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A B S T R A C T   

The continuous emergence of SARS-CoV-2 variants prolongs COVID-19 pandemic. Although SARS-CoV-2 vac
cines and therapeutics are currently available, there is still a need for development of safe and effective drugs 
against SARS-CoV-2 and also for preparedness for the next pandemic. Here, we discover that astersaponin I (AI), 
a triterpenoid saponin in Aster koraiensis inhibits SARS-CoV-2 entry pathways at the plasma membrane and 
within the endosomal compartments mainly by increasing cholesterol content in the plasma membrane and 
interfering with the fusion of SARS-CoV-2 envelope with the host cell membrane. Moreover, we find that this 
functional property of AI as a fusion blocker enables it to inhibit the infection with SARS-CoV-2 variants 
including the Alpha, Beta, Delta, and Omicron with a similar efficacy, and the formation of syncytium, a 
multinucleated cells driven by SARS-CoV-2 spike protein-mediated cell-to-cell fusion. Finally, we claim that the 
triterpene backbone as well as the attached hydrophilic sugar moieties of AI are structurally important for its 
inhibitory activity against the membrane fusion event. Overall, this study demonstrates that AI is a natural viral 
fusion inhibitor and proposes that it can be a broad-spectrum antiviral agent against current COVID-19 pandemic 
and future outbreaks of novel viral pathogens.   

1. Introduction 

The ongoing coronavirus disease 2019 (COVID-19) pandemic, 
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV- 
2), has led to an unprecedented global health problems and economic 
tragedy. The recent development of clinically effective vaccines and 
therapeutics against COVID-19 represents an important step toward 
ending this pandemic. But, multiple SARS-CoV-2 variants including 
Alpha (lineage B.1.1.7, designated by the Pango nomenclature system 
(Rambaut et al., 2020)), Beta (lineage B.1.351), Gamma (lineage P.1), 
Delta (lineage B.1.617.2), and Omicron (lineage B.1.1.529) have 

emerged around the world. Current global outbreak of Omicron and its 
sub-variants are of concern since they are highly transmissible and could 
compromise the effectiveness of the vaccines (Andrews et al., 2022; 
Halfmann et al., 2022). Most of these SARS-CoV-2 variants carry mu
tations in spike (S) protein, which is responsible for binding to host cell 
receptor angiotensin-converting enzyme 2 (ACE2) and fusion between 
virus and cell membranes during the viral entry (Hoffmann et al., 2020; 
Jackson et al., 2021). The mutations on S protein were shown to confer 
more efficient attachment of SARS-CoV-2 to ACE2, resulting in higher 
viral infection and increasing the possibility of transmission (Cai et al., 
2021; Harvey et al., 2021). The Delta and Omicron variants are known 
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to have 16 and 32 mutations to the S protein respectively, and thus a 
higher risk for re-infection and viral escape from neutralizing antibodies 
(Callaway and Ledford, 2021). In order to control the ongoing COVID-19 
pandemic due to the continuous emergence of more infectious 
SARS-CoV-2 variants, therapeutic agents that are effective against 
SARS-CoV-2 variants regardless of S mutation status are needed. 

Traditional medicinal plants and derived natural products have been 
used for a long time as important remedies for the prevention and 
treatment of various infectious diseases (Dvorkin-Camiel and Whelan, 
2008; Li and Peng, 2013; Qi et al., 2013) and some of them have thus 
been suggested as potential drug candidates for COVID-19 with minimal 
adverse effects (Alam et al., 2021; Benarba and Pandiella, 2020; Chan
dramouli et al., 2021; Kuchta et al., 2021). But, natural agents that have 
been proven to be active against SARS-CoV-2 variants are limited. In this 
study, we evaluated a potential anti-SARS-CoV-2 activity of several 
plants containing saponins, including Asparagus cochinchinensis, Aster 
pseudoglehnii, Aster scabra, Aster koraiensis, and Polygala tenuifolia. 

2. Materials and methods 

2.1. Cell culture 

H1299 from the Korean Cell Line Bank (KCLB, South Korea, 25803) 
were maintained in RPMI-1640 (Gibco, USA), and HEK293T cells (CRL- 
3216) and Vero cells (CCL-81) from the American Type Culture 
Collection (ATCC, USA) were maintained in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Corning, USA) in a 5% CO2 incubator at 37 ◦C. All 
medium was supplemented with 10% fetal bovine serum (FBS) (Gibco, 
USA) and 1X Penicillin-Streptomycin solution (HyClone, USA). A549- 
ACE2-TMPRSS2 cells that stably express human ACE2 and TMPRSS2 
were purchased from National Institute for Biological Standards and 
Control (NIBSC) and grown at 37 ◦C with 5% CO2 in Ham’s F–12K 
(Kaighn’s) medium, supplemented with 10% heat-inactivated FBS and 2 
mg/ml Geneticin (G418), 200 μg/ml Hygromycin B and 1x Antibiotic- 
Antimycotic solution (Gibco/Thermo Fisher Scientific, Waltham, MA, 
USA). 

2.2. Plant material 

The aerial parts of Aster pseudoglehnii Y.Lim, J.O.Hyun & H.Shin 
(voucher specimen #: ASPS2-2021) and Aster scabra Thunb. (voucher 
specimen #: ASSC1-2021) were purchased from a food market, 
Dondaemun-gu, Seoul, Korea, in May 2021. The leaves of Aster koraiensis 
Nakai (voucher specimen #: ASKO2-2021) was collected at Maru Park, 
Gangnam-gu, Seoul Korea, in May 2021. The roots of Asparagus 
cochinchinensis (Loureio) Merrill (voucher specimen #: ASCO1-2017) 
were purchased from Nanuum pharmaceutical Co., Youngcheon-si, 
Kyungsangbukdo, Korea, in May 2017. The roots of Polygala tenuifolia 
Willd. (voucher specimen #: POTE1-2016) were obtained from Hyunjin 
pharmaceutical Co., Dongdaemun-gu, Seoul, Korea, in October 2016. 
The origins of the plant materials were authenticated by one of the 
authors D.S.J. and voucher specimens were deposited at the College of 
Pharmacy, Kyung Hee University, Korea. 

2.3. Extraction and isolation 

The parts of each plant used for food or medicine were used as 
experimental materials. The fresh leaves of A. pseudoglehnii (150 g), 
A. scabra (92 g), and A. koraiensis (320 g) were sliced and extracted three 
times in an ultrasonic bath at room temperature (RT) for 2 h with 2 L, 
1.5 L, and 3 L of 70% EtOH, respectively. The extracts were filtered and 
evaporated in vacuo at 45 ◦C to give 70% EtOH extracts of 
A. pseudoglehnii (6.94 g, 4.63%), A. scaber (3.70 g, 4.02%), and 
A. koraiensis (17.21 g, 5.38%). The leaves of Aster koraiensis for isolation 
of triterpenoid saponins were collected at Pyeongchang, Gangwon-Do, 
Korea in 2017. The dried and ground leaves (5.0 kg) of A. koraiensis 

were extracted twice with 25 L of 95% EtOH at 70 ◦C for 3 h and extract 
solutions were removed using a rotary evaporator. The 95% EtOH 
extract (500 g) was chromatographed over Diaion HP− 20 (φ 9.8 × 63.0 
cm) eluting with an acetone-H2O gradient (from 0:1 to 1:0 v/v) to afford 
28 fractions (C1 ~ C28). Fraction C11 was separated into seven sub
fractions by column chromatography using Sephadex LH-20 (φ 3.6 ×
65.0 cm), with 50% acetone to separate astersaponin I (96.5 mg). The 
dried roots of P. tenuifolia (400 g) was extracted twice with 4 L of 70% 
EtOH at 80 ◦C in water bath for 3 h and the solvent was evaporated in 
vacuo at 45 ◦C. The 70% EtOH extract (84 g) was chromatographed over 
Diaion HP-20 (φ 6.8 × 30.5 cm) with a MeOH–H2O gradient (from 6:4 
→ 8:2 → 1:0 v/v) to afford 14 fractions (Fr.1~Fr.14). Fraction 9 (1.8 g) 
was fractionated further by using a flash chromatography system using 
Redi Sep-C18 (130 g, MeOH–H2O, 1:1 to 4:1 v/v) cartridge to obtain 
onjisaponin R (40.4 mg). Fraction 10 (5.2 g) was chromatographed over 
silica gel CC as stationary phase with EtOAc/BuOH/MeOH/H2O mixture 
(3/4/1.5/1.5 v/v) to isolate onjisaponins B (212.4 mg), Fg (25.8 mg), 
and J (33.2 mg) was purified from fraction 10-6 (600 mg) by a flash 
chromatography system using Redi Sep-C18 (40 g, MeOH–H2O, 25:75 to 
9:1 v/v) cartridge. The dried roots of A. cochinchinensis (800 g) were 
extracted with distilled water (8 L) at 100 ◦C for 2 h, and the solvent was 
removed using rotary evaporator to give a hot water extract (300.0 g). 
The steroidal saponins tested in this study, protodioscin, methyl proto
dioscin, aspacochioside A, aspacochioside C, 
15− hydroxypseudoprotodioscin, and chamaedroside E, were previously 
isolated from the hot water extract of A. cochinchinensis (Kim et al., 
2021a). The purities of all isolates were determined as >95% by 
high-performance liquid chromatography (HPLC) and nuclear magnetic 
resonance (NMR) experiments. 

2.4. Reagents 

Platycodigenin (purity:≥98%) were purchased from Chemface 
(China). 

2.5. Cloning and plasmids 

The full length of ACE2 and SARS-CoV-2 S sequence were amplified 
by PCR from pCEP4-myc-ACE2 (a gift from Erik Procko, Addgene 
plasmid #141185) and SARS-CoV-2 spike plasmid (a gift from Fang Li, 
Addgene plasmid #145032) respectively and cloned into pHR-CMV or 
pHR-CMV_IRES-EmGFP lentiviral expression plasmid (a gift from A. 
Radu Aricescu, Addgene plasmid #113887 and #113888) via EcoRI and 
AgeI restriction sites. Firefly luciferase gene were cloned into pHR-CMV 
via EcoRI and AgeI restriction sites. TMPRSS2 lentiviral expression 
vector, RRL.sin.cPPT.SFFV/TMPRSS2 (variant 1).IRES-neo.WPRE 
(MT130) was gifted by Caroline Goujon (Addgene plasmid # 145843). 

2.6. Generation of stable cell lines 

H1299 cells stably expressing ACE2 (ACE2+) or ACE2 plus TMPRSS2 
(ACE2/TMPRSS2+) cells, ACE2/TMPRSS2+ H1299 cells expressing 
mRuby2, and H1299 cells co-expressing S protein and GFP (Spike- 
H1299) were generated by lentiviral transduction. For lentiviral pro
duction, HEK293T cells were co-transfected with lentiviral expression 
plasmids, packaging plasmid psPAX2, and envelope plasmid pMD2.G 
using Lipofectamine 3000 transfection reagent (Thermo Fisher, USA). 
Supernatants containing the lentivirus were collected at 24 h and 48 h 
post-transfection and filtered through 0.45 μm-pore-size filters. For the 
generation of stable cell lines, viral supernatants supplemented with 4 
μg/ml polybrene (Merck, Germany) were added into H1299 cultures 
that were ~50% confluent. The next day, the viral supernatants were 
replaced with fresh culture medium and incubated for 2–3 more days 
before the experiments. 
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2.7. pSARS-CoV-2 entry assay 

SARS-CoV-2 spike pseudotyped lentivirus (pSARS-CoV-2) was 
generated as described in our previous study (Kim et al., 2021b). Briefly, 
HEK293T cells that were ~80% confluent were co-transfected with 
pHR-CMV-firefly luciferase plasmid, psPAX2, and SARS-CoV-2 S 
plasmid (Addgene #145032) using Lipofectamine 3000 transfection 
reagent (Invitrogen, USA). Viral supernatants were collected 24 h and 
48 h after transfection and centrifuged at 500×g for 5 min to remove 
detached cells. ACE2+ or ACE2/TMPRSS2+ H1299 cells that were ~80% 
confluent in a 48 well plate was treated with the collected supernatant 
containing pSARS-CoV-2 virus particles and plant extracts or com
pounds after 1 h pretreatment with plant extracts or compounds. Next 
day, pSARS-CoV-2 entry efficiency was quantified by measuring firefly 
luciferase activity in cell lysates using a luciferase assay kit (Promega, 
USA) with SpectraMax iD5 Multi-Mode Microplate Reader (Molecular 
Devices, USA). DMSO-treated groups were set as 100% and IC50 (half-
maximal inhibitory concentration) values were calculated and plotted 
with Prism v.9.0.0 software (GraphPad, USA). For the experiment 
comparing the infectivity of WT and D614G mutant of SARS-CoV-2, 
D614G mutant construct were generated by PCR-based mutagenesis 
using Pfu DNA polymerase. The sense primer sequence for the point 
mutation is as follows: 5′-GTG GCC GTG CTG TAC CAG GGC GTG AAT 
TGC ACC GAG GTG -3′. Culture media containing WT and D614G 
pSARS-CoV2 viruses were prepared as described above and subjected to 
ultracentrifugation in a Beckman SW28 rotor at 28,000 rpm for 2 h at 
4 ◦C. The virus pellet was suspended in PBS buffer and viral titers were 
determined using qPCR Lentivirus Titration Kit (LV900, ABM). Viral 
titers ranging from 0.6 to 2.7 × 10 IU (infectious unit)/ml were obtained 
for WT and D614G and equivalent viral titer were used for pSARS-CoV-2 
entry assay. 

2.8. Dose-response curve (DRC) analysis using authentic SARS-CoV-2 

Five lineages of SARS-CoV-2 viruses (Ancestral virus, Alpha, Beta, 
Delta, Omicron) were obtained from Korea Disease Control and Pre
vention Agency (KDCA). All experiments using these infectious viruses 
were conducted in an enhanced biosafety level 3 (BSL-3) containment 
facility at Institut Pasteur Korea using BSL-3 procedures in laboratories 
as approved for such use by the KDCA. The viruses were propagated on 
Vero E6 cells and the viral titers were determined by plaque formation 
on Vero cells. For DRC analysis, Vero cells were seeded at 1.2 × 104 cells 
per well in black, 384-well, μClear plates (Greiner Bio-One, Austria). The 
following day, 2-fold serial dilution series of compounds prepared in 
dimethyl sulfoxide (DMSO) were added to each well and the cells were 
infected with the viruses at a multiplicity of infection (MOI) of 0.008, 
incubated for 24 h, and then fixed with 4% paraformaldehyde (PFA). For 
visualization of infected cells, the fixed cells were stained with an 
antibody against SARS-CoV-2 nucleocapsid (N) protein and DNA fluo
rochrome Hoechst 33342. The images were acquired using Operetta 
high-throughput imaging device (PerkinElmer) and analyzed using Co
lumbus software (PerkinElmer, Inc. Waltham, MA) to quantify cell 
numbers and infection ratios. Antiviral activity was normalized to 
infection control (0.5% DMSO) in each assay plate. DRCs were gener
ated using Prism7 software (GraphPad). IC50 values were measured in 
duplicates and calculated using nonlinear regression analysis. 

2.9. SARS-CoV-2 nanoluciferase (NLuc) antiviral assay 

A549-hACE2-TMPRSS2 cells (1.2 × 104 cells per well) were seeded 
in white 384-well μClear plates (Greiner Bio-One) and the next day 
treated with 2-fold serial dilution series of AI, followed by infection with 
SARS-CoV-2-NLuc (MOI 0.01) (Rihn et al., 2021). After 24 h incubation, 
nano luciferase substrates (Promega, USA) were added and luciferase 
signals were measured using a VICTOR3™ multilabel plate reader 
(PerkinElmer, USA). The relative luciferase signals of the AI-treated 

groups were normalized to that of non-infection control (set as 0%) 
and DMSO-treated groups (set as 100%). The plots for DRCs were 
generated using Prism7 software (GraphPad), and IC50 values were 
calculated using a nonlinear regression model. 

2.10. Cell viability assay 

H1299, Vero, and A549 cells were seeded in 96-well plate (5 × 103 

cells/well) and the next day they were treated with the indicated con
centrations of plant extracts or each compounds. After 24 h culture, 
WST-8 solution (Biomax, Korea) was added to each well and incubated 
for 2 h at 37 ◦C in CO2 incubator. The absorbance of each well was 
measured at 450 nm using SpectraMax iD5 Multi-Mode Microplate 
Reader (Molecular Devices, USA). The relative cell viability was calcu
lated as the ratio between the mean absorbance values of the drug- 
treated samples to those of cells treated with DMSO. 

2.11. SARS-CoV-2 S and ACE2 binding assay 

To monitor the binding of SARS-CoV-2 S protein to ACE2, a recom
binant protein S-RBD-GFP comprising receptor binding domain of SARS- 
CoV-2 spike protein (RBD) fused to GFP were produced in Expi293F cells 
as previously described (Kim et al., 2021b). ACE2+ H1299 cells were 
treated with DMSO or indicated concentrations of AK extracts or AI for 
30 min, and medium containing S-RBD-GFP was added with the ratio of 
10:1 and incubated for further 10 min at 37 ◦C in CO2 incubator. The 
mixture of ACE2+ H1299 cells and S-RBD-GFP were then washed with 
PBS containing 1% BSA and 1 × 104 cells analyzed for the binding of 
S-RBD-GFP to ACE2 on the surface of H1299 cells using LSRFortessa 
flow cytometer (BD Biosciences). The data was analyzed using FlowJo 
software (BD Life Sciences). 

2.12. Cell fusion assay using time-lapse imaging 

ACE2/TMPRSS2+ H1299-mRuby2 cells were plated in clear bottom 
24 well plates (ibidi, #82426) (1 × 105 cells per well) and allowed to 
adhere overnight. The cell cultures were treated with DMSO or 10 μM AI 
for 1 h before 1 × 104 of GFP-H1299 or Spike-H1299 co-expressing GFP 
cells were added. Fluorescence microscopy images were acquired at 
37 ◦C every 4 min for 2 h at x40 magnification under Leica DMi8 mi
croscope (Leica Microsystems, Germany). 

2.13. Cell fusion assay using flow cytometry 

ACE2/TMPRSS2+ H1299-mRuby2 cells were plated in 12 well plate 
(2 × 105 cells/well) and allowed to adhere overnight. The cell cultures 
were treated with DMSO or 10 μM of each compounds as indicated for 
30 min before 2 × 104 Spike-H1299 cells co-expressing GFP were added. 
After 1 h incubation, the co-cultures were harvested using trypsin-EDTA 
(Gibco, USA). 1 × 104 cells were analyzed by flow cytometry (LSRFor
tessa™, BD Biosciences) to determine the percentage of GFP and mRuby 
double-positive cells as a measure of cell fusion. The data was analyzed 
using FlowJo software (BD Life Sciences). 

2.14. Split-GFP fusion assay 

Two fragments of GFP, GFP1-10 (residues 1–214) and GFP11 (resi
dues 215–230), were separately expressed in ACE2/TMPRSS2+ H1299 
cells by lentiviral expression systems as described in a previous study 
(Buchrieser et al., 2020). Equal numbers of ACE2/TMPRSS2+

H1299-GFP1-10 and -GFP11 were seeded in clear bottom 96 well plates 
(ibidi, #89626), infected the next day with lentiviral particles express
ing S protein, and cultured for 48 h until a substantial number of 
GFP-positive cells are formed. To investigate the effects of AI on the 
S-mediated syncytia formation, the cell cultures were treated with 
varying concentration of AI 6 h after S protein expression via lentiviral 
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infection and further incubated for 42 h. The cells were then fixed with 
4% PFA and stained with DAPI (Invitrogen, D1306) to visualize cell 
nuclei. The cell images were acquired at x20 magnification on an 
ImageXpress Pico automated cell imaging system (Molecular Devices) 
and were analyzed using cell scoring function (2 channel assay for 
scoring cells based on a nuclei stain and a GFP signal) of CellRe
porterXpress software. GFP-positive cells in the field of view were 
designated as multinucleated syncytia. Nuclei contained in GFP-positive 
cells and free nuclei were automatically pseudocolored in green and red, 
respectively and the percentage of fused cells was calculated as the ratio 
of green-to red-colored nuclei. 

2.15. Filipin staining of intracellular cholesterol 

ACE2+ were plated on glass coverslips and allowed to attach over
night. The cells were treated with indicated concentrations of com
pounds for 1 h and fixed with 4% PFA, followed by staining with 5 μg/ml 
filipin-III (Cayman, USA) for 2 h. The stained cells were examined using 
a LSM 700 confocal microscope (Carl Zeiss, Germany) and the fluores
cence intensity in the plasma membrane was quantified using image J 
software (NIH, USA). 

2.16. Protein extraction and immunoblot analysis 

Protein lysates from 48 h co-cultures of GFP-H1299 and ACE2/ 
TMPRSS2+, and Spike-H1299 and ACE2/TMPRSS2+ pretreated with 
DMSO or 10 μM AI for 1 h were prepared by dissolving the co-cultures 
directly in 2X SDS sample buffer, separated by SDS-PAGE, and trans
ferred onto nitrocellulose membranes. The membranes were then 
blocked with 5% skim milk in TBST (20 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 0.05% Tween 20) for 1 h at RT, followed by incubation with 
primary antibodies in 1% bovine serum albumin (BSA) in TBST over
night at 4 ◦C. The primary antibodies used were as follows; rabbit anti- 
Cleaved Caspase-9 (Cell Signaling, #9505), rabbit anti-Cleaved PARP 
(Cell Signaling, #9541), and mouse anti-GAPDH (Abcam, ab8245). The 
membranes were incubated with the corresponding horseradish 
peroxidase-conjugated secondary antibodies (KPL, USA) for 1 h at RT. 
Immuno-reactive protein bands were detected using ECL Western Blot
ting Substrate (Thermo Fisher Scientific, USA). 

2.17. Statistical analysis 

The data shown in this study are representative of two or three in
dependent experiments and presented as the mean ± SEM of triplicate 
samples. The results were analyzed using Student’s t-test or one-way 
analysis of variance (ANOVA) followed by Tukey’s post hoc test and a 
p value less than 0.05 was considered to indicate statistical significance 
(*P < 0.05; ****P < 0.0001; NS not significant). Prism v.9.0.0 software 
was used for statistical analyses. 

3. Results 

3.1. Astersaponin I from Aster koraiensis blocks two main infection routes 
of SARS-CoV-2 

To test the antiviral potency of five different plant extracts against 
SARS-CoV-2, we constructed and utilized SARS-CoV-2 pseudovirus that 
carry SARS-CoV-2 S protein on HIV-based lentiviral particles (pSARS- 
CoV-2) as previously described (Kim et al., 2021b). The pseudovirus was 
then allowed to infect the model host cell lines that stably overexpress 
either the host cell receptor ACE2 (ACE2+) or ACE2 plus TMPRSS2 
(ACE2/TMPRSS2+) in H1299 cells. These cell lines were used to deter
mine the effects of plant extracts and compounds on two different 
SARS-CoV-2 infection routes of the endosomal and TMPRSS2-mediated 
entry pathways respectively. pSARS-CoV-2 entry assay demonstrated 
that four out of five plant extracts, besides the roots of A. cochinchinensis, 

exhibited potent inhibitory activity against both entry routes of 
SARS-CoV-2 (Fig. 1A). Among them, the 70% EtOH extracts from the 
leaves of A. koraiensis (AK) exhibited the most potent anti-SARS-CoV-2 
activity with IC50 values of 48.4 and 62.4 μg/ml in ACE2+ and 
ACE/TMPRSS2+ respectively, while it did not show any sign of cyto
toxicity up to 200 μg/ml (Fig. 1B). Note that the inhibitory effect of plant 
extracts on ACE2/TMPRSS2+ cells was less efficient compared with 
ACE2+ cells, which might be due to the fact that TMPRSS-mediated 
SARS-CoV-2 entry pathway is much more efficient than the endosomal 
pathway (Ou et al., 2021). Next, in an attempt to identify the bioactive 
compound(s) present in AK, we isolated a major triterpenoid saponin 
from the AK extracts. By analyzing MS and 1D NMR spectroscopic data 
(Supplementary Figs. S1–3) and comparing with published literature, 
the chemical structure of the triterpenoid saponin was identified as 
astersaponin I (AI) (Kwon et al., 2019). AI consists of 30-carbon tri
terpene backbone with two sugars at position C3 and a hydrophilic 
oligosaccharide chain attached at position C28 (Fig. 1C). pSARS-CoV-2 
entry assay showed that AI effectively blocked both SARS-CoV-2 entry 
pathways with IC50 values of 1.60 μM in ACE2+ and 2.89 μM in 
ACE2/TMPRSS2+ without obvious cytotoxicity (Fig. 1C), suggesting 
that AI is a bioactive compound exerting antiviral effects in AK extracts. 

3.2. Steroidal saponins and triterpenoid sapnoins with hydrophobic 
moiety exhibit a limited antiviral activity against SARS-CoV-2 

Since AI showed a potent anti-SARS-CoV-2 activity, we then asked 
whether different saponins isolated from other plants might also show 
such antiviral effects. Interestingly, the results from pSARS-CoV-2 assay 
demonstrated that steroidal saponins isolated from the roots of 
A. cochinchinensis including protodioscin, methyl protodioscin, 15-hy
droxyl pseudoprotodioscin, aspacochioside A, and chamaedroside E 
did not show any inhibitory activity against SARS-CoV-2 infection in 
ACE2+ until a concentration of 10 μM (Fig. 2A). Moreover, onjisaponins, 
triterpenoid saponins possessing a hydrophobic phenyl group on sugar 
chain, isolated from the roots of P. tenuifolia were tested, and all 
exhibited no or limited antiviral effects until 10 μM (Fig. 2B). These 
results suggest that not all saponins exhibit anti-SARS-CoV-2 activity 
and that saponins with specific chemical features like AI, have a potent 
inhibitory activity against SARS-CoV-2 infection. 

3.3. Astersaponin I inhibits SARS-CoV-2 S protein-mediated membrane 
fusion 

To understand the mechanism by which AI blocks SARS-CoV-2 
infection, we first investigated whether AI inhibits the binding of S 
protein to ACE2 using a recombinant protein containing receptor- 
binding domain (RBD) of the SARS-CoV2 S protein fused with GFP 
(RBD-GFP) (Fig. 3A). The strong binding of RBD-GFP to ACE2 expressed 
on the surface of H1299 cells was confirmed by flow cytometry (Fig. 3B). 
Importantly, the pretreatment of AK extracts or AI did not lead to 
blockade of the interaction between RBD-GFP and ACE2 at concentra
tions up to 250 μg/ml and 10 μM respectively, but significant inhibitory 
effects were seen at 1000 μg/ml AK extracts and 20 μM AI (Fig. 3B), 
indicating that, despite they can interfere with the binding of S protein 
to ACE2 at high concentrations, the antiviral activity of AK extracts and 
AI observed in pSARS-CoV-2 entry assay (Fig. 1B and C) is not attributed 
to reduced S-ACE2 protein interactions. Next, we observed that removal 
of AI after 1 h pretreatment of ACE2+ with 1 or 5 μM AI did not change 
its antiviral activity, offering an important clue that AI affects host cells, 
but not SARS-CoV-2 (Fig. 3C). Previously, we proposed that platycodin 
D (PD), a triterpenoid saponin from Platycodon grandiflorum, can inhibit 
SARS-CoV-2 fusion with host cells by incorporating into host cell 
membrane (Kim et al., 2021b). Since AI has a similar chemical structure 
to PD, we hypothesized that AI might also incorporate into host cell 
membrane and interferes with viral envelope fusion with host cell 
membrane. To test this possibility, we established a SARS-CoV-2 
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S-driven cell fusion system in which H1299 cells overexpressing S pro
tein (Spike-H1299, labeled with GFP) are added to a monolayer of 
ACE2/TRMPRSS2+ (labeled with mRuby) to monitor the cell-to-cell 
fusion between the two cell lines (Fig. 3D). Time-lapse microscopy 
showed that Spike-H1299 cells gradually moved close to and interacted 
with the ACE2/TMPRSS2+, followed by a rapid fusion between two cells 

within 10 min after adding cells (Fig. 3E, Movie 1). The fusion event 
causes the hybrid cells to display S proteins on their surface, which al
lows them to fuse continuously with neighboring ACE2/TMPRSS2+, 
giving rise to enlarged multinucleated cells (Fig. 3E). The cell-to-cell 
fusion is mediated by the interaction between S protein and ACE2, 
because this process was not observed in co-culture of control 

Fig. 1. Astersaponin I from Aster koraiensis inhibits SARS-CoV-2 infection. (A) The effects of various plant extracts on the entry of SARS-CoV-2 pseudovirus (pSARS- 
CoV-2) into ACE2+ and ACE2/TMPRSS2+ H1299 cells. (B, C) pSARS-CoV-2 entry and cell viability assays for the 70% EtOH extract of Aster koraiensis (B) and 
triterpenoid saponins isolated from A. koraiensis (C) in ACE2+ and ACE2/TMPRSS2+ H1299 cells. The data from pSARS-CoV-2 entry assay were representative of 
three independent experiments. The error bars indicate the SEM (n > 3). P values were determined by the unpaired, two-tailed Student’s t-test. *P < 0.05; **P < 0.01, 
****P < 0.0001. 
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GFP-H1299 (no S protein) with ACE2/TMPRSS2+ (Fig. 3E, Movie 2). 
Strikingly, AI treatment almost completely blocked the fusion between 
the two cells, thus preventing the formation of multinucleated cells 
(Fig. 3E, Movie 3). Note that even though the fusion between 
Spike-H1299 and ACE2/TMPRSS2+ occasionally occurred, it did not 
lead to a further fusion with adjacent cells. To quantitatively measure 
these fusion events, we further performed a flow cytometry analysis 
after adding Spike-H1299 cells onto ACE2/TRMPRSS2+. The results 
showed that around 10% of total cells were participated in the fusion 
event, generating hybrid cells (both mRuby- and GFP-positive; Fig. 3F). 
Again, the fusion was not observed in the mixture of control GFP-H1299 

cells (no S protein) with ACE2/TMPRSS2+ (Fig. 3F). Importantly, AI 
pretreatment effectively inhibited the cell-to-cell fusion, with less than 
1% of cells showing cell fusion hybrids (Fig, 3F), which is consistent 
with the results shown in Fig. 3E. Next, we examined the effect of other 
natural saponins on the S-mediated cell fusion. Platycodigenin, a tri
terpenoid aglycone without hydrophilic sugar moieties, did not exhibit 
inhibitory effect on the cell-to-cell fusion (Fig. 3F). Moreover, steroidal 
saponin such as protodioscin (Fig. 2A) and onjisaponin Fg, a triterpenoid 
saponin from P. tenuifolia (Fig. 2B) did not show any anti-fusogenic 
activity (Fig. 3F). These results indicate that AI from AK, but not other 
saponins, can antagonize the S-mediated viral membrane fusion event, 

Fig. 2. Steroidal saponins and triterpenoid saponins with a phenyl moiety have a limited inhibitory activity against SARS-CoV-2 infection. (A) Chemical structures 
and the effects of the steroidal saponins obtained from A. cochinchinensis on the entry of pSARS-CoV-2 into ACE2+ H1299 cells. (B) Chemical structures and the effects 
of onjisaponins obtained from P. tenuifolia on the entry of pSARS-CoV-2 into ACE2+ H1299 cells. The data from pSARS-CoV-2 entry assay were representative of two 
or three independent experiments. The error bars indicate the SEM (n > 3). 
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which leads to an inhibition of SARS-CoV-2 entry into host cells. Given 
that cholesterol is essential for membrane fusion and the penetration of 
enveloped viruses including SARS-CoV-2 into host cells (Sanders et al., 
2021; Yang et al., 2016), we next investigated whether AI alters 
cholesterol content of the plasma membrane. After treatment with 5 μM 
AI for 1 h, ACE2+ were stained with filipin to visualize intracellular 
cholesterol. Confocal imaging showed that the amounts of free choles
terol in the plasma membrane were markedly increased upon AI treat
ment (3.3-fold increase above DMSO-treated control) (Fig. 3G and H). 
Meanwhile, platycodigenin, protodioscin, and onjisaponin Fg did not 
affect membrane cholesterol content even at higher concentration of 10 
μM (Fig. 3G and H). Together, these results showed a correlation be
tween changes in cholesterol levels in cell membranes and 
anti-fusogenic activity of saponins, suggesting that the increase in 
cholesterol at the plasma membrane by AI can contributes to the inhi
bition of the S-mediated membrane fusion and SARS-CoV-2 entry. 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.antiviral.2022.105428 

3.4. Astersaponin I blocks syncytia formation 

SARS-CoV-2-infected cells undergo continuous cell fusion with 
neighboring cells, leading to enlarged multinucleated cells, i.e. a syn
cytium. Syncytia is often detected in the lung tissue from COVID-19 
patients and regarded as a hallmark of COVID-19 (Bussani et al., 
2020). To investigate the effect of AI on the syncytium formation, we 
employed a split-GFP technology, in which each of the two fragments of 
GFP are expressed in separate cell lines to produce a detectable GFP 
fluorescence upon a cell-to-cell fusion (Fig. 4A). When S protein was 
overexpressed by lentiviral gene transfer in ACE2/TMPRSS2+ express
ing each fragment of split-GFP’s, GFP-positive multinucleated cells was 
formed, indicating that S protein promoted syncytium formation 
(Fig. 4B). Automated image analysis determined that the population of 
GFP-positive syncytia reached up to around 30% of the total number of 
plated cells, 48 h after expression of S protein (Fig. 4C). Importantly, this 
syncytia formation was dose-dependently and effectively reduced by 
treatment with AI, showing IC50 values of 3.9 μM (Fig. 4C and D). 

Virus-induced syncytia formation generally leads to cell death by 
apoptosis or necrosis depending on cell types (Buchrieser et al., 2020; 
Hooper et al., 2001; Nardacci et al., 2015). We investigated whether the 
S-mediated syncytia formation promotes apoptosis in our model system. 
Co-culture of Spike-H1299 cells with ACE2/TMPRSS2+ for 48h induced 
apoptosis as evidenced by Western blot analysis of the proteolytic 
cleavage of caspase 9 and poly (ADP-ribose) polymerase (PARP) 
(Fig. 4E). Notably, these apoptotic markers were not detected either 
when ACE2/TMPRSS2+ were co-cultured with control GFP-H1299 (no 
spike) cells or when ACE2/TMPRSS2+ were pretreated with AI for 1 h 
before adding Spike-H1299 cells (Fig. 4E). Overall, these results indicate 
that AI blocks SARS-CoV-2 S-induced syncytia formation and conse
quent apoptotic cell death. 

3.5. Astersaponin I effectively inhibits SARS-CoV-2 infection regardless of 
S mutation 

Most of the SARS-CoV-2 variants carry spontaneous mutations in 
genes encoding S protein such as D614G, N501Y, E484K, L452R, and 
K417N, which leads to an increase in SARS-CoV-2 infectivity by 
enhancing the binding affinity to ACE2 (Ozono et al., 2021; Plante et al., 
2021). Consistently, pSARS-CoV-2 carrying the D614G mutation that 
found in B lineage SARS-CoV-2 variants showed a significant increase in 
infectivity compared to the wild type virus in both ACE+ and 
ACE2/TMPRSS2+ cells (Fig. 5A). As the viral membrane fusion occurs 
after the attachment of S protein to ACE2, we considered that AI, as a 
viral membrane fusion blocker, could effectively inhibit the infection of 
SARS-CoV-2 variants despite their enhanced binding affinity to ACE2. As 
expected, AI inhibited the entry of the D614G mutant virus with IC50 of 
2.02 and 2.99 μM in ACE2+ and ACE2/TMPRSS2+ respectively (Fig. 5B), 
which were comparable to those of the WT virus (Fig. 1C). 

3.6. Astersaponin I shows an inhibitory activity against authentic SARS- 
CoV-2 and its variants 

We next tested whether AI exhibits an inhibitory activity against 
SARS-CoV-2 variants by measuring the infection of authentic SARS-CoV- 
2 into Vero cells that express abundant ACE2 but not TMPRSS2 (Kim 
et al., 2021b). Staining of SARS-CoV-2 nucleocapsid (N) protein 
demonstrated that AI impeded the infection of various SARS-CoV-2 
variants including Alpha, Beta, Delta, and Omicron with a similar 
range of IC50 values of 1.91–2.04 μM, which was almost identical to that 
of ancestral virus (IC50: 1.94 μM) (Fig. 6A and B). These results provide 
evidence that AI can effectively and equally hinder the infection of 
ancestral SARS-CoV-2 and their variants, regardless of the types of 
S-mutation. Meanwhile, chloroquine, which was used as a control drug, 
exhibited less effective and variable inhibitory activity toward ancestral 
SARS-CoV-2 (IC50: 10.64 μM) and their variants (IC50: 7.98–16.39 μM) 
compared to AI (Fig. 6C and D). Of note, chloroquine showed relatively 
poor inhibitory activity against Omicron, which was consistent with a 
previous report (Zhao et al., 2022). Finally, we verified the inhibitory 
activity of AI against TMPRSS2-dependent entry pathway by measuring 
the infection of replicable SARS-CoV-2 recombinant virus expressing 
nanoluciferase (Nluc) into A549 cells that overexpress ACE2 and 
TMPRSS2, and found that AI effectively inhibited the viral entry in these 
cells with an IC50 of 4.95 μM (Fig. 6E). This observation corroborates 
that AI restricts the TMPRSS2-mediated SARS-CoV-2 entry pathway as 
effectively as it inhibits the endosomal infection route. 

4. Discussion 

The advent of highly transmissible variants of SARS-CoV-2 has raised 
concerns that they could escape immune protection conferred by natural 
infection or vaccination. New members of the growing Omicron family 
of SARS-CoV-2 including BA.1, BA.2, BA.3, BA.4, and BA.5 have been 
reported to be highly resistant to neutralization by therapeutic 

Fig. 3. Astersaponin I blocks viral membrane fusion with the host cell membrane. (A) Schematic illustration of the binding of SARS-CoV-2 spike receptor binding 
domain (RBD) fused to GFP (RBD-GFP) to ACE2 protein overexpressed in H1299 cells. (B) Examination of the effect of AK extracts and AI on the interaction between 
RBD-GFP and ACE2 on the surface of H1299 cells by flow cytometry after treatment with indicated concentration of AK extracts and AI. The grey peaks indicate the 
control experiments without RBD-GFP addition. (C) ACE2+ H1299 cells were treated with 1 or 5 μM AI for 1 h and washed with fresh media (Wash) or maintained 
(No wash), followed by the addition of pSARS-CoV-2. The data from pSARS-CoV-2 entry assay were representative of two independent experiments. The error bars 
indicate the SEM (n > 3). P values were determined by the unpaired, two-tailed Student’s t-test (NS, not significant). (D) Schematic illustration of the SARS-CoV-2 S 
protein-mediated cell fusion. Addition of the cell suspension of H1299 cells stably expressing S protein and GFP (Spike-H1299) to a monolayer of ACE2/TMPRSS2+

H1299 cells with mRuby fluorescence (ACE2/TMPRSS2-H1299) leads to cell-to-cell fusion. (E) Still images at different time points from time-lapse imaging of S- 
mediated cell fusion. (F) The fusion between Spike-H1299 and ACE2/TMPRSS2+ H1299 was determined by counting the number of cells double-positive for GFP and 
mRuby by flow cytometry. H1299 cells expressing only GFP (no spike) were used for control experiment. All compounds were used at the concentration of 10 μM. 
The data were representative of three independent experiments. (G, H) Filipin cholesterol staining of ACE2+ H1299 cells after treatment with DMSO, AI (5 μM), and 
other indicated compounds (10 μM) for 1 h (G) and quantification of the intensity of membrane filipin staining using Image J software (n = 20 for each group). Error 
bars in the graphs indicate the SEM. P values were determined by one-way ANOVA followed by Tukey’s post hoc test. ****P < 0.0001; NS not significant (H). 
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antibodies and vaccine-elicited antibodies (Arora et al., 2022; Koyama 
et al., 2022; Wang et al., 2022a). Mechanistically, mutations in the RBD 
of SARS-CoV-2 S protein can impair neutralization and enhance viral 
infection with efficient engagement with ACE2 (Lupala et al., 2021; 
Wang et al., 2021, 2022b). Thus, at this point where the efficacy of 
current COVID-19 vaccines and antibody therapies are threatened, 
effective therapeutic agents against SARS-CoV-2 variants are desper
ately needed. We here found that extracts from annual leafy plant of AK 
have a potent inhibitory activity against infection of SARS-CoV-2. AK is 
a perennial herb native to Korea and has long been used as a food 
ingredient and herbal medicine for treating several diseases including 
diabetes, chronic bronchitis, pertussis, and pneumonia (Hyun et al., 
2018; Kim et al., 2018). Al was recently isolated from AK as a new tri
terpenoid saponin and its autophagy regulating function was reported 
(Kwon et al., 2019). However, other biological activities including the 
antiviral effect of AI have never been explored elsewhere. 

After the COVID-19 outbreak, multiple triterpenes and triterpenoid 
saponins have been suggested as potential therapeutic agents for SARS- 
CoV-2. Several in-silico studies predicted that the molecular targets of 
these compounds are diverse including many viral components such as 
main proteases, NSP15, and S protein as well as cellular receptor such as 
ACE2 (Diniz et al., 2021; Luo et al., 2020; Sinha et al., 2021). Recent 
experimental studies demonstrated that Esculentoside A, a triterpenoid 
saponin isolated from roots of Phytolacca esculenta, has an 
anti-SARS-CoV-2 activity in a concentration ranging from 5 to 20 μg/ml 
(6–24 μM) by binding to S protein of SARS-CoV-2 (Zeng et al., 2021). 
Yang et al. also tested several triterpenoid saponins from licorice 
including glycyrrhetinic acid, 3-O-β-D-glucuronosyl-glycyrrhetinic acid, 
licorice-saponin A3, betulinic acid, and ursolic acid against interaction 
between SARS-CoV-2 S RBD and ACE2 by ELISA assay and showed IC50 
values ranging from 8.3 to 15.1 μM (Yi et al., 2022). Similarly, our data 
from the RBD-ACE2 binding assay demonstrates that AI inhibits the 
interaction between these two proteins at a concentration higher than 
10 μM (Fig. 3B). But, these inhibitory effects were not detected in pla
tycodigenin and four different onjisaponins until 20 μM (Supplementary 

Fig. S4). Overall, these data suggest that triterpenoid aglycones and 
triterpenoid saponins have a poor inhibitory activity against S protein 
and ACE2, and their interaction. Importantly, in keeping with these 
findings, our results showing the activity of AI to inhibit SARS-CoV-2 
infection at substantially lower concentrations ranging from 1.69 to 
2.04 μM (Fig. 1C and 6A) suggest that the main target of AI may be other 
than S protein and ACE2. 

Previously, we discovered that platycodin D (PD), a triterpenoid 
saponin from Platycodon grandiflorum, inhibits the endosomal and 
TMPRSS2 driven entry pathways with IC50 values of 1.19 and 4.79 μM, 
respectively (Kim et al., 2021b). PD has a similar chemical structure to 
AI, consisting of 30-carbon triterpene backbone with a linear oligosac
charide chain attached at position C28. Our molecular modeling ex
periments predicted that pentacyclic triterpene core of PD can 
incorporate into lipid bilayers because of its structural similarities to 
cholesterol and the hydrophilic sugar moieties could stretch out of the 
membrane, thus possibly hindering close proximity between viral and 
cellular membranes for fusion (Kim et al., 2021b). Because of the similar 
chemical structure of these two natural compounds, we reasoned that AI 
would function through the same or similar mechanisms of action with 
PD and aimed to test this possibility by establishing several cell-to-cell 
fusion assay systems. Based on the results from these assays, we can 
conclude that AI indeed hinders the S-mediated membrane fusion event, 
thereby inhibiting SARS-CoV-2 infection. To initiate viral membrane 
fusion, S protein consisting of S1 receptor-binding subunit and S2 fusion 
subunit (Xia et al., 2020), should be cleaved at S1/S2 site by cellular 
proteases, resulting in exposure and insertion of hydrophobic fusion 
peptide (FP) of S2 subunit into lipid bilayer of the cellular membrane 
(Huang et al., 2020). The fusion inhibitory effect of AI might be related 
to the hydrophilic properties of oligosaccharide of AI, which can hinder 
the insertion of hydrophobic FP into cellular membrane. This notion is 
supported by our results showing that onjisaponins, triterpenoid sapo
nins possessing a hydrophobic phenyl group on the oligosaccharide 
chain did not exhibit significant inhibitory effects on viral entry and the 
cell-to-cell fusion (Fig. 2B and Fig. 3F). Furthermore, we found that 

Fig. 4. Astersaponin I prevents SARS-CoV-2 S-induced syncytia formation. (A) Schematic illustration of Split-GFP assay. Ectopic expression of SARS-CoV-2 S protein 
into cultures of the mixture of ACE2/TMPRSS2+ H1299 cells expressing GFP1-10 or GFP11 leads to cell-to-cell fusion, generating GFP fluorescence. (B) Images of the 
S-mediated cell-to-cell fusion using Split-GFP. GFP and blue fluorescence indicate the cell-to-cell fusion and DAPI-stained nuclei, respectively. The nuclei are 
automatically pseudocolored in white and overlapped with GFP fluorescence by CellReporterXpress software. (C) Examination of effect of AI on the S-mediated cell- 
to-cell fusion using Split-GFP assay. Representative images of GFP-positive cell-to-cell fusion. The GFP signal and DAPI nuclei staining are automatically pseudo
colored in green and red by CellReporterXpress software. (D) Quantitative evaluation for cell-to-cell fusion using Split-GFP assay. Images of GFP and nuclei stained 
with DAPI were obtained in five random fields per well. The percentage of fusion cells were calculated by dividing number of nuclei in GFP-positive cells by total 
number of nuclei. The data were representative of three independent experiments. The error bars indicate the SEM (n > 3). P values were determined by one-way 
ANOVA followed by Tukey’s post hoc test. *P < 0.05; ****P < 0.0001; NS not significant. (E) Protein lysates from co-culture experiments were assessed by Western 
blot. GAPDH was used as a loading control. 

Fig. 5. Astersaponin I equally inhibits the infection of 
SARS-CoV-2 WT and D614G mutant. (A) pSARS-CoV- 
2 entry assay in ACE2+ and ACE2/TMPRSS2+ H1299 
cells. The data were representative of two indepen
dent experiments. The error bars indicate the SEM (n 
> 3). P values were determined by the unpaired, two- 
tailed Student’s t-test (****P < 0.0001). (B) The ef
fects of AI on the infection of WT and D614G mutant 
of pSARS-CoV-2 in ACE2+ and ACE2/TMPRSS2+

H1299 cells. The data were representative of three 
independent experiments. The error bars indicate the 
SEM (n > 3). P values were determined by the un
paired, two-tailed Student’s t-test (****P < 0.0001).   
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Fig. 6. Astersaponin I inhibits the infection of SARS-CoV-2 and its variants with a similar efficiency. (A, C) Dose-response curves for AI (A) and chloroquine (C) 
against ancestral SARS-CoV-2 (A, black circle) and SARS-CoV-2 variants Alpha (B.1.1.7, red square), Beta (B.1.351, orange triangle), Delta (B.1.617.2, pink inverted 
triangle), and Omicron (B.1.1.529, green diamond) in Vero cells. The blue diamond represents cell viability. The mean ± SEM was calculated from duplicate ex
periments. (B, D) Confocal images of SARS-CoV-2 N protein (green) and cell nuclei at concentrations near the IC50 of AI (B) and chloroquine (D) in Vero cells. (E) 
Dose-response curve for AI against replicable SARS-CoV-2 recombinant viruses expressing Nanoluciferase (Nluc) into A549 cells that overexpress ACE2 and 
TMPRSS2. The blue diamond represents cell viability. 
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steroidal saponins did not exhibit any antiviral effects (Fig. 2A and 
Fig. 3F). It is probably due to the inability of C-27 steroidal backbone, 
which has no structural resemblance to cholesterol, to intercalate into 
the cell membrane. Our results indicate that the triterpenoid saponins 
with a unique chemical structure containing hydrophilic oligosaccha
ride at position C28 like AI and PD can hinder viral membrane fusion. 
Furthermore, we observed that cholesterol levels at the plasma mem
brane were remarkably increased by AI, but not by other saponins 
tested. Cholesterol is an important constituent of cell membranes and 
crucial role in virus-induced membrane fusion during infection (Yang 
et al., 2016). Since cholesterol content directly affects the kinetics of 
membrane fusion through its effect on the biophysical properties of the 
cell membrane (Najafinobar et al., 2016), increasing cholesterol con
centration at plasma membrane by AI can influence the S-mediated 
membrane fusion events. In line with this, it was recently reported that 
exogenously added 27-hydroxycholesterol accumulates in the plasma 
membrane lipid rafts, leading to inhibition of SARS-CoV-2 entry (Mar
cello et al., 2020). Taken together, we propose a model in which AI 
hinders viral membrane fusion, possibly by altering membrane choles
terol and through sugar moiety protrusion after incorporation into the 
plasma membrane, which leads to prevent SARS-CoV-2 infection. 

As the viral envelope fusion to host cell membrane takes place after 
ACE2 binding during the viral entry, fusion blockers can inhibit the 
entry of SARS-CoV-2 variants with a similar efficiency to that of the 
ancestral virus despite their increased affinity for ACE2. Supporting this 
notion, we demonstrated that AI effectively inhibits the infection of the 
SARS-CoV-2 variants as well as their ancestral virus with similar IC50 
values ranging from 1.91 to 2.04 μM. Another important advantage of 
fusion inhibitors over other viral entry blockers is that they can simul
taneously block two major SARS-CoV-2 entry routes with comparable 
efficiency because the fusion process is shared in the two different entry 
pathways. In these respects, synthetic peptides and a cholesterol- 
conjugated peptides derived from a fusogenic domain of the S protein 
have been developed as fusion inhibitors and tested for their ability to 
inhibit SARS-CoV-2 infection in vitro and in vivo (de Vries et al., 2021; 
Duzgunes et al., 2021; Kandeel et al., 2021). 

The interaction between S protein and ACE2 promotes not only 
fusion of virus with host cells but also fusion of infected cells with 
neighboring cells to form multinucleated syncytia. These syncytia were 
often detected in cell cultures and patient tissues infected with many 
enveloped viruses including respiratory syncytial virus (RSV), human 
immunodeficiency virus (HIV), SARS-CoV-1, and MERS-CoV (Frankel 
et al., 1996; Franks et al., 2003; Johnson et al., 2007; Qian et al., 2013). 
SARS-CoV-2 S-induced syncytia play important roles in virus protection 
against neutralizing antibodies and viral spreads through cell-to-cell 
transmission, and contributes to cytopathic effect (Rajah et al., 2021; 
Zeng et al., 2022). Moreover, recent studies reported that S-mediated 
syncytia formation eventually leads to cell death via apoptosis or 
pyroptosis, causing the release of virus to infect neighboring cells and/or 
triggering an inflammatory response (Ma et al., 2021; Santana et al., 
2021). Here, we demonstrated that AI effectively inhibits the formation 
of S-mediated syncytia and abolishes syncytial apoptosis, indicating that 
AI could also block viral spread after infection and prevent viral cyto
pathic effects. 

5. Conclusion 

AI is a natural viral fusion blocker that effectively prevents SARS- 
CoV-2 and its variants from infecting host cells and syncytia formation 
by hindering the S-mediated membrane fusion. We propose that AI can 
be a broad-spectrum antiviral drug not only against SARS-CoV-2 but also 
against other novel enveloped viral pathogens that might arise in the 
future. 
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