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Abstract Positive-sense RNA viruses modify intracellular calcium stores, endoplasmic reticulum and

Golgi apparatus (Golgi) to generate membranous replication organelles known as viral factories. Viral

factories provide a conducive and substantial enclave for essential virus replication via concentrating

necessary cellular factors and viral proteins in proximity. Here, we identified the vital role of a broad-

spectrum antiviral, peruvoside in limiting the formation of viral factories. Mechanistically, we revealed

the pleiotropic cellular effect of Src and PLC kinase signaling via cyclin-dependent kinase 1 signaling

leads to Golgi-specific brefeldin A-resistance guanine nucleotide exchange factor 1 (GBF1) phosphory-

lation and Golgi vesiculation by peruvoside treatment. The ramification of GBF1 phosphorylation fosters
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Golgi apparatus
 GBF1 deprivation consequentially activating downstream antiviral signaling by dampening viral factories

formation. Further investigation showed signaling of ERK1/2 pathway via cyclin-dependent kinase 1 acti-

vation leading to GBF1 phosphorylation at Threonine 1337 (T1337). We also showed 100% of protection

in peruvoside-treated mouse model with a significant reduction in viral titre and without measurable cyto-

toxicity in serum. These findings highlight the importance of dissecting the broad-spectrum antiviral ther-

apeutics mechanism and pave the way for consideration of peruvoside, host-directed antivirals for

positive-sense RNA virus-mediated disease, in the interim where no vaccine is available.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Positive-sense RNA viruses are known to induce extensive rear-
rangements of intracellular membranes from endoplasmic reticu-
lum (ER) and Golgi apparatus into clusters of double membrane
vesicles (DMVs) or convoluted membranes that serve as vital sites
for viral genome replication, polyprotein processing and forma-
tion of progeny virions1,2. Though studies have investigated
antiviral compounds targeting viral protein or viral genomes in
convoluted membranes or cytoplasm of cells, not many antivirals
are designed to target host factors modulating viral replication due
to off-target effects of compounds. For example, the pandemic of
SARS-CoV-23,4 has motivated clinicians and scientists to identify
suitable drug treatments against this virus owing to the fact
that most drugs are direct-acting compounds with specific inhib-
itory activity against viruses. Hence our goal is to minimize
the development of antiviral drug combinations, and to identify
a broad-spectrum inhibitor with a characterized antiviral
mechanism.

Plant-derived saponin glycosides have been routinely pre-
scribed to treat cardiac failure and arrhythmia e.g., peruvoside,
digitoxigenin, lanatoside C and ouabain. Basically, these com-
pounds function by exerting a positive inotropic effect on cardiac
muscle cells, raising intracellular calcium concentration to in-
crease muscle contractility. In addition, they are specific inhibitors
of the sodium potassium pump (Naþ/Kþ ATPase) located at the
plasma membrane. The Naþ/Kþ ATPase actively pumps out so-
dium ions while bringing in potassium ions to maintain resting
transmembrane potential in cells. In the classical ‘ionic’ pathway,
the binding of glycosides at the extracellular binding site of the
Naþ/Kþ ATPase a-subunit results in a complete loss of pump
activity and an eventual increase in cytosolic sodium5. This would
then alter the function of the Naþ/Ca2þ exchanger, resulting in an
increase in intracellular free calcium (Ca2þ)6. Recent studies and
the discovery of endogenous steroids, have led to the proposal of a
pathway reminiscent of ligand-receptor signaling cascades7

involving Naþ/Kþ ATPase associating with the tyrosine kinase,
Src, in a signaling complex with epidermal growth receptor8.
Glycosides binding of Naþ/Kþ ATPase activates Src, which then
transactivates epidermal growth receptor to trigger a series of
complex signaling cascades including Ras-mediated Raf-ERK1/2
kinase cascade to trigger gene expression changes in the cell9,10.
Low dose stimulation by steroids can also generate intracellular
Ca2þ oscillations through activated L-type voltage-gated channels,
PLC activation and consequently, IP3-stimulated release of intra-
cellular Ca2þ stores11. For example, one of these compounds,
digitoxin, exhibits antiviral activities against RNA virus (influenza
virus)12 and DNA viruses such as herpes simplex virus
(HSV1)13,14 and human cytomegalovirus15. However, the mech-
anism of action as an antiviral remains largely unknown and
should be deliberated.

In this study, we discovered that intracellular calcium flux
triggered by peruvoside is essential to its broad-spectrum antiviral
activities. Closer interrogation revealed new contributing roles for
both extracellular Ca2þ influx and intracellular Ca2þ store release.
Upon peruvoside treatment, we disclosed that cyclin-dependent
kinase 1 (CDK1) signaling caused Golgi-specific brefeldin
A-resistance guanine nucleotide exchange factor 1 (GBF1) phos-
phorylation which in-turn leads to Golgi vesiculation, as an
important role for its antiviral activity. Peruvoside has hitherto not
been reported as an antiviral drug, hence indicating it is distinct in
exhibiting a common inhibitory mechanism consistently observed
in positive-sense RNA viruses from four virus families including
Picornaviridae, Togaviridae, Flaviviridae and Coronaviridae.
Using enterovirus A71 (EV-A71), chikungunya virus (CHIKV),
Zika virus (ZIKV), dengue virus 2 (DENV2), severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), murine hepatitis
virus (MHV) as well as a DNA virus (HSV1) and two negative-
sense RNA virus (H1N1 and hRSV), we affirm that peruvoside
exerts broad-spectrum inhibition of virus replication across distant
families of positive-sense RNA, negative-sense RNA and even
DNA viruses via this distinctive pathway of GBF1 deprivation and
limiting viral factories formation.
2. Materials and methods

2.1. Cell cultures and viruses

All cell lines used were obtained from American Type Culture
Collection (ATCC) and collaborator as described in Supporting
Information Table S1. Cells were cultured in media supple-
mented with 10% fetal calf serum (FCS, PAA Laboratories). All
viruses were propagated in appropriate cell lines in media sup-
plemented with 2% FCS. All live cultures in this study were
incubated in a humidified incubator under 5% CO2 at 37 �C.
Detailed information on strains and cell lines used can be found in
Supporting Information.

Enteroviruses (EV-A71, CV-A16, CV-A6 and Echovirus 7) and
HSV1 propagation and infection assays were performed in human
rhabdomyosarcoma (RD) cells. CHIKV was propagated in cell
clone C6/36 (Aedes albopictus); inhibition assays were performed
on SJCRH30 cells and plaque assays on baby hamster kidney
(BHK-21) cells. ZIKV and DENV2 were propagated in C6/36;
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inhibition assays were performed on human hepatocarcinoma
(Huh7) cells and plaque assays on BHK-21 cells. MHV were
propagated and inhibition assay as well as plaque assay performed
in Mus musculus hepatocyte cells (H2.35) cells. SARS-CoV-2
were propagated and inhibition assay as well as plaque assay
performed in Vero E6 cells. All SARS-CoV-2 work was per-
formed in a biosafety level 3 (BSL-3) laboratory and all protocols
were approved by the BSL-3 Biosafety Committee and Institu-
tional Biosafety Committee of the National University of
Singapore (protocol No. 2020-00574). Influenza virus H1N1 were
propagated and inhibition assay as well as plaque assay performed
in MDCK cells. HRSV were propagated and inhibition assay as
well as TCID50 assay

16 performed in A549 cells. All virus strains
were presented in Supporting Information Table S2.

2.2. In vitro virus infection

Generally, media overlaying seeded monolayers of host cells was
removed before inoculation with virus. Virus adsorption was
allowed to take place for 1 h for enteroviruses, HSV1, ZIKV,
DENV2, SARS-CoV-2 and hRSV, and 1.5 h for CHIKV, and 2 h
for MHV. After adsorption period, the inoculum was removed, and
monolayers were washed with phosphate-buffered saline (PBS)
before media was replaced. Indicated times of infection (hpi) in
the data excludes the adsorption period. In antiviral assays, media
containing the indicated final concentrations of compounds/con-
trols were added. Stock virus titres were determined using plaque
assay for all virus, except hRSV where TCID50 was used for virus
titre determination. All virus infections were performed with the
same technique unless otherwise mentioned.

2.3. Virus quantitation

Plaque assays for enteroviruses and HSV1 were performed for
media collected at the respective experimental endpoints. Samples
were serially diluted before infection of cell monolayers. After
virus adsorption, an overlay media containing 0.5% agarose was
added, while for H1N1 overlay media containing 0.3% agarose
was added. RD cells were fixed and stained with 4% para-
formaldehyde and 1% crystal violet after specific incubation pe-
riods for each virus and plaques were counted visually and
expressed as plaque forming units per mL (PFU/mL). For SARS-
CoV-2 Vero E6 were used while for CHIKV, ZIKV, DENV2, and
MHV the overlay media used contained 1% Aquacide II (Cal-
biochem) instead of agarose. For hRSV TCID50

16 was used. For
relative infection experiments, samples were fixed and stained
with an EV-A71 specific primary antibody for VP2 (Millipore)
and a FITC-conjugated secondary antibody (Millipore). Nuclei
were counterstained with 40,6-diamidino-2-phenylindole, DAPI
(MP Biomedicals). Imaging was performed using ImageXpress
Micro XLS (Molecular Devices, San Jose, CA, USA) and Cell-
Profiler was used to count number of nuclei and total number of
VP2-expressing cells. Relative infection rates were obtained by
dividing total number of VP2-expressing cells by the nuclei count
and normalized with drug vehicle treated control.

2.4. Cell viability assay

Uninfected cells were treated with test compounds for 12 h in RD
cells, 24 h in SJCRH30 and H2.35 cells, and 48 h for Huh7 and
Vero E6 cells before replacement with fresh media containing
alamarBlue™ cell viability reagent (Life Technologies) and
incubated for 2 h. Readings were obtained using fluorescence
detection at 570 nm (Ex)/600 nm (Em) and normalized with 0.1%
DMSO-treated cells to compute relative cell viability.

2.5. Compounds

The screen was performed with the natural products library
(BML-2865, Enzo Life Sciences, NY, USA). For downstream
experiments powdered purified compounds were purchased, dis-
solved in dimethyl sulfoxide (DMSO, MP Biomedicals) and ali-
quots stored at �20 �C. Details of all compounds used in
experiments are listed in Supporting Information Table S3.

2.6. Electron microscopy

RD cells were infected with EV-A71 at multiplicity of infection
(MOI) of 10. At indicated time-points, the cultures were fixed and
processed following the method described in our previous work by
Low et al.17.

2.7. Nano-luciferase replicons

NanoLuc (Promega) was cloned into the P1 region of a full-length
EV-A71 (HFM41) infectious clone18. Mutagenesis of 3D C-ter-
minal deletion was carried out based on Burns et al.19 using In-
Fusion HD cloning (Clontech). In vitro transcription was per-
formed using MEGAscript T7 transcription kit (Life Technolo-
gies) and purified using RNeasy kit (Qiagen). Transcripts were
checked for integrity and concentration using agarose-gel elec-
trophoresis. 200 ng of purified-RNA transcripts were reverse-
transfected into RD cells in white 96-well plates (Corning)
using Dharmafect-1 (Thermo Scientific). At 4 h post-transfection,
drug-containing media was added to give the final indicated
concentration. Nano luciferase expression was detected using
Nano-Glo Luciferase Assay System (Promega) at 12 h post-
transfection using the GloMax 20/20 plate reader (Promega,
Madison, WI, USA).

2.8. Flow cytometry

Cultured cells in 24-wells were washed twice with 1� Hanks’
balanced salt solution containing 50 nmol/L peruvoside for treated
cells or 0.1% DMSO for untreated cells at indicated time-points.
Cells were then detached from well plates using Accutase cell
detachment solution (Zuellig Pharma) containing either 50 nmol/L
peruvoside for treated cells or 0.1% DMSO for untreated cells.
Detached cells were incubated with Fluor-4NW Calcium Assay
kit loading solution at 37 �C for 30 min, then at room temperature
for an additional 30 min before running flow cytometry using
Attune NxT Flow Cytometer (Life Science Institute, National
University of Singapore, Singapore). Ionomycin (20 mg/mL) was
used as calcium expression control. Data were analyzed using
FlowJo (version 10). Data were normalized to basal level (0.1%
DMSO-treated cells) of calcium signaling in cells using X mean
value obtained for Fluor-4NW forward scatter against green
channel side scatter.

2.9. siRNA knockdown

siRNAs used were purchased from Dharmacon siGENOME
collection (Supporting Information Table S4) and reverse-
transfected into RD cells using Dharmafect-1 (Thermo
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Scientific) at a final concentration of 25 nmol/L, following rec-
ommended protocol. At 3 days post-transfection, media was
removed for infection and drug treatment to be carried out as
described. Non-targeting siRNA pool (NT) was used as control.

2.10. XBP1 cleavage

XBP1-specific primers were used in a PCR to check for XBP1
cleavage (spliced: 263 bp, unspliced 283 bp). Total RNA was
extracted using RNeasy kit (Qiagen) and treated with DNase I
(Promega) according to manufacturer’s instructions. The RNA
samples were then reverse using Moloney Murine Leukemia Virus
Reverse Transcriptase (Promega) at 42 �C for 30 min. Generated
cDNAs were amplified using PCR, Go-Taq Green Master Mix
(Promega), and samples were resolved in a 2% agarose gel elec-
trophoresis. Primers used are tabulated in Supporting Information
Table S5.

2.11. Indirect immunofluorescence

Immunofluorescence imaging was performed on cells seeded onto
glass coverslips. Cells were fixed with 4% paraformaldehyde at
room temperature for 15 min followed by permeabilization with
0.1% Triton X-100 (SigmaeAldrich) for 10 min at room tem-
perature. Primary antibodies were diluted in PBS and incubated
overnight at 4 �C. Secondary antibodies were incubated for 1 h at
37 �C. PBS washes were carried out between antibody stainings.
The primary antibodies used were mouse anti-double-stranded
RNA (dsRNA) (SCICONS), mouse anti-GM130 (BD Bio-
sciences), rabbit anti-GM130 (Abcam), rabbit anti-GBF1 (Abcam)
and rabbit anti-Calnexin (Abcam). Secondary antibodies used
were goat FITC-conjugated anti-mouse antibody (Millipore) and
goat rhodamine-conjugated anti-rabbit antibody (Millipore).
Stained coverslips were mounted using mounting medium with
DAPI (SigmaeAldrich). Confocal microscopy was performed
using Nikon A1R-Si confocal microscope at Nikon Imaging
Center (Singapore Bioimaging Consortium, Singapore) and
Olympus FV1000-IX81 Confocal Microscope (Confocal Micro-
scopy Unit, National University of Singapore, Singapore). Vesic-
ulation of the Golgi was quantified using CellProfiler (version
2.2.0) Measure granularity module with structuring element of
radius 1 pixel and normalized against 0.1% DMSO-treated cells to
give relative granularity20.

2.12. Western blot

Protein lysates were obtained by direct lysis with 1� Laemmli
buffer and resolved on SDS-polyacrylamide gels then blotted onto
nitrocellulose membranes (Bio-Rad Laboratories). Primary anti-
bodies used were rabbit polyclonal anti-GBF1 (Abcam), rabbit
polyclonal anti-phospho-GBF1 T1337 (Takara), rabbit polyclonal
phospho-(Ser/Thr) Akt Substrate (Cell Signaling), mouse mono-
clonal anti-ERK1 (pT202/pY204)þERK2 (pT185/pY187)
(Abcam), rabbit polyclonal anti-ERK1/2 (Promega), mouse
monoclonal anti-EV-A71 (Millipore), mouse monoclonal anti-
actin (Millipore), mouse anti-DENV Envelope Protein
GTX629117 (Genetex), rabbit anti-ZIKV Envelope Protein DIII
ZV-67 (Absolute Antibody), in-house produced mouse anti-
CHIKV capsid protein, rabbit polyclonal p-PERK (Phospho-Thr
982), rabbit polyclonal anti-ATF6 and mouse anti-tubulin. Sec-
ondary antibodies used were HRP-conjugated goat anti-mouse and
anti-rabbit antibodies (Millipore). Chemiluminescent reagent used
was SuperSignal West Dura Extended Duration substrate (Thermo
Scientific, Massachusetts, USA) and all blots were scanned with
C-DiGit Blot Scanner (LI-COR Biosciences, Nebraska, USA) and
band intensities were analysed with Image Studio (LI-COR
Biosciences).

2.13. Plasmids and transfection

The open reading frame for GBF1 from the Kazusa collection
(Promega) was cloned into pLX-V5 vector to include a C-terminal
V5 tag. Cloning and mutagenesis were performed using In-Fusion
HD cloning kit (Clontech). Sequence-verified clones were trans-
fected into RD cells using jetPRIME (Polyplus-Transfection) and
5 mg/mL blasticidin (Life Technologies) was used to select stable
expressing cells. Colonies of resistant cells were picked using
cloning discs to obtain clonal populations of transformed cells
which were then verified for expression by Western blotting.

2.14. Mouse model of EV-A71 infection

7-day-old BALB/c mice were injected intraperitoneally with virus
inoculum. Mock infected mice were injected with mock-infected
cell culture media. In antiviral studies, 100 mL of 0.59 mg/kg dose
of peruvoside in PBS was injected intraperitoneally. Treatment
was carried out daily for 1-week post infection. Survival studies
were carried out for 21-days post infection. Histological analysis
was carried out on mice sacrificed at 5 days post-infection. The
humane endpoint was determined using a clinical scoring system.
Mice were scored in 4 categories for symptoms observed during
the 21-day survival study. Activity: 0 normal, 1 lethargy/abnormal
posture, 2 huddled/inactive, 3 moribund/seizure; Breathing:
0 normal, 1 rapid/shallow, 2 rapid abdominal, 3 blue; Movement:
0 normal, 1 weakness, incoordination, 2 single limb dragging/
paralysis, 3 multiple limb dragging/paralysis; Body weight:
0 normal, 1 loss of 5% over 24 h, 2 loss of more than 15% or up to
10% in 24 h, 3 loss of more than 10% over 24 h or 20% in total. A
total of 6 or more points accumulated across all categories was
determined as a humane endpoint and mice with such a score was
euthanized.

2.15. LDH assay

Collected whole murine blood was left to clot at room temperature
for 10 min before centrifugation at 2500 � g for 15 min at 4 �C to
isolate serum. LDH levels was obtained with serum using LDH
Cytotoxicity Assay Kit (Abcam) according to manufacturer’s
instructions.

2.16. Ethics statement

Animal care and housing were provided in accordance with the
National Advisory Committee for Laboratory Animal Research
(NACLAR) Guidelines (Guidelines on the Care and Use of Ani-
mals for Scientific Purposes). Experiments with mice were
designed and approved under protocol 088/10 by National Uni-
versity of Singapore Institutional Animal Care & Use Committee
(IACUC) based on NACLAR guidelines.

2.17. Statistical analyses

GraphPad Prism 6 was used for KaplaneMeier survival analysis.
Student’s t-test for unpaired, two-tailed tests for significance was
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performed on Microsoft Excel and one-way ANOVA with Dun-
nett’s post-test was performed in GraphPad prism 6. For studies
involving heterogeneous selection, we conducted two-way ana-
lyses of variance (ANOVAs) using GraphPad prims 6 and
P � 0.05 was considered significant.

3. Results

3.1. Peruvoside is a broad-spectrum and potent antiviral

A prominent single-dose (10 mmol/L) of distinct natural products
treatment via indirect immunofluorescence cell-based screens
were performed using EV-A71 strain H (ATCC) as representative
for positive-sense RNA viruses. The 502-compound flavonoid
derivatives library (BML-2865, Enzo Life Sciences) encompassed
diverse classes of natural products including terpenoids, alkaloids,
coumarins, macrolides, flavones and their synthetic derivatives.
Our primary screens analyses revealed three glycosides (i.e.,
ouabain, bufalin and peruvoside) among the top 20 non-cytotoxic
inhibitors of EV-A71. These three hit compounds, all glycosides
were selected for further evaluations by viral plaque reduction
assays, and we observed notable dose-dependent inhibition at
nanomolar concentrations that was consistent with immunofluo-
rescence assays (Fig. 1). We showed that ouabain at 50 nmol/L
yield a 0.5-log10 units reduction and at 100 nmol/L yield about 2-
log10 units reduction in EV-A71 viral titre. We found that bufalin
at 50 nmol/L yield a 3.5-log10 units reduction and at 100 nmol/L
yield a 3-log10 units reduction in EV-A71 viral titre. Our analysis
revealed that peruvoside was the most efficient inhibitor among
these compounds. This is because at 50 nmol/L of peruvoside
treatment, EV-A71 viral titre showed about 4-log10 units reduction
and at 100 nmol/L EV-A71 were undetected via plaque assay.
These compounds also showed negligible adverse effects on the
cell viability of human rhabdomyosarcoma at all the concentra-
tions tested. Peruvoside was selected for subsequent studies due to
its stronger inhibition of EV-A71 strain H replication, and its
functional activity as it has not been reported as an antiviral
compound to date.

To explore the broad-spectrum of peruvoside’s antiviral ac-
tivity, cells treated with peruvoside were infected with EV-A71
strain HFM41, coxsackievirus A6 (CV-A6) and A16 (CV-A16)
Figure 1 Peruvoside inhibits the replication of EV-A71. Viral

plaque assay was performed to determine infectious titre of EV-A71

after treatment with indicated doses of peruvoside, ouabain and

bufalin. Cell viability of uninfected RD cells treated with the same

doses of compounds for 12 h was determined using alamarBlue and

expressed as a percentage relative to 0.1% DMSO-treated cells. Bars

represent viral titre and lines represent relative cell viability. Error

bars indicate standard deviation (SD), n Z 3.
from Enterovirus A genus and Echovirus 7 strain Wallace from
Enterovirus B. Dose-dependent inhibition was evident at tested
concentrations of 20 to 100 nmol/L (Supporting Information
Fig. S1AeS1D) with no observable cytotoxicity in the tested
concentration (Table 1). EC50 (effective concentration to reduce
virus titer to 50%) were calculated for tested viruses; EV-A71,
CV-A6, CV-A16, and Echo-7 showed EC50 of 18.63, 4.79,
24.52 and 1.62 nmol/L respectively (Table 1). The results suggest
peruvoside demonstrated a broad-acting inhibition of enterovi-
ruses spanning Enterovirus A and B species.

Since peruvoside was active against two genera of picornavi-
ruses, the same experiment was performed for other families of
selected positive-strand RNA viruses (Fig. S1EeS1L), namely
Togaviridae (CHIKV), Flaviviridae (ZIKV and DENV2), Coro-
naviridae (SARS-CoV-2 and MHV), a double-stranded DNA virus
from Herpesviridae (HSV1), and two negative-sense single
stranded RNA virus from Orthomyxoviridae (H1N1) and Para-
myxoviridae (hRSV). Cell viability was also assessed as the cell
lines and treatment durations were different for the viruses tested
and showed no observable cytotoxicity up to 100 nmol/L tested
concentration. We showed that peruvoside treatment reduced viral
titres in a dosage-dependent manner for all tested viruses similar
to picornaviruses (Fig. S1EeS1L). EC50 for mosquito-borne vi-
ruses; CHIKV, ZIKV and DENV2 infected cells were 10.14,
14.55, and 18.01 nmol/L, respectively, while EC50 for coronavi-
ruses; SARS-CoV-2 and MHV were 14.09 and 20.83 nmol/L,
respectively. Peruvoside treated double-stranded DNA virus;
HSV1 infected cells showed EC50 at 19.25 nmol/L (Table 1),
while peruvoside treated negative-sense RNA viruses; H1N1 and
hRSV showed EC50 at 51.39 and 45.24 nmol/L, respectively.
These results demonstrate the broad-spectrum antiviral activity of
peruvoside which extends across four families of positive-sense
RNA viruses, Picornaviridae, Coronaviridae, Togaviridae and
Flaviviridae, one family of DNA virus, Herpesviridae and two
family of single-stranded Negative-sense RNA virus, Orthomyx-
oviridae and Paramyxoviridae.

3.2. Peruvoside reduces mortality in EV-A71-infected mice

We demonstrate the in vivo efficacy of peruvoside using our
established 1-week-old BALB/c murine model of EV-A71
(HFM41) infection21. Neonatal mice were infected via intraperi-
toneal (i.p.) injection of 1 � 105 PFU EV-A71. Infected neonates
developed symptoms and reached clinical end-point within 10-
days post-infection (Fig. 2A). We showed excellent efficacy of
peruvoside as therapeutics via i.p. administration of 0.59 mg/kg
peruvoside daily for 7 days from 2 hpi. The efficacy of peruvoside
as therapeutics achieved 100% protective effect (n Z 6, logrank
Mantel-Cox test, *P Z 0.0043) (Fig. 2A) up to 21 days post lethal
infection. This treatment regime also substantially reduced clinical
scores based on physical symptoms of body weight, activity,
breathing, movement, and dehydration as compared to EV-A71-
infected animals treated with DMSO-PBS which developed se-
vere clinical symptoms of inactivity, loss of body weight, and hind
limbs paralysis (Fig. 2B).

To examine the impact on viral infection, toxicity, and pa-
thology of peruvoside as therapeutic against our established EV-
A71 murine model, 6 dpi hind limb muscle tissues were harvested
and blood serum were collected. The hind-limb viral titres were
quantified by viral plaque assay showed about 6 log reduction in
viral titre with 99.9% efficacy in inhibiting virus for all of
peruvoside-treated EV-A71-infected mice (n Z 6, P Z 0.0001,



Table 1 50% effective concentration (EC50), 50% cytotoxic concentration (CC50), and selective index (SI) for all tested viruses upon

peruvoside treatment.

Virus Family Species EC50 CC50 SI

EV-A71 (HFM41) Picornaviridae Enterovirus A 18.63 3118 167.36

CV-A16 Picornaviridae Enterovirus A 24.52 3118 127.16

CV-A6 Picornaviridae Enterovirus A 4.79 3118 650.94

Echovirus 7 Picornaviridae Enterovirus B 1.62 3118 1924.69

CHIKV Togaviridae Chikungunya virus 10.14 5563 548.61

ZIKV Flaviviridae Zika virus 14.55 234 16.08

DENV2 Flaviviridae Dengue virus 18.01 234 12.99

SARS-CoV-2 Coronaviridae Severe acute respiratory

Syndrome-related coronavirus

14.09 1734 123.07

MHV Coronaviridae Murine coronavirus 20.83 5222 250.69

HSV Herpesviridae Herpes simplex virus 1 19.25 3118 161.97

H1N1 Orthomyxoviridae Human influenza A 51.39 367 7.14

hRSV Paramyxoviridae Human respiratory syncytial virus 45.24 4195 92.72

2044 Kan Xing Wu et al.
KruskaleWallis test) compared to DMSO-PBS-treated EV-A71-
infected mice (Fig. 2C). We also assessed in vivo toxicity of
peruvoside-treated mice by measuring lactate dehydrogenase
(LDH) levels in the serum of mice treated with 2, 10 and
50 mmol/L peruvoside. There was no significant difference (one-
way ANOVA with post-hoc Dunnett’s Multiple Comparison Test)
in serum LDH levels between mice administered with DMSO-
PBS and 2 mmol/L (P Z 0.50), 10 mmol/L (P Z 0.81),
50 mmol/L (P Z 0.93) (Fig. 2D). Our histopathologic analyses
revealed massive loss of villi structures in large intestines and loss
of tissue integrity with substantial muscle necrosis in hind limb
skeletal muscles of DMSO-PBS treated mice upon virus infection.
In contrast, we found that peruvoside-treated EV-A71-infected
mice retained organized tissue integrity and revealed no obvious
Figure 2 Peruvoside exhibited in vivo efficacy against EV-A71 in BAL

BALB/c mice with 1 � 105 PFU EV-A71 (HFM41) and 0.59 mg/kg peruv

post-infection displayed a significant correlation (*P Z 0.0043) by log-ra

EV-A71 infected mice which includes limb paralysis, ruffled fur, inactivity

with EV-A71 and peruvoside-treated EV-A71-infected mice (nZ 6) displa

test. (D) LDH assay was performed on serum collected from healthy 7-day-

of peruvoside daily for 1 week. Blood was collected at day 8 from start o

median, upper and lower quartiles. Bars indicate highest and lowest values

hind limb muscle of EV-A71 (HFM41)-infected mice with and without p

standard deviation (SD).
necrosis in small intestine and hind limb skeletal muscles
(Fig. 2E). These results demonstrated the in vivo potent efficacy of
peruvoside against EV-A71 with no observable adverse effects in
our murine model.

3.3. Peruvoside inhibits viral RNA replication

The encouraging data showing broad-spectrum activity against
positive-sense RNA viruses made us to move on to determine the
stage(s) of infection targeted by peruvoside in an attempt to un-
ravel the mechanism of their antiviral activity. EV-A71 served as
the viral model in our following assays to understand the mech-
anism of action since peruvoside actively inhibited several en-
teroviruses tested. We employed our discrete construct18,19 of
B/c mice. (A) Survival curve of intraperitoneally injected 7-day-old

oside-treated mice (n Z 6 mice per group) monitored up to 3-weeks

nk (Mantel-Cox) test. (B) Clinical scoring evaluated by symptoms of

, rapid breathing and weight loss. (C) Hind-limb viral titration on 6 dpi

yed a significant reduction of about 6 log (*PZ 0.0001) by unpaired t-

old BALB/c mice administered with 50 mL at indicated concentrations

f treatment and assayed for LDH levels. Graph displays box plot with

obtained (n Z 6 per group). (E) H&E staining of large intestines and

eruvoside treatment. Scale bars represent 20 mm. Error bars indicate
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NanoLuc replicon EV-A71 wild-type in which the structural
protein coding sequence was replaced by the sequence for
NanoLuciferase, and NanoLuc replicon EV-A71 3Ddef which has
a partial C-terminal deletion in the viral RNA-dependent RNA
polymerase 3D to represent a viral RNA replication-deficient
mutant (Supporting Information Fig. S2A) in order to distin-
guish the mechanism of peruvoside inhibitory activity on viral
replication and/or translation. Using known inhibitors of entero-
viral RNA replication or translation (guanidine hydrochloride and
cycloheximide, respectively) as controls, we showed that 25, 50,
and 100 nmol/L peruvoside treatment resulted in a significant
24.7%, 25% and 31.1% decrease in luminescence, respectively
compared to 0.1% DMSO treatment (Fig. S2A). With the
replication-deficient 3Ddef mutant replicon we observed a signif-
icant 20.7% decrease in luminescence only with 100 nmol/L
peruvoside treatment (Fig. S2A), compared 0.1% DMSO treat-
ment. We showed that the mechanism of peruvoside action on EV-
A71 replication is via inhibition of viral RNA replication, and to a
lesser extent via viral protein synthesis.

We performed electron microscopy imaging on EV-A71
infected RD cells to visualize the impact of peruvoside treat-
ment on EV-A71-infected RD cells and the appearance of virus-
induced morphological changes. As has been reported for several
picornaviruses, we observed the generation of DMV (arrows) or
viral factories in EV-A71-infected cells that accumulated as
infection progressed (Fig. S2B). Our images showed that electron-
dense progeny virions (arrowheads) could be observed during late
stages of infection (12 hpi onwards) (Fig. S2B). In contrast, EV-
A71-infected and peruvoside-treated cells abolished the formation
of DMVs at all time-points observed and the organelle structures
appeared to be intact, similar to mock-infected and 0.1% DMSO-
treated control cells (Fig. S2B). Taken together, our electron mi-
croscopy imaging showed that disruption of viral factories
(Fig. S2B) was involved in inhibition of EV-A71 viral RNA
replication in infected and peruvoside-treated cells.

3.4. Calcium flux and Src-ERK activation contribute to antiviral
effects of peruvoside

Modulation of intracellular calcium ion (Ca2þ) levels via influx of
extracellular calcium ions or intracellular calcium store release are
known mechanisms for plant-derived glycosides7,22. To determine
if inhibition of the Naþ/Kþ ATPase which actively pumps out
sodium ions while bringing in potassium ions that may lead to
modulation of Ca2þ levels in cells was sufficient for the inhibition
of EV-A71 replication, we used chlormadinone acetate (CMA).
CMA is an inhibitor of Naþ/Kþ ATPase that does not induce the
positive inotropic effects seen with saponin glycosides. We added
a range of concentration from 20 to 10,000 nmol/L in EV-A71
infected cells. However, we found that no inhibition of virus
infection was observed in EV-A71-infected RD cells (Supporting
Information Fig. S3A). Ergo we confirmed that signaling events
downstream of the Naþ/Kþ ATPase were essential for EV-A71
replication23 and not the function of the ATPase itself.

We then assessed cytosolic free Ca2þ concentration changes
over time with peruvoside-treatment using Fluo-4NW Calcium
Assay Kit which detects intracellular free Ca2þ in the cytoplasm
of stained peruvoside-treated mock-infected and peruvoside-
treated EV-A71-infected cells. Basal level of free Ca2þ were
determined using mock-infected RD cells and capped <5% in
mean value. Using one-way ANOVA analysis, we showed that
significantly higher percentage of cytosolic free Ca2þ levels
(>30%) above basal level were observed in peruvoside-treated
cells and peruvoside-treated EV-A71-infected cells compared to
0.1% DMSO treated (<10%) (Fig. 3A). In addition, the accom-
panying increase in free Ca2þ levels in peruvoside-treated cells
and peruvoside-treated CHIKV-infected cell showed that signifi-
cantly higher percentage of cytosolic free Ca2þ levels (>22%)
above basal level were observed (Fig. 3B) determined by basal
level of free Ca2þ using mock-infected SJCRH30 cells capped
<5% in mean value. The accompanying increase in free Ca2þ

levels in peruvoside-treated RD and SJCHR30 cells, and
peruvoside-treated EV-A71- and CHIKV-infected cells, are indi-
cated by the second peak shifts in the flow cytometry histograms
towards higher signal strength (Supporting Information Fig. S3B,
S4A and Fig. 3).

Cytosolic free calcium levels conceivably were the effector for
peruvoside’s inhibition of EV-A71 and CHIKV infection. Thus,
we subjected peruvoside-treated EV-A71-infected cells to treat-
ment with several calcium channel inhibitors. KB-R9743 and
nifedipine, are inhibitors of plasma membrane Ca2þ channels,
Naþ/Ca2þ exchanger and L-type voltage-gated channels respec-
tively. PP2 and neomycin are inhibitors of Src kinase and PLC
kinase respectively, were also used to assess if the ‘alternative’
signaling pathway was also involved in peruvoside’s inhibitory
activity on EV-A71. We found that all Ca2þ channel inhibitors
were able to increase EV-A71 titre by 1�log10 units in
peruvoside-treated cells individually (Fig. S4B). Combination
treatments with KB-R9743 þ nifedipine and PP2 þ neomycin
resulted in a significant 2-log10 units (**P < 0.01) increase in
virus titre in peruvoside-treated infected cells. Finally, triple
combination treatment with both Ca2þ channel inhibitors and
neomycin enhanced the infection, elevating the virus titre higher
to greater than 2-log10 units increase compared to peruvoside-
treated infected cells (Fig. S3B).

Given the PP2 treatment alone could partially rescue the
infection in peruvoside-treated cells, we tested the PLC kinase
inhibitor neomycin in a dose-dependent manner. We found that
neomycin treatment was able to significantly increase EV-A71
percentage of infection at concentration of 2 mmol/L in
peruvoside-treated RD cells (Fig. 3C). Similarly, we tested
neomycin treatment in CHIKV infected SJCRH30 cells, which
showed about 1.5 log and 2 log increases in viral titre post-
treatment of neomycin at 1 and 2 mmol/L, respectively, in
peruvoside-treated SJCRH30 cells (Fig. 3D). Following that, PLC
activator, m-3M3FBS effect on EV-A71 and CHIKV viral titre
were assessed. Our results showed that m-3M3FBS inhibited EV-
A71 replication in treated cells in a dose-dependent manner with a
significant inhibition at 20 mmol/L (*P < 0.05) and 25 mmol/L
(**P < 0.01) (Fig. 3E). Similarly, m-3M3FBS inhibited CHIKV
replication in treated cells with a significant inhibition at 10 mmol/
L (*P < 0.01) (Fig. 3F). These findings confirmed the sensitivity
of peruvoside’s antiviral activity through modulation of intracel-
lular free Ca2þ levels via both ‘ionic’ and ‘alternative’ signaling
pathways.

We employed siRNA knockdown for different calcium chan-
nels that regulate Ca2þ release from intracellular Ca2þ stores via
IP3-signaling (IP3 receptors, ITPR1-3) and Ca2þ-induced Ca2þ

release or CICR, (ryanodine receptors, RYR) to divulge peruvo-
side’s mechanism(s). Gene silencing of intracellular calcium
channels was confirmed with Fluo-4NW Calcium Assay Kit and
showed lower than basal levels of calcium expression in cyto-
plasm of cells compared to control (NT) (Supporting Information
Fig. S5). We showed that silencing of ITPR3 or RYR1 resulted in



Figure 3 Intracellular calcium signaling is essential for antiviral mechanism of peruvoside. (A) Intracellular Ca2þ reserve level upon treatment

with peruvoside or 0.1% DMSO, with or without EV-A71 infection, was determined at indicated time-points using flow-cytometry. Data represent

the mean value of 3 independent replicates, n Z 3. (B) Intracellular Ca2þ reserve level upon treatment with peruvoside or 0.1% DMSO, with or

without CHIKV infection, was determined at indicated time-points using flow-cytometry. Data represent mean value of 3 independent replicates,

n Z 3. (C) EV-A71-infected RD cells were treated with PLC-inhibitor, neomycin, at indicated concentrations and relative infection percentage

was determined at 12 hpi with indirect immunofluorescence staining for viral antigen VP2. (D) CHIKV-infected SJCRH30 cells were treated with

PLC-inhibitor, neomycin, at indicated concentrations and viral titre infection percentage was determined at 24 hpi with plaque assay. (E) EV-A71-

infected RD cells were treated with PLC-activator, m-3M3FBS, at indicated concentrations and relative infection percentage was determined at 12

hpi with indirect immunofluorescence staining for viral antigen VP2. (F) CHIKV-infected SJCRH30 cells were treated with PLC-activator, m-

3M3FBS, at indicated concentrations and viral titre infection percentage was determined at 24 hpi with plaque assay. (G) Knockdown of selected
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the strongest rescue of EV-A71 viral titre (>1�log10 units in-
crease) (Fig. 3G) and there was an increased basal level of Ca2þ

shown by peak shifts in the flow cytometry histograms (Fig. S5) in
peruvoside-treated cells. Additionally, we also investigated the
impact of silencing Ca2þ reuptake channels on the antiviral ac-
tivity of peruvoside by silencing ATP2C1-2 that encode for cal-
cium reuptake channels on the Golgi secretory pathway calcium
ATPase, and ATP2A1-3 encoding for ER channels, sarco/endo-
plasmic reticulum calcium ATPases. Silencing of ATP2C1-2, and
ATP2A1-3 showed that only ATP2A1 resulted in at least 1�log10
units increase in EV-A71 titre (Fig. 3G). siRNA knockdown of
these calcium channels was confirmed using Fluor-4NW calcium
assay evincing lower than basal levels of calcium concentration
compared to control (NT) via histogram peak shifts (Fig. S5).

Further, we performed silencing of individual isoforms of the
a- and b-subunits of Naþ/Kþ ATPase, upstream of intracellular
Ca2þ release. Our results showed that it did not significantly
impact peruvoside inhibition of EV-A71 (Fig. 3H). However,
knockdown of Src expression resulted in an almost complete re-
covery of EV-A71 replication with a viral titre just 1�log10 units
lower in the presence of peruvoside compared to untreated cells
(Fig. 3H). Thus far these results support that intracellular calcium
flux is an essential mechanism of peruvoside’s antiviral activity
and the calcium flux is mediated via both the ‘ionic’ pathway of
extracellular calcium influx and the ‘alternative’ pathway of PLC/
IP3 signaling. The release of calcium from intracellular stores is
one of the triggering events for ER stress and the unfolded protein
response24, while premature activation of these processes can halt
protein synthesis, initiate apoptosis and inhibit virus replication25.
Although our results in Fig. S2A show limited inhibition in viral
RNA translation post peruvoside treatment, we nonetheless
investigated if ER stress plays a role in the inhibition of EV-A71.
ER stress response was ruled out using three key markers of ER
stress which showed no alternative splicing of X-box binding
protein 1 (XBP1) mRNA, no cleavage of phospho-ATF6 and no
elevated phospho-PERK levels in peruvoside-treated cells
(Supporting Information Fig. S6AeS6C). In addition, we per-
formed indirect immunofluorescence staining of Calnexin, the
calcium binding ER chaperone has been shown to be a good
predictor of cell sensitivity to ER stress-mediated cell death26. Our
staining did not reveal any overt morphological change to the ER
with peruvoside treatment indicating no signs of ER stress
(Fig. S6D).

3.5. Peruvoside causes perinuclear vesiculation of Golgi and
GFB1 phosphorylation

The major intracellular calcium stores, ER and Golgi, are also
organelles necessary for enteroviral replication27,28. Moreover,
enterovirus viral non-structural protein 3A has been shown to
associate with host protein, GBF1 on the cytoplasm-facing
intracellular membranes to recruit components of the retro-
grade transport coat protein complex (COPI), and other essential
factors for replication such as phosphatidylinositol-4-kinase IIIb
intracellular calcium channel proteins and (H) Knockdown of selected co

formed for 3 days on RD cells then infected with EV-A71 and treated with

an average of 3 experiments (2 technical replicates/experiment) and statis

against 0.1% DMSO, error bars reflect standard deviation (SD). *P < 0.

performed with RD cells treated for 12 h and SJCRH30 cells treated for 24

0.1% DMSO-treated cells.
(PI4K3b) in aid of viral replication29,30. Hence, these studies
prompt an assessment of changes in the Golgi upon peruvoside
treatment. Immunofluorescence staining of Golgi marker
(GM130) and granularity of Golgi were measured using Cell-
Profiler (version 2.2.0)20 which revealed Golgi vesiculation and
significantly enhanced granularity following treatment with
peruvoside, brefeldin A (BFA) and m-3M3FBS (Fig. 4A). BFA
was included as a positive control as it is a well-studied inhibitor
of enteroviruses, DENV and CHIKV known to cause Golgi
dispersal and redistribution into the ER network31e33. We
observed that Golgi fragmentation triggered by BFA was
dispersed in a cell-wide manner with diffused GM130 signals in
contrast to peruvoside-induced Golgi vesiculation which showed
a distinct perinuclear pattern. Convincingly, the non-positively
inotropic CMA did not show Golgi vesiculation (Fig. 4A) and
no significant increase in granularity (Fig. 4A) whereas
neomycin resulted in a significant decrease in Golgi granularity
in peruvoside-treated cells (Fig. 4A). Roscovitine, similar to
neomycin, an inhibitor of CDK1 reported to phosphorylate
GBF134 was effective in reducing Golgi granularity in
peruvoside-treated cells (Fig. 4A), suggesting the involvement of
GBF1 in peruvoside-induced Golgi vesiculation. Roscovitine
was assessed in EV-A71- and CHIKV-infected cells treated with
peruvoside. Our results show that roscovitine at 2 and 5 mmol/L
significantly (*P < 0.05) and partially increase the fraction of
peruvoside-treated EVA71-infected cells by approximately
10%e15% when compared to 0.1% DMSO-treated cells
(Fig. 4B) and in peruvoside-treated CHIKV-infected cells by
approximately 0.25 loge0.5 log when compared to 0.1%
DMSO-treated cells (Fig. 4C). These results indicate involve-
ment of CDK1 in GBF phosphorylation following peruvoside
treatment.

Golgi undergoes extensive vesiculation during mitosis in a
regulated process involving the phosphorylation of GBF1 at
Threonine 133734,35. Thus, we used phospho-GBF1 targeted
antibody against Threonine 1337 in our western blotting analysis.
We confirmed elevated level of GBF1 phosphorylated at Threo-
nine 1337 (T1337) in cells treated with peruvoside and m-
3M3FBS compared to 0.1% DMSO-treated RD cells (Fig. 4D).
M-3M3FBS, neomycin and roscovitine were able to partially
neutralize the effect of peruvoside by reducing the amount of
phospho-GBF1 (Fig. 4D), whereas BFA did not result in higher
phospho-GBF1 levels even though it could also trigger Golgi
vesiculation (Fig. 4D), implying a different mechanism from
peruvoside. Treatment with CMA which did not inhibit EV-A71
replication (Fig. S3A) also did not increase the level of
phospho-GBF1 (Fig. 4D). Similar conditions were observed in
peruvoside treated SJCRH30 cells with M-3M3FBS, neomycin
and roscovitine being able to reduce the amount of phospho-
GBF1, whereas BFA did not result in increases of phospho-
GBF1 (Fig. 4E). The authenticity of the phospho-GBF1 bands
were validated by treatment with alkaline phosphatase which
removed phosphorylated GBF1 bands. All phospho-GBF1 bands
in peruvoside-treated or BFA-treated or EV-A71-infected cell
mponents of the Naþ/Kþ ATPase signalosome using siRNA was per-

50 nmol/L peruvoside or 0.1% DMSO. All bar graphs presented were

tical analysis was performed by unpaired, two-tailed Student’s t-test

05, **P < 0.01, n Z 3. Cell viability assay and infection assay was

h, and relative cell viability was expressed as a percentage compared to



Figure 4 Peruvoside treatment induced Golgi vesiculation and GBF1 phosphorylation. (A) Immunostaining of Golgi marker GM130 was

performed for various compounds on RD cells and were treated for 12 h. Vesiculation of the Golgi was quantified using CellProfiler. Numbers

atop bars indicate total number of cells analyzed from 3 experiments. Asterisks above bars are indicative of P values from unpaired, two-tailed

Student’s t-test against 0.1% DMSO. *P < 0.05, **P < 0.01; n Z 3. Error bars indicate standard deviation (SD). (B) Immunofluorescence was

performed at 12 hpi with the addition of roscovitine (CDK1 inhibitor) to peruvoside treated EV-A71 strain H infected cells. Percentage of infected

cells was derived from the number of cells expressing viral specific marker VP2 and total nuclei count. (C) Viral titration was performed at 24 hpi

with the addition of roscovitine (CDK1 inhibitor) to peruvoside treated CHIKV infected cells. Statistical analysis by from two-way analyses of

variance (ANOVAs) was performed against 0.1% DMSO. *P < 0.05; n Z 3. (D) RD cells were treated with 0.1% DMSO (negative control),

chlormadinone acetate (CMA), brefeldin A (BFA), peruvoside (Per) at different concentrations, m-3M3FBS, neomycin (Neo) and roscovitine

(Ros) or in combinations for 12 h and total cell lysates were harvested for Western blotting. (E) SJCRH30 cells were treated with 0.1% DMSO

(negative control), BFA, Per at different concentrations, m-3M3FBS, Neo and Ros or in combinations for 24 h and total cell lysates were harvested

for Western blotting. All RD cell and SJCRH30 membranes were probed with antibodies against GBF1, phospho-GBF1 and b-actin and b-tubulin

(loading control), respectively. Quantification of band intensities was performed with Image Studio (LI-COR) and the abundance of phospho-

GBF1 was expressed as a percentage of total GBF1 for each treatment condition. Results presented are an average of three experiments and

error bars reflect SD, n Z 3. (F) Western blot was performed with total cell lysates of RD cells treated with 0.1% DMSO, Per, BFA or infected

with EV-A71 and a duplicate set of lysates was treated with alkaline phosphatase (AP) for 30 min at 37 �C. The blots were probed with a specific

antibody against phosphorylated GBF1 at T1337 and total GBF1 to confirm the specificity of the phospho-GBF1 band detected.
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lysate were diminished post alkaline phosphatase treatment as
opposed to no treatment (Fig. 4F).

Peruvoside exhibited inhibitory activity on viruses from mul-
tiple families, thus alluding to an analogous mechanism of Golgi
vesiculation and disruption of viral replication. Hence, we per-
formed immunofluorescence for Golgi (GM130) and viral dsRNA
(dsRNA is produced as a replicative intermediate during RNA
virus replication) in peruvoside-treated and 0.1% DMSO-treated
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and viral infected cells. Our results revealed Golgi stacks vesic-
ulation within a perinuclear distribution pattern upon treatment
with peruvoside in cells infected with EV-A71 (Fig. 5A), CHIKV
(Fig. 5B), ZIKV (Fig. 5C), DENV2 (Fig. 5D) and MHV (Fig. 5E).
We also found that Golgi vesiculation was associated with the
absence of viral dsRNA in cells infected with EV-A71 and
CHIKV observed at 12 (Fig. 5A) and 24 hpi (Fig. 5B), respec-
tively. We also found considerably lower detection of viral dsRNA
in Huh7 cells infected by ZIKA and DENV2 at 48 h (Fig. 5C and
D) and less viral dsRNA in H2.35 cells infected by MHV at 24 h
(Fig. 5E) when compared to control cells treated with 0.1%
DMSO. These data were consistent with the viral titre reduction in
peruvoside-treated cells.

Since roscovitine diminished the effect of peruvoside on Golgi
vesiculation (Fig. 4A), it could imply an essential involvement of
GBF1 in peruvoside-induced Golgi vesiculation. Our inferences
are based on various reports implicating the association of EV-
A71, CHIKV, ZIKA, DENV2 and SARS-CoV-2 infection and
replication29,30,33,36,37 with GBF1 as well as its role in the
biogenesis of Golgi structures. Hence, we performed immuno-
fluorescence staining of Golgi and GBF1 in peruvoside-treated
and 0.1% DMSO-treated cell lines used for viral infection in
this study. Extensive colocalization of GBF1 and GM130 (Golgi
marker) in the perinuclear region of RD cells at 12 h post-
treatment (hpt) (Fig. 6A), in SJCRH30 cells at 24 hpt (Fig. 6B),
in Huh7 cells at 48 hpt (Fig. 6C) and in H2.35 cells at 24 hpt
(Fig. 6D) were observed. Taken together, our results validate the
GBF1 involvement in Golgi vesiculation in peruvoside-treated
cells.

To understand GBF1 involvement in peruvoside-treated cells
and its role in peruvoside-treated viral-infected cells, we per-
formed Western blotting on GBF1, GBF1 phosphorylation and
viral proteins. Initial Western blot densitometry analysis of mock-
infected cells showed increasingly higher levels of phosphorylated
Figure 5 Peruvoside treatment induced Golgi vesiculation and reduced v

the peruvoside or 0.1% DMSO for 12 h were immunofluorescence stai

immunofluorescence stained (C) ZIKV-infected and (D) DENV2-infected

nofluorescence stained at 48 hpi. All cells were fixed, and immunofluor

(green). Nuclei were counterstained with DAPI (blue).
GBF1 in peruvoside-treated cells compared to 0.1% DMSO-
treated cells in RD cells (Fig. 6E), SJCRH30 cells (Fig. 6F) and
Huh7 (Fig. 6G) cells. Western blot analysis and bar graph plot in
virus infected cells corroborated increasingly higher levels of
phosphorylated GBF1 in peruvoside-treated cells than 0.1%
DMSO-treated control cells for EV-A71-infected RD cells
(Fig. 7A). Similarly, CHIKV-infected SJCRH30 cells showed
increasing levels of phosphorylated GFB1 in a time-dependent
manner which was not evident in 0.1% DMSO-treated viral-
infected cells (Fig. 7B). ZIKA (Fig. 7C) and DENV2-infected
(Fig. 7D) Huh7 cells also showed gradual increase in phosphor-
ylated GBF1 levels in cells as opposed to 0.1% DMSO-treated
viral-infected cells. Expectedly, EV-A71 viral protein VP0 was
not detected at all time points in peruvoside-treated cells as
compared to 0.1% DMSO-treated cells which showed viral protein
at 6 h post-infection (Fig. 7A and E). In CHIKV-infected
SJCRH30 cells, capsid protein expression was detectable at all
time points but observed to be consistently lower in peruvoside-
treated cells (Fig. 7B and F). ZIKV (Fig. 7C and G) and
DENV2 (Fig. 7D and H) envelope protein expression was
consistently lower in peruvoside-treated cells and was only
detectable at 36 h post-infection compared to 0.1% DMSO-treated
cells which expressed envelop protein at 24 h post-infection.
These findings confirm that GBF1 phosphorylation associates
with peruvoside’s mechanism of viral RNA replication inhibition
for the tested viruses.

3.6. GBF1 is phosphorylated via CDK1 during peruvoside-
treatment

Ouabain, a compound from the same class as peruvoside has been
shown to activate the extracellular signal-regulated kinases (ERK)
in a Src-dependent manner8. The calcium flux and Src kinase
signaling cascades38,39 described in Fig. 3 may possibly trigger
iral RNA replication. (A) EV-A71-infected RD cells were treated with

ned. (B) CHIKV-infected SJCRH30 cells were fixed at 24 hpi and

Huh7 cells with peruvoside or 0.1% DMSO treatment were immu-

escence stained for Golgi-specific marker, GM130 (red) and dsRNA



Figure 6 GBF1 was phosphorylated upon peruvoside treatment and colocalized with GM130 in peruvoside treated cells. (A) Western blotting

was performed on total cell lysates of RD cells, (B) SJCRH30 cells and (C) Huh7 cells treated with 50 nmol/L peruvoside or 0.1% DMSO and

probed with antibodies against GBF1 and phospho-GBF1. Quantification of band intensities was performed with Image Studio (LI-COR). All bar

graphs show phosphorylated GBF1 expression normalized with 0.1% DMSO treated cells. b-Tubulin was included as a loading control.

Densitometry results presented were an average from 3 experiments normalized against 0.1% DMSO-treated mock samples and error bars reflect

SD (n Z 3). All bar graphs show relative band intensities normalized with 0.1% DMSO-treated infected cells. (D) RD cells were treated with the

indicated compounds for 12 h. (E) SJCRH30 cells were treated with the indicated compounds for 24 h. (F) Huh7 cells were treated with the

indicated compounds for 48 h. (G) H2.35 cells were treated with the indicated compounds for 24 h. Colocalization of GBF1 and GM130 were

determined in merged image (yellow) for all cells. Cells were fixed and immuno-stained for Golgi-specific marker, GM130 (green) and GBF1

(red). Nuclei were counterstained with DAPI (blue).
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pathways known to regulate CDK1 and GBF1 activities, which led
us to determine the ERK1/2 phosphorylation status in peruvoside-
treated cells. Indeed, our Western blotting analysis showed an
increase in phosphorylated ERK1/2 upon peruvoside treatment in
comparison to 0.1% DMSO-treated RD cells and EV-A71-infected
RD cells (Fig. 8A), as well as in 0.1% DMSO-treated
SJCRH30 cells and CHIKV-infected SJCRH30 cells (Fig. 8B).
Following that, specific inhibitors of CaMK1, KN93 and, specific
inhibitor of ERK1/2, FR180204 were then used to disrupt peru-
voside’s antiviral signaling via these pathways. We found that
specific inhibitor of CaMK1 with 50 nmol/L peruvoside-treated
cells showed significant recovery of EV-A71 infection in
response to increasing doses of KN93 concentration from 5, 7.5 to
10 mmol/L in 50 nmol/L peruvoside-treated RD cells (Fig. 8C) and
showed significant recovery of CHIKV infection in response to
increasing dose from 5 mmol/L in 50 nmol/L peruvoside-treated
SJCRH30 cells, and 7.5 to 10 mmol/L in both 25 and 50 nmol/L
peruvoside-treated SJCRH30 cells (Fig. 8D). ERK1/2 inhibitor
also showed significant recovery of EV-A71 infection with
increasing doses of FR180204 concentration from 5, 7.5 to
10 mmol/L in 50 nmol/L peruvoside-treated RD cells (Fig. 8E).
Similarly, a significant recovery of CHIKV infection with
increasing doses of FR180204 concentration from 5, 7.5 to
10 mmol/L in 50 nmol/L peruvoside-treated SJCRH30 cells were
observed (Fig. 8F). These results demonstrate the involvement of
ERK1/2 pathway and reconcile the observations of GBF1 phos-
phorylation with calcium flux induced by peruvoside which
worked to inhibit the replication of EV-A71.
Finally, we were able to significantly (**P < 0.01) rescue EV-
A71 infection from peruvoside treatment at 25 and 50 nmol/L
with the overexpression of wild type GBF1 (WT) or GBF1 with a
non-phosphorylable alanine substitution mutation at T1337
(T1337A) (Fig. 8G). We included cells expressing only V5-tag
(V5) and non-transfected RD cells (RD) as negative controls.
The overexpression of phosphomimetic mutant of GBF1 carrying
a glutamic acid substitution (T1337E) did not result in significant
improvement in EV-A71 infection rates for all peruvoside con-
centration tested, similar to negative controls (Fig. 8G). Taken
together, we have dissected and mapped out the complex detail
drug target of peruvoside as a broad-spectrum antiviral against
positive-sense RNA virus which is mediated by GBF1 phosphor-
ylation via CDK1 activation of ERK1/2 pathway that triggers
extensive Golgi vesiculation hence damping the formation and
function of viral replication complexes.

4. Discussion

All positive-sense RNA viruses modify existing intracellular
membranes and hijack host membrane structures to generate
membranous replication organelles. These organelles are believed
to provide a protected and conducive environment for virus
replication, concentrating essential host and viral factors while
subverting innate immune response40,41. The generation of these
structures during virus replication is highly regulated and coor-
dinated with viral protein synthesis and RNA replication42, which
is the very reason why many antivirals are designed to target viral



Figure 7 GBF1 was phosphorylated and viral proteins reduced in virus-infected peruvoside-treated cells. (A) Western blotting was performed

on total cell lysates of EV-A71-infected RD cells treated with different compounds and probed with antibodies against GBF1 and phospho-GBF1.

(B) Western blotting was performed on total cell lysates of CHIKV-infected SJCRH30 cells. (C) Western blotting was performed on total cell

lysates of ZIKV-infected and (D) DENV2-infected Huh7 cells. Quantification of band intensities was performed with Image Studio (LI-COR) for

(E) EV-A71 VP0, (F) CHIKV capsid, (G) ZIKV E protein and (H) DENV2 E protein with Western blots presented in AeD. All bar graphs show

phospho-GBF1 expression normalized to 0.1% DMSO treated cells. Tubulin was included as a loading control. Bar graph presented was an

average from three experiments normalized against 0.1% DMSO-treated mock samples and error bars reflect SD; n Z 3.
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genome and viral protein synthesis. In our study using peruvoside,
we discovered that saponin glycosides can trigger extensive Golgi
vesiculation linked to PLC-mediated Ca2þ signaling and GBF1
phosphorylation which led to inhibition of viral replication. Using
electron microscopy, Whetsell and Bunge first observed loss of
Golgi stacks and the appearance of vacuoles in ouabain-treated
neurons43. With peruvoside, we confirmed the Golgi-origin of
these vacuoles and uncovered a link to the ‘alternative’ signaling
mode of action for peruvoside.

Based on the well-characterized effects of certain saponin
glycosides on intracellular calcium stores, we found an essential
role for calcium flux in peruvoside’s mechanism of inhibiting viral
replication. Intracellular calcium flux is a highly complex
signaling cascade that can trigger a multitude of cell-wide changes
where we show intracellular calcium influx in cytoplasm with
peruvoside treatment in cells (Fig. 3). Previous study on ouabain
has been shown to activate ERK in a Src-dependent manner8 and
intracellular calcium flux will inevitably activate calcium/
calmodulin-dependent kinases, which are involved in growth-
related pathways such as MAPK/ERK activation. In this study
with peruvoside, we proved that inhibition of Src significantly
limited peruvoside antiviral activity and increased viral titre
(Fig. 3) in a similar pathway. Specifically, CaMK1 has been shown
to activate ERK in response to calcium signals44 and we showed
that inhibition of CaMK1 and ERK 1/2 limited peruvoside anti-
viral activity by significantly recovering viral infection (Fig. 5).
Our study preclosed a new phosphorylatable pathways which in-
cludes CDK1 involvement in the signaling cascade using



Figure 8 CDK1 mediated GBF1 phosphorylation via ERK1/2 pathway. Total cell lysates from indicated time-points and treatment conditions

were harvested for Western blotting and probed for pERK1/2 levels relative to total ERK1/2 and b-tubulin in (A) RD cells and (B)SJCRH30 cells.

(C) KN93 (CaMKI inhibitor) was added to peruvoside treated EV-A71 strain H infected cells and fixed at 12 hpi for indirect immunofluorescence

assay staining for viral antigen VP2. Relative infection was derived from number of cells expressing viral specific marker VP2 and total nuclei

count. (D) KN93 (CaMKI inhibitor) was added to peruvoside treated CHIKV-infected cells and viral titration were performed at 24 hpi via plaque

assay. (E) FR180204 (ERK1/2 inhibitor) was added to peruvoside treated EV-A71 strain H infected cells and fixed at 12 hpi for indirect

immunofluorescence assay staining for viral antigen VP2. Relative infection was derived from number of cells expressing viral specific marker

VP2 and total nuclei count. (F) FR180204 (ERK1/2 inhibitor) was added to peruvoside treated CHIKV-infected cells and viral titration were

performed at 24 hpi via plaque assay. (G) Immunofluorescence was performed to determine extent of inhibition of EV-A71 strain H infection by

peruvoside in RD cells stably expressing GBF1 (wildtype, WT), non-phosphorylatable mutant (T1337A) or phosphomimetic mutant (T1337E).

Infection rates were normalized against respective cell lines treated with 0.1% DMSO. Statistical analysis by unpaired, two-tailed Student’s t-test

was performed for each mutation against WT at each dose of peruvoside. All other statistical analysis by unpaired, two-tailed Student’s t-test was

performed against 0.1% DMSO-treated cells at each dose of peruvoside. *P < 0.05 and **P < 0.01; n Z 3. Data presented show the average of

three independent experiments (two technical replicates/experiment) and error bars reflect SD.
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roscovitine, a known inhibitor of CDK1 which showed no Golgi
vesiculation and reversal in relative infection with peruvoside
treatment (Fig. 4). Overall, we module that the activation of cal-
cium flux and Src and PLC kinase could trigger this pioneer
pathway known to regulate CDK1 and in-turn GBF1 activities
with peruvoside treatment.

We showed that peruvoside inhibits RNA viruses from four
families of Picornaviridae, Togaviridae, Flaviviridae and Coro-
naviridae, and one DNA virus, HSV1. Although DNA viruses
adopt a different replicative mechanism from RNA viruses, the
Golgi apparatus is a common component in its replication cy-
cles45. The Golgi and ER are important intracellular stores that
sequester free calcium from the cytosol and can generate cell-wide
or localized spikes in calcium levels in response to the appropriate
signals46. Viral proteins, such as enterovirus 2B and rotavirus
NSP4, can act as porins to trigger release of calcium from Golgi
and ER during late viral replication cycle47e49. These seemingly
paradoxical antiviral and proviral effects of the same cellular
event of calcium flux, can likely be explained by the importance
for timely and regulated coordination of cellular changes during
virus replication. The premature activation of cellular pathways
may deprive viral factors of crucial host factors needed for
replication. Our study showed that peruvoside modulate calcium
flux in cytoplasm of cells and it is essential for its antiviral activity
(Fig. 3). Moreover, we showed that peruvoside also triggered
Golgi vesiculation (Figs. 4 and 5) and GBF1 phosphorylation
(Fig. 7). The Golgi apparatus is known to be essential for cell
survival and division, while it is also known to disassemble and
vesiculate, which then reassemble upon cell division comple-
tion50. Hence, given that Golgi apparatus vesiculates and reas-
sembles in host cells, the cytotoxicity issue can be overcome with
the concentration of peruvoside used as an antiviral. Further, in all
our experiments with peruvoside treatment (peruvoside
<100 nmol/L) we did not notice any adverse effect of cellular
death (all experiments were below EC50 values). Moreover, our
murine model treatment of 0.59 mg/kg for 1-week post-infection
did not show any adverse effect in LDH assay (Fig. 2D) indi-
cating no cytotoxicity for the dosage used. We are assertive that
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peruvoside’s inhibitory mechanism is unlike others as it triggers
downstream signaling involving CDK1 activation and GFB1
phosphorylation. It is likely that Golgi disruption on its own is not
antiviral but rather the disruption of access to crucial factors
needed for viral replication, specifically GBF1 in the case of
peruvoside.

GBF1 is a guanine nucleotide exchange factor that regulates
COPI recruitment through activation of ADP-ribosylation factor
1 at the ER-Golgi intermediate compartment. It is a large
(w206 kDa) multidomain protein that plays multiple roles and has
a myriad of interaction partners. Studies in mitotic cells found that
GBF1 phosphorylation results in Golgi vesiculation, membrane
dissociation, reduced ADP-ribosylation factor 1 activation and
other effects beyond COPI recruitment in MHV, CHIKV, DENV2,
ZIKV and Influenza virus infection31,33,35,51e53. This study also
showed that peruvoside treatment caused GBF1 phosphorylation
resulting in Golgi vesiculation for different types cells infected
with EV-A71, CHIKV, ZIKV, DENV2 and MHV (Fig. 5) as well
as reduced viral dsRNA that translated to reduction of viral
replication in cells. As known, viruses use GFB1 in the form of
non-phosphorylated for regulation of COPI recruitment for for-
mation of viral factories or transport of proteins from ER to Golgi
for maturation of proteins1,28,54. Hence, phosphorylation of GBF1
may desperately deprive viruses of its function as a COPI
recruitment and limit its function on transport of viral proteins
form ER to Golgi.

We have shown that the reversal of peruvoside’s antiviral ef-
fects by various pathway-interfering inhibitors was associated
with a reduction in both phospho-GBF1 levels and Golgi vesicu-
lation. Specifically, we showed that GBF1 is colocalized with
GM130 (a known Golgi marker) only in peruvoside treated cells
as opposed to DMSO treated cells (Fig. 6) to vindicate GBF1 as a
key component in causing Golgi vesiculation. To further deter-
mine CDK1 phosphorylatable site in GFB1, we showed that the
overexpression of wild-type GBF1 and a non-phosphorylatable
mutant (T1337A) was able to rescue EV-A71 replication inhibi-
ted by peruvoside (Fig. 8). Hence, we discovered that not only
AMPK35, also CDK1 signaling of phosphorylated GBF1 at the
site of T1337.

5. Conclusions

Taken together, the results from this study highlight the impor-
tance of GBF1 in viral replication. GBF1 plays a role for many
viruses from remodeling the intracellular membranes to forming
viral replication factories to the recruitment of important lipid-
decorating enzymes (such as phosphatidylinositol-4-kinase b or
PI4KB), host environment modification55 and viral assembly/
maturation processes56. We have shown that GBF1 functions
could be made inaccessible to viral factors by inactivation of its
phosphorylation triggered by saponin glycosides like peruvoside
and the after effect of vesiculation of Golgi may impair viral
replication or maturation of viral protein. Our study demonstrated
the pleiotropic cellular effects of saponin glycosides from intra-
cellular calcium signaling to modulation of growth-related path-
ways that led to the GBF1 phosphorylation and Golgi vesiculation,
a crucial host factor in viral replication. By targeting host factors/
processes shared by many viruses, peruvoside exhibited inhibitory
activity on a broad array of RNA viruses. Traditional antiviral
development has focused largely on direct-acting compounds that
target viral factors which offer a lower risk of cytotoxicity but are
plagued by a high risk of resistant mutant emergence, especially
for RNA viruses with inherently high mutation rates. The use of
combinatorial therapy may be able to offset this risk, but the
design of specific viral targeting compounds principally limit their
spectrum of activity57, such as in the COVID-19 pandemic caused
by SARS-CoV-2. We have shown using EV-A71, CHIKV, ZIKV,
DENV2, SARS-CoV-2, MHV and HSV1 that broad-spectrum
host-acting compounds, like peruvoside, are potent antivirals. As
our understanding of host-pathogen interactions improves, broad-
spectrum host-acting compounds could be developed as a viable
and complementary strategy against fast evolving, emerging viral
pathogens that may arise in future.
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