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ARTICLE INFO ABSTRACT

Keywords: Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) has caused an ongoing pandemic, coronavirus
SARS-CoV-2 disease-2019 (COVID-19), which has become a major global public health event. Antiviral compounds remain
Natflr?l products the predominant means of treating COVID-19. Here, we reported that bergamottin, a furanocoumarin originally
ﬁlr;:il;iltr:: found in bergamot, exhibited inhibitory activity against SARS-CoV-2 in vitro, ex vivo, and in vivo. Bergamottin
Bergamottin interfered with multiple stages of virus life cycles, specifically blocking the SARS-CoV-2 spike-mediated mem-

brane fusion and effectively reducing viral RNA synthesis. Oral delivery of bergamottin to golden Syrian ham-
sters at dosages of both 50 mg/kg and 75 mg/kg reduced the SARS-CoV-2 load in nasal turbinates and lung
tissues. Pathological damage caused by viral infection was also ameliorated after bergamottin treatment. Overall,
our study provides evidence of bergamottin as a promising natural compound, with broad-spectrum anti-coro-
navirus activity, that could be further developed in the fight against COVID-19 infection during the current

pandemic.

1. Introduction

Up to May 2022, 511,965,711 confirmed cases of COVID-19 had
been reported globally, including 6,240,619 deaths, according to the
World Health Organization (WHO). So far, a total of five new corona-
virus variants have been identified as “variants of concern” by the WHO,
namely Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta
(B.1.617.2), and the latest, Omicron (B.1.1.529). The emerging variants
and mutations of SARS-CoV-2 have posed a great challenge to public
health and safety.

SARS-CoV-2 combines high infectivity with serious pathogenicity,
which belongs to the same lineage B Beta coronavirus (Hu et al., 2021).
SARS-CoV-2 is an enveloped, single-stranded positive-stranded RNA
virus with genomes encoding four structural proteins: envelope protein
(E), matrix glycoprotein (M), nucleocapsid protein (N), and spike pro-
tein (S). The S protein is a class I membrane fusion protein (Zhu et al.,

2020), where the S1 subunit is responsible for angiotensin-converting
enzyme 2 (ACE2) recognition, and the S2 subunit is involved in mem-
brane fusion (Lan et al., 2020), which plays a key role in the entry
process of the virus into a host cell. Infection is triggered by viral binding
to the cell surface receptor ACE2 (Benton et al., 2020; Zhou et al., 2020),
followed by a spike-mediated cell membrane fusion, releasing the viral
genome into the host cell. During replication, viral replicase polyprotein
is processed by the chymotrypsin-like cysteine protease (3CLP™) and
papain-like protease (PLP™) to form a functional viral replication com-
plex (V'Kovski et al., 2021).

Vaccination is the critical solution for COVID-19 prevention and
pandemic control (Awadasseid et al., 2021). To date, 151 candidate
vaccines are undergoing preclinical evaluation. Given the discrepancies
in popularity, the speed of vaccination, and the distribution of vaccines
varies around the world, the epidemic situation is very different between
regions, countries, provinces, and towns. Meanwhile, in the context of
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the global spread of SARS-CoV-2, the virus has adapted to the host
stepwise. Aside from vaccines, antiviral drugs are also used against
COVID-19, there is still an urgent need for additional safe and effective
drugs to combat SARS-CoV-2.

Botanicals and other purified natural products have served as a
leading source for novel antiviral drug discovery (Lin et al., 2014).
Including the antiviral activities against some vital viral pathogens
including coronavirus (CoV) (Cao et al., 2022; Vijgen et al., 2005),
dengue virus (DENV) (Lin et al., 2013; Zandi et al., 2012), enterovirus 71
(EV71) (Choi et al., 2009) for example. Based on our previous study, we
identified bergamottin as Lassa virus (LASV) entry inhibitor in a
micromolar range through high-throughput screening of a botanical
drug library and found that bergamottin inhibits LASV entry through
blocking LASV endocytic trafficking(Liu et al., 2021). Therefore, we
explored the antiviral effect of the natural furanocoumarin, berga-
mottin, against SARS-CoV-2 infection both in vitro and in vivo.

2. Materials and methods
2.1. Cells and virus

Human colon Caco-2 cells (ATCC Number: HTB-37), human em-
bryonic kidney HEK-293T cells (ATCC Number: CRL-3216), African
green monkey kidney Vero E6 cells (ATCC Number: CRL-1586), baby
hamster kidney (BHK-21) cells (ATCC Number: CCL-10), human rhab-
domyosarcoma RD cells (ATCC Number:CCL-136), human hepatoma
HuH-7 cells (from Microorganisms & Viruses Culture Collection Center,
Wuhan Institute of Virology, Chinese Academy of Sciences, Number:
IVCAS 9.005) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM,; HyClone, Logan, UT, USA) and supplemented with 10% fetal
bovine serum (GIBCO, Grand Island, NY, USA) at 37 °C and 5% CO,. All
the cell lines were tested negative for mycoplasma contamination.

SARS-CoV-2 strains 2019-nCoV-WIV04, B.1.1.7, and B.1.351 were
obtained from the National Virus Resource Center and propagated in
Vero E6 cells. All the authentic SARS-CoV-2 infection experiments were
carried out at the Biosafety Level 3 facility of Wuhan Institute of
Virology, Chinese Academy of Sciences.

2.2. Inhibitors

Bergamottin (HY-N2194) was purchased from MedChemExpress and
Weikeqi Biotech (wkq21050802), and it was dissolved in DMSO. The
purity of bergamottin obtained from both companies was identified by
HPLC as greater than 98%.

Clofazimine (HY-B1046) and Remdesivir (HY-104077) were pur-
chased from MedChemExpress.

2.3. Cell isolation and organoids formation from human nasal polyps

Human nasal polyp tissues were obtained from resections performed
at the southern hospital of southern medical university. All patients
provided informed consent. Samples were procured and the study was
conducted under Institutional Review Board approval before tissue
acquisition.

The tissue samples were minced and incubated with digestion buffer
consisting of advanced DMEM/F12 supplemented with 0.125 mg/mL
dispase II (Wako, Richmond, VA, USA), 0.1 mg/mL DNasel (Milli-
poreSigma, Burlington, MA, USA), 0.125 mg/ml collagenase III (Gibco,
Carlsbad, CA, USA), 10% Fetal Bovine Serum (Gibco, Australia) and 1%
penicillin-streptomycin at 37 °C for 1 h on the shaker. Subsequently,
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supernatants were filtered through the 100 pm cell strainer (JET BIOFIL,
Guangzhou, China), and the suspension was collected by centrifugation
at 200g for 5 min. The pellets were resuspended in the culture media and
mixed with Matrigel (Corning, Corning, NY, USA). The cell-matrigel mix
was seeded in a 24-well plate and incubated with an Accurate organoids’
expansion medium at 37 °C and 5% CO,. The culture medium was
changed every two to three days.

2.4. Optimized human nasal epithelial organoids differentiation

For differentiation, human nasal epithelial organoid colonies were
detached from the culture dish using TrypLE (Gibco). After dissociation,
human nasal epithelial organoids were collected as a single cell sus-
pension in a differentiation medium (Expansion Medium containing 0.1
mM IBMX, 0.1 mM 8-Bromo-cAMP, and 60 nM dexamethasone). Cell
concentration was determined by an automated cell counter
(Countess™ II Automated Cell Counter; Countess II, Life Technologies).
The appropriate number of live cells needed for the succeeding experi-
ment was transferred into the differentiation medium, and these orga-
noids were incubated at 37 °C and 5% CO, for 14 d. On day 5, half of the
spent medium was refreshed.

2.5. Antiviral activity assay and drug cytotoxicity assay

For the antiviral assay, the cell density of seeded Caco-2 cells was 2.5
x 10° cells/ml per well in 96-well plates and grown at 37 °C with 5%
CO;, for 16 h. After pretreatment with the gradient diluted bergamottin
for 1 h, cells were infected with SARS-CoV-2 at an multiplicity of
infection (MOI) of 0.5 for 1 h in the presence of drugs. After incubation,
the inoculum was removed, and culture vessels were refreshed with a
drug-containing medium and further maintained until 24 h post-
infection. The antiviral activity of bergamottin was measured by
immunofluorescence staining assay (IFA). The antibodies used were as
follows: primary antibody anti-SARS-CoV-2 NP rabbit antiserum (Gen-
eTex; GTX635678; dilution 1:1000), and secondary antibody
DyLightTM 488-labeled goat anti-rabbit IgG (KPL; 5230-0385; dilution
1:1000). The nuclei were counterstained with DAPI.

Concerning the antiviral effect of hCoV-OC43 and hCoV-229E, RD
cells and Huh-7 cells were seeded at 2.0 x 10° cells/ml per well in 12-
well plates and grown at 37 °C with 5% CO- for 16 h. After pretreat-
ment with the gradient diluted bergamottin for 1 h, cells were infected
with SARS-CoV-2 at an MOI of 0.1 for 1 h in the presence of drugs. After
incubation, the inoculum was removed, and culture vessels were
refreshed with a drug-containing medium and further maintained until
24 h post-infection. Total cell RNA was extracted and the antiviral ac-
tivity of bergamottin was measured using RT-qPCR.

Human nasal epithelial organoids were seeded in 96-well plates, and
it was pre-treated with the indicated concentration of bergamottin or 10
pM remdesivir as a positive control for 1 h before infection. Organoids
were infected with SARS-CoV-2 at an MOI of 1 in the presence of drugs,
total cell RNA was extracted to evaluate the virus infectivity after 24 h
post-infection.

For drug cytotoxicity assays, Caco-2 cells were seeded in 96-well
plates at a density of 2.5 x 10° cells/ml, RD and Huh-7 cells were
seeded in 96-well plates at a density of 2.0 x 10° cells/ml. Appropriate
concentrations of bergamottin were added to the medium 16 h later.
After 24 h incubation, the relative number of surviving cells was
measured using the Cell Counting Kit 8 (CCK-8) assay (Beyotime,
China), followed by the manufacturer’s instructions. Absorbance was
measured at 450 nm wavelength.
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2.6. RT-gPCR

Total cell RNA was extracted using TRIzol reagent. Reverse tran-
scription was performed by HiScript II Q RT SuperMix (Vazyme Biotech,
Nanjing, China) and a random hexamer. Viral RNA detection was per-
formed using RT-qPCR.

SARS-CoV-2 RBD Forward: 5 _CAATGGTTTAACAGGCACAGG_3’

SARS-CoV-2 RBD Reverse: 5" CTCAAGTGTCTGTGGATCACG_3'

HCoV-229E M protein Forward: 5’ TTCCGACGTGCTCGAACTTT_ 3’

HCoV-229E M protein Reverse: 5’_CCAACACGGTTGTGACAGTGA_3’

HCoV-0OC43 M protein Forward: 5_ ATGTTAGGCCGATAATTGA
GGACTAT_ 3’

HCoV-0OC43 M protein Reverse: 5_ AATGTAAAGATGGCCGCGTA
TT 3

2.7. Spike-mediated membrane fusion assay

Vero E6 cells were transfected with 0.25 pg SARS-CoV-2 S ct19
plasmid and 0.25 pg EGFP plasmid simultaneously, the cell medium was
replaced with 2% DMEM supplemented with different concentrations of
compounds 4 h post-transfection. Syncytium formation was observed
16-24 h later, and images were captured using an M-shot image analysis
system (Micro-shot Technology, Guangzhou, China).

2.8. A dual-split-protein (DSP)-based cell-cell fusion assay

Briefly(Zhu et al., 2020), a total of 4 x 10° cells/ml of 293T cells
were seeded in 96-well (effector cells) and 6-well plates (target cells)
respectively. On the next day, 293T cells seeded in the 96-well were
transfected with an S protein-expressing plasmid and a DSP;_7 plasmid,
whereas the 293T cells seeded in the 6-well were transfected with a
DSPg 17 plasmid. After 24 h post transfection, gradient diluted berga-
mottin was added to the effector cells and incubated for 1 h. Meanwhile,
the target cells were resuspended at a density of 3 x 10° cells/ml in
prewarmed 2% DMEM containing EnduRen live-cell substrate (Promega
Corporation, Madison, WI, USA), the final concentration of which is
0.35 mg/ml. Diluted target cells were transferred to the effector cells as
indicated. The mixture containing two kinds of the cells was spun down
to maximize cell-cell contact; next, the changes of luciferase activity was
measured after a 24 h incubation, and representative images were
captured.

2.9. Time-of-addition assay

Caco-2 cells were infected with SARS-CoV-2 for 1 h. Bergamottin (35
pM) was incubated with the cells for 1 h or 8 h according to the following
conditions: pre-infection (—1 to 0 h), during infection (0-1 h), and post-
infection (1-8 h).

To evaluate the virucidal effect of bergamottin, it was first incubated
directly with SARS-CoV-2 at 37 °C for 1 h, and then the drug-virus
mixture was 25 times diluted to infect cells (MOI = 0.5). The infec-
tivity of the remained viruses was determined using IFA.

2.10. Viral RNA replicon assay

The SARS-CoV-2 replicon was constructed as previously described
(Zhang et al., 2021). Briefly, BHK-21 cells were electroporated with
SARS-CoV-2 replicon, and then cells were treated with the indicated
concentration of bergamottin or 10 pM remdesivir as control. A mutant
replicon-ARdRp with a 339-934 amino acid deletion within the
RNA-dependent RNA polymerase (RARP) also known as nspl2 was
performed as a negative control (data not shown). Luciferase activity
was measured after 24 h.
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2.11. Effect on 3CIP™ protease activity

All assays were performed in 50 mM HEPES (pH 7.0) and 2 mmol/L
DTT. The experiment was initiated by adding SARS-CoV-2 3CLP™ to
different concentrations of substrate (10-200 pM). The absorbance
value was monitored. Different concentrations of bergamottin were
added to the enzymatic reaction mixture, the reduction of the values was
calculated to evaluate the inhibitory effect.

2.12. Effect on the binding between SARS-CoV-2 RBD and ACE2

The SARS-CoV-2 (2019-nCoV) Inhibitor Screening ELISA Kit (Sino-
Biological, Cat# KIT001) was used to determine the effect of berga-
mottin on the binding between SARS-CoV-2 RBD and ACE2. Gradient
diluted compounds or DMSO were added to compete with ACE2-His
(Cat: 10108-HO8B) to combine with immobilized SARS-CoV-2 S Pro-
tein RBD. The absorbance at 450 nm was measured.

2.13. Effect on the expression of ACE2 and TMPRSS2

Caco-2 cells were incubated with the indicated concentration of
bergamottin for 20 h, and cell lysates were collected in the cell lysis
buffer (Beyotime, Shanghai, China). Proteins were separated by sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis. The anti-
bodies used were as follows: primary antibody human ACE2 Rabbit mAb
(ABclonal; A4612; dilution 1:1000), humanTMPRSS2 Rabbit mAb
(ABclonal; A9126; dilution 1:1000).

2.14. SARS-CoV-2 challenge and inhibitor administration in the golden
Syrian hamster model

All animal experiments conformed to the standards for use and care
of laboratory animals and were approved by the Institutional Review
Board of the Wuhan Institute of Virology, Chinese Academy of Sciences.

Adult male Syrian hamsters (6-8 weeks old) were obtained from
Beijing Vital River Laboratory Animal Technology and raised at
pathogen-free animal feeding facilities. The animal experiments were
conformed to the use and care of laboratory animals and were approved
by the Institutional Review Board of the Wuhan Institute of Virology,
CAS. Hamsters were randomly assigned to six groups: three of these
groups were tested for drug toxicity by gavage with different doses of
bergamottin and corn oil for 5 consecutive days, body weights of ham-
sters were monitored every day. Whereas the remaining three groups
were infected with SARS-CoV-2 and then underwent vehicle or berga-
mottin treatment. For infection, each hamster was intranasally inocu-
lated with 5 x 10* PFU SARS-CoV-2 strain 2019-nCoV-WIV04 at 0 dpi.
Following infection, one group (control) received only the vehicle (corn
oil), whereas the two remaining groups received bergamottin (either 50
mg/kg or 75 mg/kg body weight per hamster). Corn oil was used as the
vehicle. Bergamottin or vehicle treatment was administered orally once
a day from O until 4 dpi. Body weights and symptoms were monitored
daily.

Hamsters were sacrificed at 4 dpi for virological and histopatho-
logical analyses. Nasal turbinates and lung samples were collected and
ground with 1 ml DMEM. Following centrifugation, the supernatant
containing virus particles was collected and serially diluted tenfold prior
to infecting Vero-E6 cells. Viral titers were assessed per gram of tissues
by plaque assay. Meanwhile, the viral yield in harvested hamster tissues
was determined using RT-qPCR. Briefly, RNA was purified using the
RNeasy Mini Kit (Qiagen). The viral burden was calculated using a
standard curve produced using serial tenfold dilutions of plasmids car-
rying the SARS-CoV-2 spike.

2.15. Hematoxylin and eosin (H&E) staining

For histopathological analysis, lung tissues were harvested from
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hamsters and fixed in 4% paraformaldehyde for paraffin embedding.
The standard H&E staining protocol was followed for tissue staining,
and the changes in lung tissues were observed under a light microscope.

2.16. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 software
(GraphPad Inc., La Jolla, CA, USA). Survival data were analyzed using
the log-rank test, and all other statistical analyses were assessed with the
student’s t-test. P values < 0.05 were considered significant. Data are
shown as mean + standard error.

3. Results

3.1. Antiviral effect of bergamottin on SARS-CoV-2 and emerging
variants

To evaluate the antiviral efficacy of bergamottin, IFA was performed
to detect virus infection activity. SARS-CoV-2 nuclear protein (NP) was
stained to mark the infected cells. Bergamottin exhibited a dose-
dependent inhibitory effect on SARS-CoV-2 infection (Fig. 1A). We
determined that bergamottin had a half-maximal inhibitory concentra-
tion (ICsp) of 9.64 uM against SARS-CoV-2. We also tested the antiviral
effect of bergamottin on some emerging SARS-CoV-2 variants and ob-
tained ICsg values of 8.15 pM and 14.16 pM against B.1.1.7 (Alpha) and
B.1.351 (Beta), respectively. The 50% cytotoxic concentration (CCsg) of
bergamottin on Caco-2 cells was >100 pM, and the selective index (SI;
CCs0/ICs0) for SARS-CoV-2 was >10. (Fig. 1B)

3.2. Bergamottin interferes with various steps of SARS-CoV-2 life cycles

To explore the mechanism underlying the antiviral effect, a time-of-
drug-addition assay was carried out to investigate which stage berga-
mottin worked. To evaluate the virucidal effect of bergamottin, it was
firstly incubated with SARS-CoV-2 (2 x 10°® PFU/mL) at 37 °C for 1h.
Thereafter, the mixture containing bergamottin and the virus was
diluted 25 times to infect cells at an MOI of 0.5. The residual infectivity
was tested and bergamottin slightly, but directly inactivated SARS-CoV-
2. We then tested whether bergamottin acted on the corresponding
infection process by varying the time of drug additions, with berga-
mottin treatment at -1h, Oh, or 1h relative to infection. Bergamottin
displayed an inhibitory effect when it was added at 1h before infection;
however, when added at the same time as the infection or 1h after
infection, bergamottin exhibited stronger inhibitory effects (Fig. 2A).

Next, a VSV-based SARS-CoV-2 S protein-bearing pseudovirus (pv)
(Cao et al., 2022) was used to assess the efficacy of bergamottin on virus
entry (Fig. 2B). Bergamottin showed a dose-dependent inhibition of
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SARS-CoV-2 pv infection with an ICsg of 48.83 pM. Notably, it was found
that bergamottin inhibited SARS-CoV-2 spike-mediated membrane
fusion, and the fusion was completely blocked when treated with ber-
gamottin at 25 pM (Fig. 2C). Dual-split-protein (DSP) based cell fusion
assay was carried out to quantitatively evaluate the effect of berga-
mottin on membrane fusion efficiency. Consistent with the observed
fluorescent microscopy images captured, bergamottin dose-dependently
inhibited spike-mediated membrane fusion activity (Fig. 2D). Since re-
ceptor binding acted as the upstream scene of membrane fusion(Acciani
et al.,, 2017; Yu et al., 2022), and the inhibition on receptor binding or
expression would lead to a decrease in membrane fusion, we further
tested the effects of bergamottin on receptor binding and expression. As
shown in Fig. 2E and F, bergamottin showed little effect on the receptor
binding domain (RBD), while it inhibited the cellular ACE2 expression in
a dose-dependent manner and exerted a moderate inhibition on trans-
membrane protease serine 2 (TMPRSS2) expression with the highest
tested concentration.

We further confirmed the impact of bergamottin on viral replication
and post-entry step of infection. Replicon transfected cells were incu-
bated with bergamottin and changes in luciferase activity were detected
at 24 h post-transfection (Fig. 2G). Bergamottin showed inhibitory ef-
fects on SARS-CoV-2 RNA synthesis. We further tested the effects of
bergamottin on SARS-CoV-2 3CLP™ protease activity. As shown in
Fig. 2H, bergamottin treatment had little effect on protease activity
(Fig. 2H).

3.3. Broad-spectrum anti-coronavirus activity of bergamottin

To test whether bergamottin could extend its antiviral effect to other
coronaviruses, human pathogenic coronaviruses, hCoV-OC43, and
hCoV-229E, were utilized. The robust antiviral effects of bergamottin
against both viruses were observed. Bergamottin inhibited hCoV-OC43
infection in RD cells and hCoV-229E infection in Huh-7 cells with the
ICs0 values of 0.274 pM and 5.687 pM, respectively (Fig. 3). The CCsg
values of bergamottin on Huh-7 and RD cells were >100 pM. The SI
values were >17 for hCoV-229E and >364 for hCoV-229E, respectively,
indicating that bergamottin has broad-spectrum anti-coronavirus ac-
tivity. Bergamottin exhibited diverse antiviral effects, with an ICsg
ranging from 0.274 pM to 14.16 pM, within the micromolar magnitude
in general, which may have been due to the following factors: (1) the
varied MOI: Caco-2 cells were infected with SARS-CoV-2 at an MOI of
0.5 whereas RD and Huh-7 cells were infected with hCoV-229E and
hCoV-0C43 at an MOI of 0.1, and (2) the different detection methods:
RT-qPCR was employed to detect hCoV-229E and hCoV-OC43 viral
RNA, whereas IFA was used to assess the antiviral effects of SARS-CoV-2.

Camostat

Fig. 1. Effect of bergamottin on SARS-CoV-2 infec-
tion. (A) The antiviral effects of bergamottin against
SARS-CoV-2 in Caco-2 cells. IFA assay showing the
SARS-CoV-2 NP (green) and nuclei (blue) were dis-
played. 50 pM camostat was used as positive control.
(B) Dose-response curves and table of ICso values of
bergamottin for inhibition of SARS-CoV-2 and SARS-
CoV-2 variants (B.1.1.7 and B.1.351). Drug cytotox-

DMSO

-6 SARS-CoV-2(wild type) 1C5p=9.64 uM
-+ B.1.1.7(Alpha) IC5,=8.15 uM
-4~ B.1.351(Beta) 1C5,=14.16 uM

Cell viability CCso>100 pM

icity was determined by CCK-8 assay. Data represents
mean + SD for n = 3 biological replicates.

A - - -
1.5625 3:125 6.25 125 25 50

B

< 1204 r

§ 1004

5 804

2

£ 609

k3] 40

)

8 20

c

s

g -2 T T T

- 0 1 2 3

log4g (concentration, uM)



M. Zhou et al. Antiviral Research 204 (2022) 105365

A Infection Harvest Bergamottin B E
| x25 dilution 1 = BB
Treatment -1 1 8h -e- SARS-CoV-2 pv Immobilized RBD
condition i VsV
- Hi‘_ * *k wokkk KRRk = v 28
Virucidal e » — — — | 100

g
Bergamottin & virus 5= § 80 20
incubate 1h at 37°C ] = 100 3 .
29 E 60 E15
Infection Harvest £ 2 80 E D§
| | 88 g 5 S 10
10 1 8h 2 9
3 © 2 20
¢ £2 4 8 0.5
s 4
Pi o8 @
re 83 20 o
During &= 8 204 . . . . ’ X T
Post || 9 S £ 0 PSS
Virucidal Pre During Post 00 o 4o 1‘? 20 25 QT NT o 07 07 07 o
log4o (Concentration, pM)
concentration (uM)
C D F
1250 s B2 Bergamottin
3 100 I Clofazimine (10 uM)
.‘E 9 gg Bergamottin (uM)
=
)] Q w v B o
2l Zg ® N § 5 DMSONT
= 7z
2
1.5625pM No Transfection E ; 40 = &
o= —— ——
2% Zf,' TMPRSS2 ‘ J—
£ 4
< GAPDH ‘m‘
S T T T T T T
@
o

o 3 o o 3
RPN & s

concentration (uM)

SARS-CoV-2 replicon H 3CLP™ (nsp5)

120 120

® o
S 8

(relative to DMSO %)
N
8

Luciferase activity

N @
3 3
Protease activity (%)
(relative to DMSO)
3

o
o

F T T T T T 1 F T T T
-0.5 0.0 0.5 1.0 15 20 25 0.5 1.0 1.5 20 25

concentration (uM) logg (Concentration, pM)

Fig. 2. Effect of Bergamottin on SARS-CoV-2 life cycles. (A) Time-of-addition assay. SARS-CoV-2 infected Caco-2 cells were incubated with bergamottin at indicated
time points as the diagram shows. Infection at 8h post-infection was quantified by immunostaining for NP. Data represents mean =+ SD for n = 3 biological replicates.
(B) Bergamottin inhibited VSV-based SARS-CoV-2 pv infection. Caco-2 cells were pretreated with the indicated concentration of bergamottin and infected with a
pseudovirus. Luciferase activity was measured 24 h later. (C) Bergamottin inhibited SARS-CoV-2 S protein-mediated membrane fusion. Vero E6 cells co-transfected
with SARS-CoV-2 spike and EGFP plasmids. After 4 h post-transfection, the medium was replaced by bergamottin and the images were acquired 24 h later using
fluorescent microcopy. Scale bar: 1000 pm. Representative images selected from three independent experiments are shown. (D) Dual-split-protein (DSP)-based cell-
cell fusion assay. The effector HEK 293T cells were co-transfected with S protein and a DSP;_; expressing plasmid, the target cells were transfected with DSPg 11
plasmid. Before the target cells were transferred to the effector cells, bergamottin was added to the effector cells and incubated for 1h. The relative luminescence
units were calculated and representative images were captured 24 h later (data not shown). Three independent replicates are shown. (E) Effect of bergamottin on the
binding between SARS-CoV-2 RBD and ACE2. Gradient diluted bergamottin or vehicle was added to compete with ACE2-His to combine with immobilized SARS-CoV-
2 S Protein RBD. The ODy4s0,m Was measured using a microplate reader. Data represents mean + SD for n = 2 biological replicates. (F) Impacts of bergamottin on
ACE2 and TMPRSS2 expression. Caco-2 cells were incubated with bergamottin at indicated concentrations for 24 h. Cell lysates were then subjected to a Western Blot
analysis. The experiment was repeated twice. (G) The effects of bergamottin on viral RNA synthesis. The BHK-21 cells were electroporated with SARS-CoV-2 wild-
type (WT) replicon, and then treated with bergamottin or vehicle, as indicated. The relative luciferase activity was measured 24h later. Data represent mean + SD for
n = 3 biological replicates. (H) Bergamottin shows negligible inhibition of 3CLP™ protease activity. The activity of purified SARS-CoV-2 3CLP™ enzymes was
measured after adding substrates. Enzyme activity in the absence and presence of bergamottin was calculated. The data shown represent two biological replicates.
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Fig. 3. Broad-spectrum antiviral effects of bergamottin on human-pathogenic coronavirus (A) Antiviral activity of bergamottin against hCoV-229E (B) Antiviral
activity of bergamottin against hCoV-OC43. Viral load in the cells was quantified using RT-qPCR assays. Drug cytotoxicity was determined using a CCK-8 assay. The
viral activity was measured by luciferase. Data represents mean + SD for n = 3 biological replicates.

3.4. Antiviral activity of bergamottin in human nasal epithelial organoids et al., 2021), it was found that bergamottin showed promising antiviral

effects in a dose-dependent manner. When human nasal epithelial

The efficacy of bergamottin against SARS-CoV-2 infection was organoids were treated with 25 or 50 pM bergamottin, its inhibitory

further tested using an ex vivo human primary organoid model. The effect on SARS-CoV-2 was found to be comparable to treatment with 10

antiviral effect was evaluated by the reduction of viral RNA. Using uM remdesivir, which confirmed the antiviral effect in a physiological
remdesivir as a control (Ebisudani et al., 2021; Pei et al., 2021; Wang model (Fig. 4A).
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Fig. 4. Bergamottin inhibited SARS-CoV-2 infection in human epithelial nasal
organoids. (A) Organoids were infected with SARS-CoV-2 in the presence of the
indicated concentration of bergamottin or remdesivir as control. Viral loads in
the organoids were quantified by RT-qPCR assay 24 h later. Rem represents
remdesivir of 10 pM.

3.5. In vivo antiviral efficacy of bergamottin

As bergamottin demonstrated a robust inhibitory effect on SARS-
CoV-2 infection, we sought to investigate the protective effect of ber-
gamottin in the golden Syrian hamster model, which showed high
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susceptibility to infection and was a suitable animal model for the
evaluation of antiviral drugs (Chan et al., 2020). The hamsters were
intranasally inoculated once daily with SARS-CoV-2 (5 x 10* PFU),
bergamottin, or a vehicle by gavage on 0, 1, 2, 3, and 4 days post
infection (dpi) (Fig. 5A). Two dosage groups of bergamottin were
administered: 50 mg/kg and 75 mg/kg. As expected, hamsters infected
with SARS-CoV-2 began to appear hunch-backed, ruffled, and showed
progressive weight loss over the days that followed, whereas hamsters in
the bergamottin-treated group showed only slightly abnormal behavior
and delayed onset of disease. Furthermore, the 75 mg/kg bergamottin
group exhibited reduced weight loss caused by SARS-CoV-2 infection
(Fig. 5B). With the virus proliferation peaking on day 4, hamsters were
sacrificed, followed by virological and histological analyses to deter-
mine any protective effects on the viral load and histopathological
changes in the nasal turbinates and lung tissues.

As shown in Fig. 5C, the administration of both 50 mg/kg and 75 mg/
kg of bergamottin reduced the viral titer in nasal turbinates and lung
tissues compared to the vehicle group. Likewise, the yield of viral RNA in
nasal turbinates and lung tissues was reduced after bergamottin treat-
ment, with the 75 mg/kg bergamottin dose showing a superior thera-
peutic effect (Fig. 5D). Histopathological analyses revealed that SARS-
CoV-2 infection-induced apparent pathological damage, including
alveolar structure destruction, hemorrhage, and inflammatory cell
infiltration in the lung parenchyma, while bergamottin treatment miti-
gated these phenomena (Fig. 5E). The working concentration of berga-
mottin did not show any side effects in hamsters based on their daily
states and weights when bergamottin was administered alone. These
results suggest that bergamottin could alleviate histopathological
changes and decrease viral loads in nasal turbinates and lung tissues,
thereby protecting hamsters from SARS-CoV-2 infection and confirming
the curative effects of bergamottin on virus-associated pneumonia.
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Fig. 5. Antiviral evaluation of bergamottin in the golden Syrian hamster model. (A) Experimental design of in vivo study: Hamsters were intranasally inoculated with
5 x 10* PFU of SARS-CoV-2, followed by virus challenge where hamsters were orally administrated 50 mg/kg (n = 9) and 75 mg/kg (n = 9) bergamottin doses for
four consecutive days. The vehicle group (n = 13) was given corn oil as a control. (B) Daily body weight change curves. (C) Viral yields in the hamster lung tissues
and nasal turbinates were harvested at 4 dpi and titrated by plaque assay. (D)Viral loads in the hamster lung tissues and nasal turbinates were subjected to SARS-CoV-
2 viral copy detection by RT-qPCR assays. (E) Representative images of H&E-stained lung tissues section from hamsters treated with different groups as indicated.
Numbered circled areas are shown in magnified images to the right, illustrating the severity of (1) Bronchiolar epithelium cell death; (2) Destruction of alveoli with

massive alveolar space infiltration; (3) Intra-endothelium and perivascular infiltration. Scale bar, 500 pm. Dashed lines indicate the limit of detection.

0.0001; *** P < 0.001; ** P < 0.01; * P < 0.05.

P <
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4. Discussion

We provided evidence that bergamottin is effective against SARS-
CoV-2 and emerging variants at micromolar non-toxic concentrations
with a high selective index in human cell lines. Bergamottin demon-
strated significant dose-dependent inhibition of SARS-CoV-2 in human
nasal epithelial organoids, an ex vivo preclinical model derived directly
from patient samples, which robustly supported SARS-CoV-2 infection.
(Liu et al., 2020; Rajan et al., 2022). The optimal protective effect of
bergamottin on SARS-CoV-2 was also confirmed in the golden Syrian
hamster model. Orally delivered bergamottin reduced viral loads in the
nasal turbinates and lung tissues in SARS-CoV-2 infected hamsters
significantly. Pneumonia and histopathological damage caused by
SARS-CoV-2 infection were mitigated as well.

It was found that bergamottin interfered with multiple steps of the
life cycle of the virus by blocking SARS-CoV-2 viral entry into host cells,
specifically by inhibiting spike-mediated membrane fusion and inhibit-
ing human angiotensin-converting enzyme 2 (hACE2) expression. When
infection of a host cell is initiated, the virus first binds to the receptor at
the receptor-binding domain located in the S1 subunit, which induces
conformational changes in the S1 subunit and exposes the S2’ cleavage
site in the S2 subunit. There are two distinct entry pathways following
ACE2 engagement. S2 is cleaved by TMPRSS2 or cathepsin L, which
mediate the cytoplasm or endosomal membrane fusion, respectively.
(Jackson et al., 2022; Li, 2016; Melikyan, 2014). The result of berga-
mottin inhibiting membrane fusion might be due to the suppression of
the cellular expression of ACE2 by bergamottin. However, it is signifi-
cant to note that bergamottin, cannot block the binding interface of
ACE2 to the S protein completely.

Bergamottin also inhibited the post-entry step of SARS-CoV-2 and
viral replication in this study. Bergapten, an analogue of bergamottin,
inhibits severe acute respiratory syndrome virus (SARS-CoV) 3CLP™
activity at 200 pM based on a cell-free trans-cleavage experiment (Park
et al., 2016). However, bergamottin did not affect 3CLP™ as bergapten
did, which suggested that bergamottin inhibited replication of
SARS-CoV-2 through a different mechanism or pathway.

According to previous studies, bergamottin has been used to treat
various malignancies in vitro and in vivo, including gastric cancer
(Sekiguchi et al., 2008), fibrosarcoma (Hwang et al., 2010), and glioma
(Luo et al., 2018). In the treatment of lung adenocarcinoma, intraperi-
toneal injection of 100 mg/kg bergamottin for 18 consecutive days,
showed good antitumor activity in nude mice (Wu et al., 2016). In these
experiments, bergamottin showed good biocompatibility. We found that
bergamottin administration at 50 mg/kg and 75 mg/kg safely and
effectively protected hamsters from SARS-CoV-2 infection, reduced
SARS-CoV-2 viral loads in the nasal turbinates and lung tissues, and
delayed the onset or progression of the disease. Administration of a
higher dose of bergamottin resulted in better antiviral effects, indicating
that bergamottin has broad potential clinical application prospects.

Currently, remdesivir, which remains the main treatment option
approved by the FDA for COVID-19, shows limited effectiveness, espe-
cially in patients with severe disease (Wang et al., 2020). Additionally,
its bioavailability is restricted and it can only be delivered intrave-
nously. Most recently, the US FDA issued an emergency use authoriza-
tion for Paxlovid (2022), in which nirmatrelvir and ritonavir acted as an
active 3CLP™ inhibitor and a pharmacokinetic enhancer, respectively, by
inhibiting the activity of hepatic cytochrome P450 3A4 (CYP450)
isoenzyme. Doses of 100 mg ritonavir and 300 mg nirmatrelvir admin-
istered to adults twice a day for 5 days seemed an ingenious drug
combination regimen (Wen et al., 2022).

Our results suggest that bergamottin, a widely available natural
furanocoumarin, could be a potential inhibitor of SARS-CoV-2. Notably,
bergamottin is known to inhibit CYP450 activity as ritonavir does,
which could potentially be used in combination with other drugs to
improve the efficacy of the antiviral effect, shedding new light on drug
combinations with bergamottin and other substrate drugs.
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