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A B S T R A C T

Despite the availability of vaccines and antiviral treatments, the continued emergence of severe acute respira-
tory syndrome coronavirus 2 (SARS‐CoV‐2) variants and breakthrough infections underscores the need for
new, potent antiviral therapies. In a previous study, we established a transcription and replication‐
competent SARS‐CoV‐2 virus‐like particle (trVLP) system that recapitulates the complete viral life cycle. In this
study, we combined high‐content screening (HCS) with the SARS‐CoV‐2 trVLP cell culture system, providing a
powerful phenotype‐oriented approach to assess the antiviral potential of compounds on a large scale. We
screened a library of 3,200 natural compounds and identified drupacine as a potential candidate against
SARS‐CoV‐2 infection. Furthermore, we utilized a SARS‐CoV‐2 replicon system to demonstrate that drupacine
could inhibit viral genome transcription and replication. However, in vitro, enzymatic assays revealed that the
inhibition could not be attributed to conventional antiviral targets, such as the viral non‐structural proteins
nsp5 (MPro) or nsp12 (RdRp). In conclusion, our findings position drupacine as a promising antiviral candidate
against SARS‐CoV‐2, providing a novel scaffold for developing anti‐coronavirus disease 2019 therapeutics.
Further investigation is required to pinpoint its precise target and mechanism of action.
© 2024 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS‐CoV‐2) is
the causative agent of the global pandemic, coronavirus disease
2019 (COVID‐19) [1]. Since its emergence in late 2019, SARS‐CoV‐2
has inflicted substantial morbidity and mortality worldwide, severely
impacting global health, economies, and societies [2]. The rapid trans-
mission, coupled with the severity of symptoms ranging from mild res-
piratory distress to severe acute respiratory syndrome and death [3],
underscores the urgent need for effective therapeutic interventions.
Although some antiviral treatments are currently available, their effec-
tiveness can be limited by resistance and variant‐specific responses
[4–11], highlighting the need for new antiviral agents that are broadly
effective against diverse strains of SARS‐CoV‐2.

Repurposing approved drugs, target‐based screening, and pheno-
typic screening are standard methods for drug discovery against new
pathogens. Repurposing existing approved drugs is faster than de novo
discovery due to available clinical data on safety and pharmacokinet-
ics [12]. For instance, remdesivir and molnupiravir, initially devel-
oped for Ebola virus (EBOV) and Venezuelan equine encephalitis
virus (VEEV), respectively, were repurposed for SARS‐CoV‐2 during
the pandemic [13–15]. However, repurposed drugs may have subopti-
mal potency or undesirable adverse effects when used for new indica-
tions [16]. Target‐based screening involves identifying and targeting
specific viral proteins or host factors essential for the viral life cycle,
such as the viral RNA‐dependent RNA polymerase (RdRp) [17], main
protease (MPro) [18–22], papain‐like protease (PLpro) [23–27], and
PIKfyve [28,29]. This method has also been the focus of computer‐
aided drug discovery for decades [30]. However, the transition of
molecular inhibitors to effective cellular‐level treatments is challeng-
ing. Many compounds fail to progress due to cytotoxicity and pharma-
codynamic issues [16], resulting in a significant attrition rate.
Moreover, the viral‐host interactome's complexity and the identified
targets' druggability pose significant challenges, necessitating exten-
sive validation before advancing to antiviral development.

Phenotypic screening is a robust, untargeted approach that evalu-
ates potential antivirals' impact on virus replication, cytopathic effects,
virus yield, and plaque formation in infected cells [16,31]. This
method benefits from not requiring prior knowledge of viral targets,
thereby facilitating the discovery of novel antiviral agents that other
screening techniques may overlook. However, conducting phenotypic
screening for SARS‐CoV‐2 poses significant challenges due to the need
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HIGHLIGHTS

Scientific question

The continued emergence of severe acute respiratory syn-

drome coronavirus 2 (SARS-CoV-2) variants and the limita-

tions of current antiviral treatments underscore the need

for novel and potent antiviral therapies. We aim to dis-

cover novel antivirals against SARS-CoV-2 infection.

Evidence before this study

Previous research has established a transcription and

replication-competent SARS-CoV-2 virus-like particle

(trVLP) cell culture system, which could recapitulate the

entire viral life cycle in a Biosafety Level 2 (BSL-2)

laboratory and enable high-throughput screening of

antiviral compounds.

New findings

High-content screening (HCS) of 3,200 natural compounds

using the trVLP system identified drupacine as an effective

inhibitor of SARS-CoV-2 infection in vitro. A SARS-CoV-2

replicon system further confirmed that drupacine inhibits

viral genome transcription and replication.

Significance of the study

The integration of the trVLP system with HCS facilitates

large-scale, phenotypic compound screening against

SARS-CoV-2 infection. The identification and exploration

of druapcine as a potential SARS-CoV-2 inhibitor offer

valuable insights into the development of antiviral thera-

pies against the coronavirus disease 2019 (COVID-19).
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for Biosafety Level 3 (BSL‐3) laboratories. To address this, we devel-
oped a viral nucleocapsid (N) ‐based genetic complementation system
to produce biologically contained, transcription and replication‐
competent SARS‐CoV‐2 virus‐like particles (trVLPs) lacking N gene
(SARS‐CoV‐2 ΔN trVLP). The absence of the viral N protein can be
genetically complemented in trans by ectopic expression in packaging
cells, allowing the production of SARS‐CoV‐2 ΔN trVLP. These SARS‐
CoV‐2 ΔN trVLP can propagate and complete the entire viral life cycle
in the packaging cells [32]. Additionally, a reporter gene can be
inserted into the viral genome to monitor virus replication, thereby
simplifying the monitoring of viral infection. This adjustment enables
the rapid assessment of potential antivirals under BSL‐2 conditions,
significantly enhancing the feasibility of large‐scale compound
screening.

In this study, we opted to screen a library of natural compounds to
discover novel antiviral lead compounds. The compound drupacine
demonstrated the best efficacy among several identified potential
antiviral agents. Further mechanistic studies using the SARS‐CoV‐2
replicon system revealed that drupacine inhibited viral replication,
but interestingly, it did not target the common antiviral sites nsp5 or
nsp12. Our study provides a new scaffold for developing anti‐
COVID‐19 drugs and indicates the necessity for further research to
fully elucidate its target and mechanism of action.
2. Materials and methods

2.1. Cell culture

HEK293T, Caco2‐N, and S10‐3‐N cells were maintained in Dul-
becco's modified Eagle medium (DMEM) (Gibco, NY, USA) supple-
mented with 10 % (vol / vol) fetal bovine serum (FBS) and 50 IU /
mL penicillin/streptomycin in a humidified 5 % (vol / vol) CO2 incu-
bator at 37 ℃. Cells were routinely tested by polymerase chain reac-
tion (PCR) and no detectable mycoplasma contamination was found.

2.2. SARS-CoV-2 trVLP generation and amplification

The detailed protocol of production and amplification of SARS‐
CoV‐2 trVLP had been previously described [32,33]. Briefly, SARS‐
CoV‐2 trVLP genome RNA and N gene mRNA were in vitro transcribed
by the mMESSAGE mMACHINE T7 Transcription Kit (AM1344, Ther-
moFisher Scientific) according to the manufacturer's instruction and
then transfected into Caco2‐N cells by electroporation. The Passage
0 (P0) virus was collected and used for amplification three days
post‐electroporation.

2.3. Chemicals and reagents

The BioBioPha (BBP) Natural Product Library, housed at the Center
of Pharmaceutical Technology, Tsinghua University (Beijing, China),
was utilized for high‐throughput screening (HTS) and dose–response
studies. The collection was provided in 384‐well plates, with each
compound dissolved to 5 mg / mL in dimethyl sulfoxide (DMSO)
and stored at − 20 °C until use. Drupacine (BBP03468) was acquired
from BioBioPha. Remdesivir was purchased from MedChemExpress
(HY‐104077). DMSO was purchased from Sigma (D2650‐100ML).

2.4. High-content screening assay

One day before infection, Caco2‐N cells were seeded in clear 96‐
well plates (167008, ThermoFisher Scientific) at a density of 30,000
cells per well. The 5 mg / mL drug stocks were thawed at 25 °C for
1 h before use. Using the Echo550 Liquid Handler (Labcyte), 50 nL
of each compound was transferred into empty 96‐well round‐bottom
plates (163320, ThermoFisher Scientific). Positive control (10 mmol
/ L Remdesivir in DMSO) and negative control (DMSO) were processed
similarly. Next, 100 μL of a SARS‐CoV‐2 trVLP dilution in DMEM (con-
taining 10 % FBS, 50 IU / mL penicillin / streptomycin) was added to
achieve a final drug concentration of 2.5 μg / mL (0.05 % DMSO, vol /
vol) and a multiplicity of infection (MOI) of 0.05. The drug‐virus mix-
ture replaced the culture medium of Caco2‐N cells. At 24 h post‐
infection, the cells were fixed with 4 % paraformaldehyde (PFA) sup-
plied by Leagene at room temperature for 15 min and stained with
1 μg / mL of 4',6‐diamidino‐2‐phenylindole (DAPI), which was dis-
solved in phosphate buffered saline (PBS), for a duration of 2 h. The
samples were analyzed using Opera Phenix high‐content screening sys-
tem (PerkinElmer) and Harmony software (PerkinElmer) to determine
the total and green fluorescent protein (GFP)‐positive cell numbers
across five fields from each well. The quality of each plate was assessed
by calculating the Z' factor by the formula Z' = 1 – 3 × [standard devi-
ation (SD) of positive control + SD of negative control] / |mean of
positive control – mean of negative control| [34]. Finally, each com-
pound's infection rate and cell number were normalized to those of
the negative control on the same plate for summarization.

2.5. Half maximal (50 %) inhibitory concentration (IC50) determination

Caco2‐N cells were infected by SARS‐CoV‐2 trVLP at an
MOI=0.05. Colelomycerone A, Parvifolixanthone B, or drupacine
were added at varying concentrations ranging from 20 μmol / L to
0.256 nmol / L. After incubation, the cells were harvested and ana-
lyzed by flow cytometry using BD LSRFortessa SORP. Data were pro-
cessed with FlowJo software (version 10) to determine the
percentage of GFP‐positive cells, serving as a proxy of viral infection.
The IC50 values were calculated by fitting the data to the model “log
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(inhibitor) vs. normalized response − variable slope” using Prism
GraphPad 8.4.3 (GraphPad Software).

2.6. Half maximal (50 %) cytotoxic concentration (CC50) determination

Caco2‐N cells were seeded in 96‐well plates at a density of 5,000
cells per well and cultured overnight at 37 ℃. The following day, cells
were incubated with serially diluted compounds for 72 h. Cell viability
was assessed using the CellTiter‐Glo® Reagent Kit (G7571, Promega)
according to the manufacturer's instructions. Luminescence was mea-
sured in opaque‐walled 96‐well plates using a Promega luminometer.
The CC50 values were calculated by fitting the data to the model “log
(inhibitor) vs. normalized response − variable slope” using Prism
GraphPad 8.4.3 (GraphPad Software). DMSO‐only samples were used
as 100 % cell viability controls.

2.7. Construction, in vitro transcription and transfection of SARS-CoV-2
sGluc replicon

For the construction of SARS‐CoV‐2 secreted Gaussia luciferase
(sGluc) replicon complementary deoxyribonucleic acid (cDNA), the
fragments of the SARS‐CoV‐2 sGluc replicon cDNA templates were
amplified by PCR using high fidelity PrimeSTAR MAX DNA Poly-
merase (R045A, Takara). These fragments were assembled into the
pGFCS vector in the VL6‐48B yeast strain via transformation‐
associated recombination (TAR) as previously described [35]. In vitro
transcription assay was performed to obtain the replicon ribonucleic
acid (RNA). In brief, the plasmid bearing the SARS‐CoV‐2 sGluc repli-
con cDNA was linearized using AgeI‐HF restriction endonuclease
(R3552L, NEB). The linearized plasmid served as the template for
in vitro transcription using the mMESSAGE mMACHINE T7 Transcrip-
tion Kit (AM1344, ThermoFisher Scientific). According to the manu-
facturer's instructions, the transcribed viral replicon RNA was
transfected into cells using the TransIT‐mRNA transfection reagent
(MIR2250, Mirus Bio). The supernatant was harvested at indicated
time points and stored at −20 ℃. The remaining culture medium
was refreshed to maintain cell viability.

2.8. FRET-based assay for nsp5 protease activity

The detailed protocols for SARS‐CoV‐2 nsp5 expression, purifica-
tion, enzymatic activity, and inhibition assays have been previously
described [19]. The nsp5 protease activity was measured using a con-
tinuous kinetic assay monitored with an EnVision multimode plate
reader (PerkinElmer). The assay utilized excitation and emission wave-
lengths of 320 nm and 405 nm, respectively. For the inhibition assay,
the reaction mixture contained 40 μg / mL of nsp5, 20 μmol / L of the
substrate (MCA‐AVLQ↓SGFR‐K (Dnp) K, G.L. Biochem), and varying
concentrations of inhibitors ranging from 25 μmol / L to 0.025 nmol
/ L. The signal at 405 nm, indicating nsp5 activity, was recorded con-
tinuously to assess the inhibitory effects of the tested compounds.

2.9. Primer extension assay for RdRp activity

Detailed protocols for SARS‐CoV‐2 nsp7, nsp8, and nsp12 expres-
sion, purification, and assays for RdRp complex activity and inhibition
have been previously established [36]. Briefly, a 40‐nucleotide tem-
plate RNA (50‐ CUA UCC CCA UGU GAU UUU AAU AGC UUC UUA
GGA GAA UGA C‐30, Takara) representing the 30 terminus of the
SARS‐CoV‐2 genome was hybridized to a 50 fluorescein‐labeled com-
plementary primer (50FAM‐GUC AUU CUC CUA AGA AGC UA‐30,
Takara). The annealed RNA complex was incubated with the nsp12,
nsp7, and nsp8 proteins in a reaction buffer consisting of 0.5 mmol /
L of NTP, 10 mmol / L Tris‐HCl (pH 8.0), 10 mmol / L KCl, 1 mmol
/ L beta‐mercaptoethanol, and 2 mmol / L MgCl2, at 30 ℃ for
30 min. Following incubation, the reaction products were denatured
and resolved by polyacrylamide gel electrophoresis (PAGE) to analyze
the activity and inhibition of the RdRp complex.
2.10. Western blot

Cells were washed with phosphate‐buffered saline (PBS) and lysed
in 1 × sodium dodecyl sulfate (SDS) loading buffer consisting of
50 mM Tris‐HCl (pH 6.8), 10 % (v / v) glycerol, 2 % (w / v) sodium
dodecyl sulfate (SDS), 1 % (w / v) dithiothreitol (DTT), 0.1 % bro-
mophenol blue (BPB). Then, the whole‐cell lysates were heated for
10 min at 95 °C before being separated on a 4 %–12 % SDS polyacry-
lamide gel and transferred to a polyvinylidene fluoride (PVDF) mem-
brane (Millipore) after blocking with 5 % nonfat milk in 1 × PBS
containing 0.1 % (v / v) Tween 20, incubation with the primary anti-
body anti‐β‐actin (Abcepta), or anti‐Flag (Sigma) in 5 % nonfat milk
in 1 × PBS containing 0.1 % Tween 20 for 2 h. The secondary horse-
radish peroxidase (HRP)‐coupled goat anti‐mouse IgG antibody
(Abclonal) was applied at 1:10,000 in PBS for one hour at room tem-
perature. For detection, the enhanced chemiluminescence (ECL) sub-
strate (BE6706‐250, Easybio) was used according to the
manufacturer's protocol. Subsequent washes were performed and
membranes were visualized using the Luminescent image analyzer
(G.E.).
2.11. Statistical analysis

Unless otherwise mentioned, results are represented as means ±
SD determined using GraphPad Prism 8 (GraphPad Software, La Jolla,
CA). Dose‐response curves were analyzed and fitted with the model'
log (inhibitor) vs. normalized response – variable slope' in GraphPad
Prism 8. One‐way analysis of variance (ANOVA) with Dunnett's hon-
estly significant difference (HSD) test was used to test for the statistical
significance of the differences between the control group and other
groups. P values of less than 0.05 were considered statistically
significant.
3. Results

3.1. High-content screening using SARS-CoV-2 trVLP identifies three
promising antivirals

To efficiently evaluate candidate antivirals in the BSL‐2 platform,
we utilized a viral N‐based trans‐complementation cell culture system
designed to model authentic SARS‐CoV‐2 infection, termed SARS‐CoV‐
2 trVLP [32]. In this system, the N gene in the SARS‐CoV‐2 genome is
replaced with a GFP reporter gene within the trVLP genome (SARS‐
CoV‐2 ΔN / GFP trVLP), enabling direct visualization of viral infection
under fluorescent microscopy. Viral replication is biologically con-
tained in cells with the N protein, ensuring biosafety (Fig. 1A). High‐
content screening (HCS), which involves automated image acquisition
and analysis to assess multiple properties of individual cells, has
emerged as a powerful tool for large‐scale drug screening against
emerging pathogens [37]. Caco2‐N cells transduced with the SARS‐
CoV‐2 N gene via lentivirus were infected with SARS‐CoV‐2 ΔN /
GFP trVLP in the presence of remdesivir or DMSO and fixed 24 h
post‐infection for HCS imaging analysis to validate whether HCS can
be applied in the trVLP‐based platform. GFP positivity served as a
proxy for virus infection. We observed a dramatic difference in GFP
positivity between the DMSO and remdesivir groups in each field
(Fig. 1B). In conclusion, these results demonstrate that HCS is a robust
and straightforward assay for SARS‐CoV‐2 trVLP‐based antiviral
screening. This approach provides an efficient means to identify poten-
tial antiviral candidates under BSL‐2 laboratory conditions.



Fig. 1. High-content screening of antivirals using SARS-CoV-2 trVLP. A) Schematic diagram of the SARS-CoV-2 trVLP genome and infection. The N gene is
replaced with a GFP reporter gene to visualize infection in Caco2-N cells, a cell line stably expressing the N protein, ensuring biosafety at a BSL-2 level. B) HCS
images of Caco2-N cells infected with SARS-CoV-2 trVLP, treated with either 5 μmol / L Remdesivir or 0.5 % DMSO (solvent control). C) Workflow of HCS for
antivirals against SARS-CoV-2. Briefly, compounds at 2.5 μg / mL together with SARS-CoV-2 trVLP (MOI=0.05) were added to 96-well plates seeded with Caco2-N
cells. At 24 h post-infection, the cells were fixed, stained with DAPI, and subject to HCS imaging to determine the GFP positive rate and cell count, representing
viral infection and cytotoxicity, respectively. D) Distribution of infection rates of solvent control groups (black, n = 3 biological replicates per plate) and
remdesivir-treated groups (red, n = 3 biological replicates per plate) from each 96-well plate used in the screening. E) Scatter plot of Z' factors calculated for
quality control of the screening plates, with those scoring values above 0.5 considered qualified for further analysis. F) Screening result of 3,200 compounds from
the BioBioPha (BBP) Natural Product Library natural compound library. The red dotted line represents the threshold (normalized infection < 20 %) for positive hit
compounds. DMSO (blue) and remdesivir (red) were used as controls in the screening. Each dot represents a single compound, with green dots indicating
promising candidates that exhibited potent antiviral activity without dramatic cytotoxicity. Abbreviations: SARS-CoV-2, severe acute respiratory syndrome
coronavirus 2; trVLP, transcription and replication-competent virus-like particle; ORF, opening reading frame; GFP, green fluorescent protein; BSL, biosafety level;
HCS, high-content screening; DMSO, dimethyl sulfoxide; Ctrl, control; DAPI, 4’,6-diamidino-2-phenylindole; MOI, multiplicity of infection.
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Biologically active compounds extracted and purified from tradi-
tional Chinese herbal plants have been regarded as a promising
resource for discovering new antivirals. Some molecules, such as
cepharanthine [38–40] and lycorine [32,41], have been identified as
potential SARS‐CoV‐2 inhibitors. Thus, the BBP Natural Product
Library, containing 3,200 natural compounds, was selected for screen-
ing. All compounds were tested at a final concentration of 2.5 μg / mL,
which were added into the cell culture along with SARS‐CoV‐2 trVLP
infection. Twenty‐four hours post‐infection, HCS imaging analysis was
conducted to quantify the number of cells (indicated by the number of
nuclei) and GFP positivity rate of each well (Fig. 1C). Remdesivir and
DMSO were positive and negative controls on each plate, respectively.
The GFP positivity rate in the DMSO group on each plate ranged from
30 % to 50 %, while in the remdesivir group, it was lower than 2 %
(Fig. 1D). Furthermore, Z' scores were calculated as quality control
for each plate, and plates with Z' scores greater than 0.5 were further
analyzed (Fig. 1E).

Each sample's infection rate and cell number were normalized
against the DMSO group on its respective plate to eliminate inter‐
plate variation. For each compound, antiviral activity was indicated
by a decrease in the infection rate, while a decrease in cell number
indicated cytotoxicity. The results showed that tens of hits met the cri-
terion of a normalized infection rate lower than 20 % (the red line,
Fig. 1F). However, most of these hits were excluded due to significant
cytotoxicity, evidenced by a sharp decline in cell number. Ultimately,
colemycerone A, parvifolixanthone B, and drupacine (marked in green
in Fig. 1F) were selected for further assessment due to their outstand-
ing antiviral performance and low cytotoxicity.



Fig. 2. Dose-response curves and cytotoxicity determination of antiviral candidates against SARS-CoV-2 trVLP infection. A) - C) Molecular structures and
dose–response curves of selected hit compounds: colemycerone A, parvifolixanthone B and drupacine. IC50 and CC50 values were calculated using Prism software
and are representative of one of three independent experiments. D) Summary of dose–response determinations. The table lists CC50, IC50, and selective index (CC50

/ IC50) for each compound. Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; trVLP, transcription and replication-competent virus-
like particle; IC50, half maximal (50 %) inhibitory concentration; CC50, half maximal (50 %) cytotoxic concentration.

Fig. 3. Drupacine inhibits SARS-CoV-2 replicon activity. A) Scheme of the SARS-CoV-2 replicon. Compared to the complete SARS-CoV-2 viral genome, the S,
ORF3a, E and M genes are replaced by the BSD-T2A-Gluc reporter gene, allowing transcription and replication to be monitored via sGluc activity in the cell culture
supernatant. B) Overview of the experimental setup. S10-3-N cells were transfected with the WT replicon RNA and treated with either 5 μmol / L remdesivir,
drupacine, or DMSO. SAA replicon RNA-transfected cells were treated with DMSO to serve as a non-replicating control. The sGluc activity of each group was
monitored at 8, 24, 36, 48 h post-transfection. Additionally, cell viability for each group was determined at 48 h post-transfection. C) Kinetics of sGluc activity
across the four groups: WT-DMSO (red), SAA-DMSO (blue), WT-drupacine (black), and WT-remdesivir (green). The sGluc activity indicates replicon transcription
and replication. Significance assessed by one-way ANOVA; the asterisks represent significant differences: ****, P<0.0001. D) Cell viability of each group
determined at 48 h post-transfection. The original cell viability data were normalized to that of the WT-DMSO group. Error bars represent the standard deviation
(SD) for three replicates. Abbreviations: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; trVLP, transcription and replication-competent virus-like
particle; BSD, blasticidin; Gluc, Gaussia luciferase; sGluc, secreted Gaussia luciferase; WT, wild-type; DMSO, dimethyl sulfoxide; SAA, SARS-CoV-2 nsp12 protein
carrying SDD 759–761 SAA mutations; RNA, ribonucleic acid; ANOVA, analysis of variance; ORF, opening reading frame.
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3.2. Dose-response analysis and cytotoxicity assessment of antiviral
candidates

As the compounds were only tested at 2.5 μg / mL in the screening,
we further evaluated the antiviral activity of these candidates at vari-
ous concentrations. Caco2‐N cells were infected with SARS‐CoV‐2
trVLP at an MOI of 0.05 in the presence of varying doses of com-
pounds. The cells were harvested to determine GFP positive rate by
flow cytometry 24 h post‐infection. Meanwhile, cytotoxicity caused
by the compound treatment was measured. For colemycerone A, the
CC50 was 3.093 μmol / L, the IC50 was 2.158 μmol / L, and the selec-
tive index (SI) was 1.433 (Fig. 2A). For parvifolixanthone B, the CC50

was 10.51 μmol / L, the IC50 was 3.058 μmol / L, and the SI was 3.437
(Fig. 2B). Among these candidates, drupacine exhibited the highest
CC50 (16.04 μmol / L) and the lowest IC50 (1.340 μmol / L)
(Fig. 2C), resulting in the most favorable SI (Fig. 2D). Drupacine's high
CC50 and low IC50 suggest its antiviral effect with minimal cytotoxic-
ity, making it a promising candidate for further study. Its high selec-
tive index indicates a potential therapeutic window, reducing the
likelihood of off‐target effects and toxicity. This compound's potential
mechanism of action and specific antiviral targets warrant further
investigation to fully understand its efficacy and optimize its use as
a therapeutic agent against SARS‐CoV‐2.
3.3. Drupacine inhibits SARS-CoV-2 replicon replication

Drupacine has been previously reported as a nematode pesticide,
functioning as a protease inhibitor specific to nematodes [42]. We
hypothesized that drupacine might similarly inhibit nsp5, the main
protease (MPro) of SARS‐CoV‐2, thus reducing viral genome replica-
tion. We used a SARS‐CoV‐2 replicon system to test this hypothesis
and mimic the transcription‐replication step in the viral life cycle. In
Fig. 4. Drupacine did not directly inhibit viral nsp5 or RdRp activity. A) Schematic
substrate consists of MCA, a linker peptide (AVLQ|SGFR, with the cleavage site f
405 nm. B) Dose-response curve of nsp5 activity in the presence of GC376 (positive
the DMSO-treated group. Error bars represent the SD of three replicates. C) Work
nsp7-nsp8-nsp12 RdRp complex. The active RdRp complex is expected to elongate
representative of one of two independent experiments. The band of the expected ex
extra reagent was added to the reaction system. DMSO represents the 10 % DMSO so
/ L (4 × per gradient) in the reaction, with the same amount of DMSO (10 %, vol
methoxycoumarin-4-acetyl; Dnp, 2,4-dinitrophenyl; DMSO, dimethyl sulfoxide; SD
PAGE, polyacrylamide gel electrophoresis; FI, fluorescence intensity.
this system, the genes encoding structural proteins S, E, and M, and
ORF3a are replaced by the sGluc reporter gene, allowing measurement
of viral transcription and replication through supernatant luciferase
activity (Fig. 3A). S10‐3‐N cells, transduced with the SARS‐CoV‐2 N
gene via lentivirus, were transfected with wild‐type (WT) replicon
RNA and treated with 5 μmol / L remdesivir, drupacine, or an equal
amount of DMSO. As a non‐replication control, cells were also trans-
fected with SAA replicon RNA, which carries an enzymatically dead
mutation (nsp12 protein: SDD 759–761 SAA), and treated with DMSO
[43,44]. The sGluc signal of each group was monitored at various time
points (8, 24, 36, and 48 h post‐transfection) (Fig. 3B). As expected,
the sGluc activity in the WT group (red, Fig. 3C) exhibited a sharp
increase and peaked at 24 h post‐transfection, while the SAA mutant
group (blue, Fig. 3C) showed a limited increase. As expected, remde-
sivir effectively inhibited SARS‐CoV‐2 replication, as evidenced by
an approximately 10‐fold reduction in sGluc signal compared with
DMSO‐treated WT replicon cells (green, Fig. 3C). Notably, drupacine
treatment also effectively inhibited SARS‐CoV‐2 replication (black,
Fig. 3C), leading to a significant reduction (‐100 fold) in sGluc signal
compared with DMSO‐treated WT replicon cells at 24 h post‐
transfection. A cell viability assay confirmed that the decline in sGluc
activity was not due to cytotoxicity (Fig. 3D). Our results indicate that
drupacine inhibits SARS‐CoV‐2 infection by reducing viral genome
replication.
3.4. Drupacine did not inhibit SARS-CoV-2 MPro or RdRp in vitro

Drupacine may inhibit replicon activity by targeting viral proteins
required for translation and replication. We investigated this and
tested whether drupacine directly inhibited essential viral non‐
structural proteins, specifically nsp5 (MPro) and nsp12 (RdRp).
of the FRET-based assay for measuring SARS-CoV-2 nsp5 protease activity. The
or nsp5 marked), and Dnp. Cleavage of the peptide produces fluorescence at
control) and drupacine. The nsp5 enzymatic activity data were normalized to

flow of the primer extension assay to measure the activity of the SARS-CoV-2
the 20-nt primer to 40-nt product. D) Gel image of the primer extension assay,
tension product at 40-nt is marked (*). NC (negative control) indicates that no
lvent control. Drupacine concentration ranged from 200 μmol / L to 0.05 μmol
/ vol). Abbreviations: FRET, fluorescence resonance energy transfer; MCA, 7-
, standard deviation; RdRp, RNA-dependent RNA polymerase; nt, nucleotide;
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We employed fluorescence resonance energy transfer (FRET) to test
drupacine's inhibition of nsp5 activity [19]. The donor (MCA) is linked
to the quencher (Dnp) via the peptide in the FRET assay. When the
peptide is intact, the photon emitted by the donor molecule is
quenched by the adjacent quencher molecule. Enzymatic cleavage of
the peptide by nsp5 separates the donor from the quencher, resulting
in detectable fluorescence at 405 nm. Thus, the protease activity of
nsp5 is quantified by the increasing rate of relative fluorescence inten-
sity unit (RFU) with time (Fig. 4A). GC376, a known SARS‐CoV‐2 nsp5
inhibitor [20,45,46], served as a positive control. The recombinant
SARS‐CoV‐2 nsp5 protein was incubated with the substrate (MCA‐
AVLQ|SGFR‐Dnp) and various concentrations of GC376 or drupacine
in the reaction buffer. We monitored the fluorescence changes over
time and assessed the nsp5 activity of each group. The result showed
that GC376 inhibited nsp5 activity in a dose‐dependent manner, while
drupacine did not inhibit nsp5 substrate cleavage within the tested
range (Fig. 4B), indicating that drupacine does not directly inhibit
SARS‐CoV‐2 nsp5 activity in vitro.

Nsp12 is the RNA‐dependent RNA polymerase of SARS‐CoV‐2, but
it requires the cofactors nsp7 and nsp8 to form the minimal core com-
ponent capable of viral RNA synthesis [36,47]. To investigate whether
drupacine directly inhibits the nsp12‐nsp7‐nsp8 complex, we con-
ducted a primer extension assay using purified nsp12, nsp7, and
nsp8 proteins, a FAM‐labeled 20‐nt primer RNA, and a 40‐nt template
RNA [36] (Fig. 4C). The active nsp12‐nsp7‐nsp8 complex successfully
synthesized the 40‐nt product in the control panel with DMSO. If a
compound inhibits RdRp activity, like favipiravir, the 40‐nt product
would sharply decrease [48]. However, in the presence of various con-
centrations of drupacine (ranging from 200 μmol / L to 0.05 μmol / L),
the gel image showed negligible changes in the quantity of the 40‐nt
extension product compared to the DMSO control. These results indi-
cated that the amount of extension product was minimally affected by
drupacine (Fig. 4D), demonstrating that drupacine does not directly
inhibit the RdRp complex activity in vitro.

In summary, although drupacine inhibits SARS‐CoV‐2 replicon
activity and is an inhibitor of the viral replication cycle, it does not
directly inhibit viral MPro and RdRp in vitro. These findings suggest
that drupacine may target other viral proteins or critical host factors
involved in viral replication.

4. Discussion

Our study employed a SARS‐CoV‐2 trVLP system to screen potential
antivirals from a natural compound library (Fig. 1A). The combination
of trVLP and HCS provided a robust and efficient phenotype‐oriented
method for identifying anti‐SARS‐CoV‐2 compounds, suitable for
large‐scale screenings (Fig. 1B and 1E). We identified three promising
antivirals: colemycerone A, parvifolixanthone B, and drupacine
(Fig. 1F). Further evaluation demonstrated that drupacine had a favor-
able SI, indicating its potential as a therapeutic agent (Fig. 2). Addi-
tionally, our replicon inhibition assay suggested that Drupacine acts
as a transcription‐replication inhibitor for SARS‐CoV‐2 (Fig. 3).

To elucidate the antiviral mechanism of drupacine, we tested its
effect on critical non‐structure proteins known to be therapeutic tar-
gets, such as nsp5 (MPro) and RdRp complex (nsp7 / 8 / 12). How-
ever, drupacine did not directly inhibit their protease or polymerase
activities (Fig. 4A‐4D). Findings shown above suggest that drupacine
or its metabolites may play a critical role in antiviral activity, akin
to remdesivir and its active metabolite remdesivir triphosphate [49].
Another possible explanation is that drupacine targets other viral
enzymes, such as the capping enzyme nsp9 [50] or the helicase
nsp13 [51]. Clarifying drupacine's specific target could open avenues
for combination therapies, where drupacine is paired with other
antivirals that act on different targets or even different stages of the
viral life cycle. Such strategies could enhance therapeutic efficacy,
minimize side effects, and reduce the risk of the virus developing resis-
tance [52–55]. Further research is needed to explore these possibilities
and fully understand the antiviral mechanism of drupacine.

Drupacine itself is not well‐studied, but homoharringtonine (HHT),
a related cephalotaxine (CET)‐type alkaloid, is known for its anti‐
proliferative and antiviral properties [56,57]. HHT has shown efficacy
against viruses such as vesicular stomatitis virus (VSV), Newcastle dis-
ease virus (NDV), herpes simplex virus type 1 (HSV‐1), and porcine
epidemic diarrhea virus (PEDV) [58]. HHT inhibits PEDV by reducing
the eukaryotic initiation factor 4E (eIF4E) phosphorylation, which we
hypothesized might apply to Drupacine as well [58]. Given the antivi-
ral activities observed for drupacine and HHT, it would be prudent to
extend investigations to more CET‐type alkaloids to determine if this
class uniformly possesses antiviral properties and whether the CET
scaffold contributes fundamentally to these effects. Modifications
and enhancements of the CET scaffold could be valuable for develop-
ing future broad‐spectrum antiviral medications. Antiviral studies on
HHT also suggest that we could not exclude the possibility that dru-
pacine might target eIF4E or other essential host factors. Identifying
whether drupacine targets specific viral proteins or host factors
involved in viral replication would provide deeper insights into its
mechanism of action and inform the design of combination therapies
to enhance therapeutic efficacy and mitigate resistance development.

Despite these promising findings, our study has several limitations.
Firstly, antiviral candidates were evaluated primarily at protein and
cell levels. Further studies must assess their efficacy in more physiolog-
ical systems, such as animal models. Additionally, while drupacine
exhibited potent antiviral activity, its safety profile and potential off‐
target effects necessitate comprehensive investigation, including
detailed pharmacokinetic and pharmacodynamic studies to ascertain
its behavior in biological systems, its interaction with other pharma-
ceuticals, and any potential for adverse effects. All of them are essen-
tial steps before clinical application. Finally, although drupacine
emerged as a leading candidate from our screening of 3,200 natural
compounds, its IC50, CC50, and SI values indicate that it does not
demonstrate a remarkable advantage over currently known antiviral
drugs, such as camostat [59–61] and hydroxychloroquine [62–65],
which have already been disqualified in subsequent animal and clini-
cal trials. The failure underscores the ongoing challenge and complex-
ity of discovering and developing the next effective antiviral drug.

In conclusion, our study demonstrated the utility of a phenotype‐
oriented HCS platform using SARS‐CoV‐2 trVLP for antiviral screening
in a BSL‐2 setting. We screened 3,200 natural compounds and identi-
fied drupacine as a novel inhibitor of SARS‐CoV‐2 replication. While
further research is required to elucidate its antiviral mechanism and
evaluate its therapeutic efficacy in animal models, our findings pro-
vide a promising candidate for further development against COVID‐19.
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