was reverse-tran-
scribed using oligo dT primers and a High Capacity cDNA
RT Kit (Applied Biosystems) in a 20 yl reaction as specified
by the manufacturer. For quantitative PCR, template cDNA
was added to a 20 pl reaction with SYBR GAPDH. Forward
and reverse primer sequences for VP1 were 5'-AGCACCC
ACAGGCCAGAACACAC-3" and 5-ATCCCGCCCTACT
GAAGAAACTA-3', respectively, and those for GAPDH were
5-GCAAATTCCATGGCACCGT-3" and 5'-TCGCCCCAC
TTGATTTTGG-3', respectively. Amplification was carried
out using an ABI Prism 7,000 for 40 cycles with the follow-
ing conditions: initial denaturation at 95°C for 10 min; 40
cycles of 95°C for 15 sec and 60°C for 1 min; one cycle of 95°C
for 1 min, 55°C for 30 sec, and 95°C for 30 sec. Fold changes
were calculated relative to GAPDH using the AACt method
for gene-coding sequence analysis as described by Wang et
al. (2017).

Caspase activity assay and cell number counting

Caspase activity was analyzed using caspase-3/7 (Promega,
G8090), caspase-8 (Promega, G8200), and caspase-9 (Pro-
mega, G8210) assays according to the manufacturer’s instruc-
tions. RD cells were lysed using the manufacturer-provided
homogeneous caspase-3/7 reagent at 24 h post-infection. The
lysates were incubated at room temperature for 1.5 h before
being read in a fluorometer at 485/530 nm. Luminescence
values were detected using a Fluoroskan Ascent FL (Thermo
Scientific), and cell numbers in corresponding groups were
counted using a standard medical blood counter. Caspase
activity was calculated per cell.

Cell cycle analysis by flow cytometry

Nuclear DNA content was detected using PI staining and flu-
orescence-activated cell sorting (FACS). Briefly, adherent cells
were collected and fixed in 1 ml of cold 70% ethanol over-
night at 4°C, then resuspended in staining bufter (50 pg/ml
PI [Sigma] and 20 pug/ml RNase in PBS) for 2 h at 4°C. Ten
thousand PI-stained cells were analyzed using FACS (FAC-
Scan; BD). ModFit LT, version 2.0 (Verity Software House)
was used for data analysis.
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Immunoblot analysis

Virus-infected and mock-infected cells were collected and
washed once with PBS. Cells were lysed directly in sodium
dodecyl sulfate (SDS) sample buffer (60 mM Tris-HCI; pH 6.8,
2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.01% bro-
mophenol blue) followed by boiling for 10 min. Whole-cell
lysates were further subjected to SDS-PAGE. Proteins were
transferred to nitrocellulose membranes (Bio-Rad) and de-
tected with the corresponding primary antibody: anti-cleaved
caspase-3 (Proteintech, 19677-1-AP), anti-VP1 polyclonal
antibody (Genetex), anti-histone (GenScript), or anti-tubulin
(Proteintech). Mouse and rabbit secondary antibodies were
obtained from Proteintech.

Statistical analyses

Data are presented as the mean + standard deviation (SD).
The Student’s t-test was used to assess between-group differ-
ences, and the post hoc test of one-way ANOVA in SPSS 10.0
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was used to assess multiple-group differences. P values of <
0.05 were considered statistically significant.

Results

EVD68 infection induces apoptosis

Considering that a number of viruses induce apoptosis dur-
ing viral replication (Wurzer et al., 2003; Wang et al., 2015),
we wondered whether EVD68 induced apoptosis in host cells.
Numerous cells were detached from the bottom of the dish
and became round and condensed at 24 h post-infection (Fig.
1A-2) compared with those subjected to mock infection (Fig.
1A-1), which was consistent with morphological character-
istics of apoptosis. Apoptotic cells also exhibited condensed
chromatin. The fluorescent dye Hoechst 33258 is a nuclear
stain that is taken up readily by apoptotic cells. Highly con-
densed chromosomes stain bright blue whereas staining of
uncondensed DNA is weak. We observed increased fluore-
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Fig. 1. EVD68 induces apoptosis in RD cells. (A) Cell death and nuclear condensation in EVD68-infected cells. Cells were stained with Hoechst 33258 after
24 h of infection. Round, floating cells and condensed nuclei were observed by light microscopy (upper panel) or fluorescence microscopy (lower panel).
Data are representative of three individual experiments (n = 3). Bars = 20 um. (B) Cell morphological analysis using propidium iodide staining after 24 h
of infection with EVD68 (MOI = 2). Round, floating cells and intact cell membranes were observed at 24 h post-infection using light microscopy (upper
panel) or fluorescence microscopy (lower panel). Results are representative of three independent experiments (n = 3). Bars = 20 um. (C) DNA fragmenta-
tion at 0, 12, 24, and 36 h post-infection with EVD68 at an MOI of 2. DNA fragmentation appeared at 24 h and 36 h. (D) Cleaved caspase-3 abundance an-
alyzed by immunoblotting at 0, 12, 24, and 36 h post-infection with EVD68 at an MOI of 2. Caspase 3 was activated at 24 h and 36 h. Tubulin is shown as a
loading control. Results are representative of three independent experiments. EVD68, EVD68-infected; M, mock-infected; I, EVD68-infected; Pro cas3,

Pro caspase-3; Active cas3, Active caspase-3.



scence in nuclei of RD cells at 24 h after infection with EVD68
(Fig. 1A-4) compared to that following mock infection (Fig.
1A-3), which was consistent with the observed morphology
after mock infection (Fig. 1A-1) and EVD68 infection (Fig.
1A-2).

To further distinguish the cell death induced by EVD68 in-
fection, we utilized propidium iodide (PI) to assess plasma
membrane rupture. Large PI molecules are unable to enter
cells with intact plasma membranes but can enter cells with
ruptured membranes; apoptotic cells have intact plasma mem-
branes that exclude PI (Zhang et al., 2020). Infection by EVD-
68 induced obvious cytopathic effects (Fig. 1B-2) compared
to mock infection (Fig. 1B-1); however, we did not observe
cellular PI staining after EVD68 infection (Fig. 1B-4), similar
to mock infection (Fig. 1B-3), suggestive of cells with intact
plasma membranes following EVD68-induced cell death.
DNA laddering is a distinctive feature of apoptosis that can
be analyzed by gel electrophoresis (Yu et al., 2017). We ob-
served clear DNA laddering in EVD68-infected cells at 24 h
and 36 h post-infection, but not in mock-infected cells (Fig.
1C). Therefore, the cell death induced by EVD68 was apop-
tosis.

Caspase-3 is responsible for the activation of caspase-acti-
vated DNase, which degrades DNA into fragments (Yu et al.,
2007). We therefore analyzed the activation of caspase-3 at
24 h and 36 h post-infection when the DNA ladder appeared.

(A)

25000 - [wwn [ won
20000 |
15000 [
10000 [
5000 |

0 "

EVD68 - + =
Cas8In - - +

Caspase 8 activity

(%)
EVD68 - + - +
Cas8 In - - + +

Active-Caspase-3

Histone

EVD68 activates caspase-3 for viral production 815

EVD68 infection activated caspase-3 at 24 h and 36 h post-
infection (Fig. 1D), further confirming that caspase-3 is ac-
tivated during EVD68-induced apoptosis.

Caspase-8 and caspase-9 proteins upstream of caspase-3 are
activated by EVD68 infection

Caspase-8 and caspase-9 are upstream proteins of caspase-3,
and their activation can activate caspase-3 (Li et al., 2014). To
investigate the mechanism of caspase-3 activation by EVD68,
we investigated whether caspase-8 and caspase-9 were acti-
vated by EVD68 infection of RD cells. EVD68 infection acti-
vated caspase-8 (P < 0.001) (Fig. 2A) and caspase-9 (P < 0.01)
(Fig. 2B), which could be inhibited by caspase-8 inhibitor (P
<0.001) (Fig. 2A) or caspase-9 inhibitor (P < 0.001) (Fig. 2B),
correspondingly.

Activation of caspase-3 was inhibited when the activation
of caspase-8 or caspase-9 was inhibited by the corresponding
inhibitor (Fig. 2C and D). Furthermore, abundance of VP1
was also decreased (Fig. 2C and D). Therefore, EVD68 in-
fection activates caspase-8 and caspase-9 before activating
caspase-3.

Caspase-3 inhibitor decreases EVD68 production

Caspase-3 inhibitor inhibits enterovirus 71 production, cox-
sackievirus B3, and influenza virus (Wurzer et al., 2003; Mar-
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Fig. 2. Caspase-8 and caspase-9 activate caspase-3. (A) Caspase-8 activity following EVD68 infection. Luminescence values were detected at 24 h post-in-
fection with EVD68 at an MOI of 2, with or without caspase-8 inhibitor. Capase-8 inhibitor reversed the EVD68-induced activation of caspase-8. Results
are the mean + SD of three independent experiments. (B) Caspase-9 activity following EVD68 infection. Luminescence values were detected at 24 h
post-infection with EVD68 at an MOI of 2, with or without caspase-9 inhibitor. Capase-9 inhibitor reversed the EVD68-induced activation of caspase-9.
Results are the mean + SD of three independent experiments. (C) Abundance of caspase-3 and VP1 after caspase-8 inhibitor treatment. Histone is shown
as a loading control. Results are representative of three independent experiments. (D) Abundance of caspase-3 and VP1 after caspase-9 inhibitor treatment.
Histone is shown as a loading control. Results are representative of three independent experiments. Cas8 In, caspase-8 inhibitor; Cas9 In, caspase-9 inhibitor.

**P < 0.01; **P < 0.001.
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tin et al., 2007; Richard and Tulasne, 2012; Song et al., 2018),
but does not inhibit coxsackievirus A6 production (Zhang et
al., 2020). We therefore investigated whether caspase-3 in-
hibitor could inhibit EVD68 production. We used Z-DEVD-
FMK as a caspase-3 inhibitor, similar to our previous studies
(Song et al., 2018; Zhang et al., 2020). RD cells were pre-
treated with 20 uM Z-DEVD-FMK or 0.05% DMSO in 10%
DMEM for 2 h and then washed with PBS before infecting
with EVD68 at an MOI of 2 or mock infecting. After 2 h, the
cells were washed again and re-treated with 20 uM Z-DEVD-
FMK or 0.05% DMSO in 10% DMEM for detecting EVD68
RNA levels (Fig. 3A). We confirmed the inhibitory effect of
caspase-3 inhibitor on viral production by analyzing viral
entry, viral genome replication, viral protein expression, and

TCID50 after caspase-3 inhibitor treatment. We used quanti-
tative reverse-transcription PCR to assess the level of EVD68
viral genomic RNA at 2 h and 12 h post-infection. There was
no difference in viral genomic RNA level between caspase-3
inhibitor treatment and the control treatment at either time
point, indicating that caspase-3 inhibitor did not inhibit vi-
ral entry or viral replication (Fig. 3B). We then investigated
EVD68 viral genomic RNA levels at 24 h post-infection, dur-
ing viral maturation. Viral genome levels were decreased by
caspase-3 inhibitor treatment compared to the control treat-
ment, indicating that the caspase-3 inhibitor might affect viral
maturation (P < 0.001) (Fig. 3C). Immunoblotting using VP1
antibody showed that caspase-3 inhibitor could decrease
intracellular VP1 protein abundance at 24 h post-infection
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Fig. 3. Effect of caspase-3 inhibitor on EVD68 production. (A) Flow diagram of caspase-3 inhibitor (Z-DEVD-FMK) treatment. RD cells were pre-treated
with 20 uM Z-DEVD-FMK inhibitor (Z-DEVD) or 0.05% DMSO in 10% DMEM (Con) for 2 h. Cells were then washed with PBS and mock-infected or
infected with EVD68 (MOI = 2). After 2 h, cells were washed again with PBS and re-treated with 20 uM Z-DEVD-FMK or 0.05% DMSO in 10% DMEM
for the indicated times. (B) Intracellular EVD68 RNA levels detected by quantitative reverse-transcription PCR in control or caspase-3 inhibitor-treated
RD cells at 2 h and 12 h post-infection. Caspase-3 inhibitor did not affect intracellular EVD68 genome levels at 2 h or 12 h post-infection. Results are the
mean * SD of three independent experiments. (C) Intracellular EVD68 RNA levels detected by quantitative reverse-transcription PCR in control or cas-
pase-3 inhibitor-treated RD cells at 24 h post-infection. Caspase-3 inhibitor decreased the level of EVD68 genomic RNA. Results are the mean + SD of
three independent experiments. (D) VP1 abundance at 24 h post-infection determined by immunoblotting of cellular lysates after growth in control medium
or caspase-3 inhibitor medium. Caspase-3 inhibitor decreased the level of viral protein. Results are representative of three independent experiments. (E)
Quantitative analysis of TCID50/ml at 24 h post-infection. Intracellular and supernatant progeny virions were titrated using RD cells. Caspase-3 inhibitor
decreased the production of EVD68. Results are the mean + SD of three independent experiments. (F) Caspase3/7 activity assay of caspase-3 activity.
Luminescence values were detected at 24 h post-infection with EVD68 at an MOI of 2. Caspase-3 inhibitor inhibited the activation of caspase-3. Results
are the mean + SD of three independent experiments. (G) Abundance of active caspase-3 analyzed by immunoblotting at 24 h post-infection with EVD68
at an MOI of 2, with or without caspase-3 inhibitor. Histone is shown as a loading control. Results are representative of three independent experiments. Mock,
mock-infected; Con, 0.05% DMSO in 10% DMEM; EV, EVD68 infection; In, caspase-3 inhibitor; Cas3, caspase-3. NS, not significant. ***P < 0.001.



(Fig. 3D). Finally, we analyzed EVD68 production at 24 h
post-infection by determining the TCID50/ml of both intra-
cellular and supernatant virions. The TCID50/ml of EVD68-
infected cells (2,003.33 + 52.3 x 10°) was dramatically decreased
by addition of caspase-3 inhibitor (789.07 + 1.91 x 10°) (P
< 0.001) (Fig. 3E). Therefore, caspase-3 inhibitor inhibits
EVD68 production.

We next determined whether caspase-3 inhibitor (Z-DEVD-
FMK) efficiently inhibited the activity of caspase-3. Caspase
activity assays confirmed that EVD68 infection increased cas-
pase-3 activity (EV + Con; 7,078.67 + 512.82 luminescence)
compared to that in the mock-infected group (Mock + Con;
1,932.67 + 126.011 luminescence) (P < 0.001), but that cas-
pase-3 inhibitor treatment reversed this activation (EV + In;
737.03 + 100.74 luminescence) (P < 0.001 versus EV + Con)
(Fig. 3F). Immunoblotting further proved that EVD68 in-
fection increased the abundance of activated caspase-3 com-
pared to mock infection, while caspase-3 inhibitor reversed
the effect of EVD68 infection (Fig. 3G). Therefore, caspase-3
inhibitor inhibits caspase-3 activation in EVD68-infected
RD cells.
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Caspase-3 inhibitor inhibits apoptosis induced by EVD68
infection

Viral infection usually leads to cell death, which might be ne-
cessary for viral replication but leads to damage of host cells
(Holmes, 1975). To determine the effect of caspase-3 activa-
tion on apoptosis induced by EVD68, we observed morpho-
logical changes in RD cells infected with EVD68 after cas-
pase-3 inhibitor treatment. Without inhibitor, numerous cells
became more rounded and detached from the bottom of the
culture dish at 24 h post-infection, indicating that EVD68
induced cell death (Fig. 4A). However, caspase-3 inhibitor
kept cells alive after EVD68 infection (Fig. 4A). Cell number
analysis confirmed that EVD68 infection (56.33 + 11.84 x 10%)
decreased cell number compared to mock infection (125 +
12.49 x 10% (P < 0.01), whereas caspase-3 inhibitor (98 £
8.50 x 10%) increased the cell number of EVD68-infected cells
compared to the control treatment group without inhibitor
(56.33 + 11.84 x 10%) (P < 0.01) (Fig. 4B). Therefore, caspase-3
inhibitor inhibits cell death and protects host cells from dam-
age induced by EVD68.
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Fig. 4. Caspase-3 inhibitor blocks EVD68-induced cytopathic effects. (A) Morphological analysis of cell death after EVD68 infection in the presence and
absence of caspase-3 inhibitor, assessed by light microscopy. Caspase-3 inhibitor decreased the cell death induced by EVD68. Results are representative of
three independent experiments. Bars = 20 um. (B) Cell number analysis after EVD68 infection in the presence and absence of caspase-3 inhibitor. Cell
number was counted after trypan blue staining, and results are the mean + SD of three independent experiments. (C) Cell-cycle profiles determined by
flow cytometry. (D) Percentage of cells in each phase of the cell cycle as analyzed by the ModFit LT program. Results are means + SD of three independent
experiments. Mock, mock-infected; Con, 0.05% DMSO in 10% DMEM; EV, EVD68 infection; In, caspase-3 inhibitor. **P < 0.01, ***P < 0.001.
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Fig. 5. Effect of caspase-3 activator on EVD68 production. (A) VP1 abundance at 24 h post-infection determined by immunoblotting of cellular lysates af-
ter growth in control medium or caspase-3 activator medium (0 puM, 0.2 uM, or 0.5 uM). Caspase-3 activator, PAC-1, increased the abundance of VP1.
Tubulin is shown as a loading control. Results are representative of three independent experiments. (B) Intracellular EVD68 RNA levels detected by quan-
titative reverse-transcription PCR in control or caspase-3 activator-treated RD cells at 12 h post-infection. Caspase-3 activator had no significant effect on the
level of EVD68 genomic RNA in RD cells. Results are the mean + SD of three independent experiments. (C) Quantitative analysis of TCID50/ml at 24 h
post-infection. Intracellular and supernatant virions were titrated using RD cells. Caspase-3 activator, PAC-1, increased the production of EVD68. Results
are the mean + SD of three independent experiments. Con, 0.05% DMSO in 10% DMEM; EV, EVD68 infection; PAC, PAC-1, caspase-3 activator. NS, not

significant. ***P < 0.001.

Caspase-3 inhibitor prevents G0/G1 arrest induced by EVD68
infection

Our previous study showed that EVD68 infection causes host
cells to accumulate at GO/G1 phase to facilitate viral produc-
tion (Wang et al., 2017). To determine the effect of caspase-3
inhibitor on the ability of EVD68 to manipulate the host cell
cycle, we performed FACS to analyze cell cycle distribution.
EVD68 infection (53.23 £ 1.06%) increased the percentage of
GO0/G1 phase cells compared to that in the mock infection
group (39.25 + 0.38%) (P < 0.001); however, treatment with
caspase-3 inhibitor decreased the percentage of GO/G1 phase
cells to 48.02 £ 0.88% (P < 0.01) (Fig. 4C and D). Therefore,
caspase-3 inhibitor reverses the GO/G1 phase arrest medi-
ated by EVD68.

Caspase-3 activator promotes EVD68 production

Caspase-3 is activated by virus infection (Chang et al., 2004;
Shi et al., 2012; Lu et al., 2013). To further confirm the role
of caspase-3 in EVD68 production, we used an activator of
caspase-3, PAC-1 (Apexbio, A8177), which catalyzes the cle-
avage of pro-caspase-3 into caspase-3. Increasing the dose
of PAC-1 (0 uM, 0.2 uM, 0.5 pM) increased the abundance
of viral VP1 correspondingly (Fig. 5A), while 0.2 uM PAC-1
did not affect viral genome replication at 12 h post-infection
(Fig. 5B). However, 0.2 uM PAC-1 increased the TCID50 of
intracellular and supernatant virions at 24 h post-infection
from 2.06 + 0.98 x 10° in the control treatment to 25.57 +
3.86 x 10® with PAC-1 (P < 0.001) (Fig. 5C). Therefore, the
activator of caspase-3 increased EVD68 production.

Discussion

EVDe68 is an emerging pathogen that can cause severe res-
piratory disease and is associated with cases of paralysis, es-
pecially among children. Unfortunately, no vaccines or medi-
cines are available to prevent or treat future outbreaks.

To confirm the pathogenic mechanism of EVD68 infection,
we determined whether EVD68 induced apoptosis in an RD

cell line. Cell morphology, nuclear morphology, plasma mem-
brane integrity, DNA fragmentation, and caspase-3 activa-
tion analysis confirmed that EVD68 infection leads to apop-
tosis, similar to EV71 (Chang et al., 2004), CA16 (Li et al.,
2014), and other viruses (Wurzer et al., 2003; Richard and
Tulasne, 2012; Song et al., 2018).

There are two main mechanisms of apoptosis. The extrinsic
pathway, or the Fas death receptor pathway, activates caspase-
8 and caspase-10 in response to external stimuli. The intrinsic
pathway, or mitochondrial pathway, activates cleavage of pro-
caspase-9 in response to internal stimuli. Initiator caspase-8
and caspase-9 activate caspase-3 through proteolytic cleavage,
resulting in cleavage of cellular target proteins and apopto-
sis (Li et al., 2014). In this study, EVD68 activated caspase-8
and caspase-9, and then activated caspase-3, inhibiting cas-
pase-8, or caspase-9 inhibited EVD68 production. Therefore,
EVD68 activates both the extrinsic pathway and the intrinsic
pathway for caspase-3 activation.

Previous studies have demonstrated that caspase-3 inhibi-
tor can inhibit EV71 production (Wurzer et al., 2003; Martin
et al., 2007; Richard and Tulasne, 2012; Song et al., 2018) but
not CA6 production (Zhang et al., 2020). In this study, we
confirmed an inhibitory role of caspase-3 inhibitor on EVD68
production.

To determine whether caspase-3 inhibitor attenuates EVD68
production, we performed a series of analyses of viral genome
replication, viral protein expression, and the number of EVD-
68 virions. Our results demonstrate that caspase-3 inhibitor
does not affect viral entry or viral genome replication; how-
ever, caspase-3 inhibitor blocks viral protein expression and
decreases EVD68 production. Caspase-3 inhibitor blocks the
induction of apoptosis by EVD68 to protect host cells and
prevents EVD68 from regulating the host cell cycle for its
own production. Therefore, caspase-3 inhibitor inhibits pro-
duction of EVD68 and EV71, but not CA6. Caspase-3 inhi-
bitor is therefore not suitable for treatment of all enterovi-
ruses, but has potential for treating EVD68 and EV71.

Caspase-3 inhibitor blocked EVD68 production, indicating
that caspase-3 might play an important role in viral produc-
tion. To further confirm this hypothesis, we used an activator



of caspase-3, PAC-1, after EVD68 infection. PAC-1 increased
the abundance of viral protein in a dose-dependent manner,
and promoted EVD68 production. Therefore, caspase-3 ac-
tivator promotes viral production. We conclude that caspase-
3 plays an important role in EVD68 production. Neither
caspase-3 inhibitor nor caspase-3 activator affected viral ge-
nome replication, indicating that caspase-3 might not be in-
volved in viral genome replication but might play a role in
viral protein cleavage or in viral maturation. This will be in-
vestigated in a future study.

Our data support a model in which EVD68 activates caspase-
3-associated apoptosis for its own production and further
identify caspase-3 inhibition as a novel direction for the treat-
ment and prevention of EVD68-related diseases.
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