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COVID-19, caused by SARS-CoV-2 virus, has emerged as a global threat to human 
health. The main protease (Mpro) of SARS-CoV-2 is an excellent target for the 
development of antiviral drugs against COVID-19, and various protease biosensors 
have been developed to evaluate anti-coronavirus drugs. However, the application 
of these protease biosensors was limited due to high background fluorescence, 
poor signal-to-noise ratios, and constraints in enzyme activity thresholds for 
accessing live viruses. In this study, we rationally designed a highly conserved Mpro 
cleavage site sequence among different coronaviruses (CoVs) with high proteolytic 
activity, and described an intracellular coronavirus Mpro proteolytic (ICMP) reporter 
system that takes advantage of virus-encoded Mpro expressed in infected cells 
to reform the NanoBiT fluorescent protein. The system can be used to visualize 
and identify cells infected with coronavirus, and demonstrated high compatibility 
with various Mpro proteins from 13 different mammalian coronaviruses (covering 
α, β, γ, and δ CoVs), exhibiting at least a 1,030-fold increase in luminescence. 
Stronger Nluc signals were detectable with CoV 229E virus infection at a MOI 
of 0.001. Additionally, the system proved suitable for evaluating and screening 
of antiviral compounds, including lufotrelvir, GC376, Nirmatrelvir, X77, MG-101, 
and the potential inhibitor Cynaroside. The ICMP system is not only an invaluable 
tool for the detection of live coronaviruses, but also for the discovery of antivirals 
against current and future pandemic coronaviruses.
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1 Introduction

Coronaviruses are enveloped, single-stranded, positive-sense RNA viruses belonging to the 
family coronaviridae, with genomes ranging in size from 26 to 32 kilobases (Su et al., 2016; Yang 
and Rao, 2021). There are 86 species of coronaviruses across four genera: α, β, γ, and δ. Human 
coronaviruses (HCoV) include human common coronaviruses (HCoV-229E, HCoV-OC43, 
HCoV-NL63 and HCoV-HKU1) and high pathogenic coronaviruses such as Severe Acute 
Respiratory Syndrome Coronavirus (SARS-CoV), Middle East Respiratory Syndrome Coronavirus 
(MERS-CoV) and SARS-CoV-2 which emerged in humans in 2002, 2012, and 2019, respectively. 
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The pandemic caused by SARS-CoV-2 had resulted in more than 776 
million confirmed infections with over 7.07 million deaths (World Health 
Organization, 2019). The ongoing emergence of new highly pathogenic 
coronaviruses increases the risk of a potential future pandemic.

Targeted inhibitor development, repurposing of existing drugs, 
and vaccine development are crucial strategies for addressing 
COVID-19 and future coronavirus outbreaks (Ma et al., 2020; Baig 
et al., 2021; Boras et al., 2021). Currently, an important tool for high-
throughput screening of antiviral drugs is the protease biosensor.

Coronaviruses encode two critical viral proteases, the main protease 
(Mpro) and the papain-like protease (PLpro), which are vital for the 
proteolytic processing of viral polyproteins. The cleavage recognition 
sequences are highly conserved and specific among coronaviruses, 
making these proteases primary targets for antiviral drug development 
(Zhong et al., 2009; Chen et al., 2020; Dai et al., 2020; Emrani et al., 2021). 
To date, several protease biosensors have been developed using coupling 
proteases that recognize and cleave peptide sequences for signal readout, 
which enable rapid screening of antiviral protease drugs. These systems 
do not require modifications to the virus and are compatible with various 
variants, as well as different types of coronaviruses. Consequently, these 
protease biosensors facilitate the screening of coronavirus inhibitory 
drugs without the need for biosafety level 3 facilities, thereby significantly 
advancing drug evaluation research. Current coronavirus reporting 
systems based on protease cleavage primarily include FlipGFP (Froggatt 
et al., 2020; Ma et al., 2022), Fluorescence Resonance Energy Transfer 
(FRET) (Brown et al., 2020; Alhadrami et al., 2021), Bioluminescence 
Resonance Energy Transfer (BRET) (Hou et al., 2022), and Bimolecular 
Fluorescent Complementation (BiFC) (Chen et al., 2022; Gerber et al., 
2022). However, these coronavirus reporting systems still face challenges 
including high background fluorescence and low signal-to-noise ratios. 
Additionally, the limitations of enzyme activity thresholds in protease 
cleavage-dependent expression systems hinder their effectiveness in 
evaluating live viruses. In this study, we rationally designed a highly 
conserved Mpro cleavage site sequence among different coronaviruses 
(CoVs) with high proteolytic activity, and developed a novel cell-based 
protease reporter system utilizing NanoBiT for analyzing coronavirus 
Mpro activities and evaluation Mpro inhibitors against 
coronavirus infections.

2 Materials and methods

2.1 Cell and virus

HEK-293T (ATCC CRL-3216) and Huh-7 cells (JCRB0403) were 
maintained in Dulbecco’s modified Eagle’s medium (Gibco, New York, 
United States) containing 10% fetal bovine serum (FBS, Gibco), 1% 
penicillin–streptomycin, 2.5% HEPES and 1% non-essential amino 
acids at 37°C with 5% CO2. The coronavirus strain used in this study 
was HCoV-229E (Genbank accession no. PQ699976), which was 
amplified by culturing Huh-7 cells at 34°C in a 5% CO2 environment, 
and its viral titer was measured by the plaque assay.

2.2 Selection of cleavage sites

The Mpro natural cleavage site of eight coronavirus species (SARS-
CoV-2, SARS-CoV, MERS-CoV, HCoV-229E, HCoV-NL63, 

HCoV-OC43, HCoV-HKU1, and PEDV) using Weblogo online 
software (Crooks et  al., 2004) were conducted for a comparative 
analysis. A conserved peptide, LQSGF, was chosen based on previous 
studies, and basic amino acids residues (such as K, R) were added 
before this sequence to create distinct peptide fragments to serve as 
cleavage sites. These sequences (F1–F20) were synthesized using 
different primers (see Supplementary Table  2) with Site-directed 
mutagenesis method and then incorporated into the FlipNluc 
(Arakawa et al., 2023) report system, followed by cloning into the 
pcDNA3.1(+) vector.

HEK-293T cells were seed in polylysine-treate 96-well plates and 
cultured overnight. Then 20 FlipNluc reporter plasmids, along with 
the pcDNA3.1(+) vector expressing the SARS-CoV-2 Mpro, were 
co-transfected into HEK-293T cells, with no SARS-CoV-2 Mpro as 
negative control. The luciferase activity was measured by Nano-Glo 
luciferase assay system (N1120, Promage) 24 h after transfection. The 
highest luminescence ratio between test wells and the negative control 
wells was identified to initially screen for the Mpro cleavage sequence. 
Then, the screened plasmids were co-transfected with the 
pcDNA3.1(+) vectors expressing the Mpro proteins of several 
coronaviruses in HEK-293T cells to evaluate the strongest broad-
spectrum activity of the consensus sequences for Mpro cleavage.

2.3 Construction and functional validation 
of coronavirus Mpro reporter system

The Mpro cleavage sequence F10 (VAKLQSGF) was enployed to 
develop a novel intracellular coronavirus Mpro proteolytic (ICMP) 
reporter system, which was adapted from a cell-based caspase protease 
reporter system (Li et  al., 2022). A catalytic inactivation mutant 
(C145A) of C-terminus on Mpro genes (Muramatsu et  al., 2016; 
Zhang et al., 2020), designed as a negative control, was generated by 
site-directed mutagenesis using the Mut Express II Fast Mutagenesis 
Kit V2 with the pcDNA3.1(+)-SARS-CoV-2-nsp5 plasmid as a 
template. All gene fragments were optimized for human codons and 
commercially synthesized (Sangon, China). Additionally, a similar 
protease reporter system with the tobacco etch virus (TEV) protease 
cleavage sequence (Dougherty et al., 1989) served as the mock control.

HEK-293T cells were seeded in Polylysine-treated 96-well plates 
at 2.5 × 10^4 cells/well and cultured overnight. Upon reaching 70% 
confluence, cells were transfected using Lipofectamine 3,000 
transfection reagent (L3000015, ThermoFisher). A 1:1 mixture of 
50 ng Mpro plasmid and 50 ng ICMP reporter plasmid was combined 
with the liposome system for 15 min and applied to each well. 
Negative and irrelevant controls were also transfected. Luciferase 
activity was measured at 24 and 48 h post-transfection.

HEK-293T cells were lysed in a solution containing cell lysate 
(RIPA) and phenyl methyl sulfonyl fluoride (PMSF) for western blot 
analysis 24 h post-transfection. Proteins were mixed with loading 
buffer, denatured in boiling water for 15 min, electrophoresed in a 
15% Tris-Glycine PAGE Gel, and transferred to a PVDF membrane. 
The membrane was blocked with 5% non-fat dried milk for 1 h, 
incubated with primary antibodies (anti-HA antibody (100028-
MM10, Sino Biological), Anti-LgBiT Monoclonal Antibody (N7100, 
Promega), anti-β-actin (TA-09, ZSGB-BIO)) overnight at 4°C, washed 
with TBST, and then incubated with a conjugated secondary antibody 
(ZB-2305, ZSGB-BIO). Immunoreactive proteins were detected using 
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SuperSignal West Pico PLUS Chemiluminescent Substrate (34,577, 
ThermoFisher).

Furthermore, 50 ng ICMP reporter plasmid and varying dilutions 
(1:1–1:32) of SARS-CoV-2 Mpro were co-transfected into HEK-293T 
cells for 24 h to determine whether ICMP luciferase activity was dose-
dependent on Mpro expression.

2.4 Validation of ICMP for compatibility 
with different coronavirus

Due to the high conservation of the amino acid sequence in the 
main protease (Mpro) of coronaviruses, human codon-optimized 
fragments of 13 coronavirus Mpro genes (Supplementary Table 3) 
were cloned into the pcDNA3.1(+) vector. A C145A mutation at the 
C-terminus of Mpro was included as a negative control. Then 
HEK-293T cells were seeded in 96-well plates that had been treated 
with Polylysine and were cultured overnight. 50 ng of an ICMP 
plasmid were co-transfected into 293T cells at a 1:1 ratio with 13 
coronavirus Mpro expression plasmids separately. Luciferase activity 
was measured at 24 and 48 h post-transfection.

2.5 Cell viability assay

Cell viability was measured using the CellTiter-Glo Luminescent 
Cell Viability Assay (Promega) according to the manufacturer’s 
instructions. HEK-293T cells were seeded in 96-well plates, and the 
drug-containing DMEM medium was changed after the cells were 
cultured for 24 h. After 24 h, the 96-well plates were equilibrated with 
CellTiter-Glo reagent for 30 min at room temperature, 100 μl of the 
reagent was added to each well, and after mixing for 2 min using a 
fixed-track oscillator and incubating at room temperature for 10 min, 
100 μl was taken and transferred to the white 96-well plate, and the 
luciferase activity was measured using the Nano-Glo Luciferase Assay 
System, with the time set at 1 s.

2.6 Intracellular detection of coronavirus 
229E Mpro activity

Huh-7 cells were seeded in 96-well plates at a density of 2 × 104 
cells/well the day before transfection. Then cells were transfected with 
100 ng of ICMP plasmid per well using Lipofectamine 3,000 
transfection reagent. The ICMP plasmid with TEV protease cleavage 
sequence was employed as the control. The cells were infected with 
human coronavirus (HCoV-229E) at varying multiplicities of infection 
(MOIs) after 24 h post-transfection, along with uninfected cells as the 
negative control. Luciferase activity in half of the cells in the plate was 
measured at 48 and 72 h post-infection using the Nano-Glo Luciferase 
Assay System. These cells were first fixed by incubation in 4% 
paraformaldehyde (PFA) for 20 min. Then the cells were permeabilized 
using Perm/Wash buffer (BD Pharmingen, catalog number 554723) for 
15 min and then washed with phosphate-buffered saline (PBS). The 
cells were subsequently incubated with a primary antibody specific to 
the spike S1 protein of human coronavirus (HCoV-229E), rabbit 
polyclonal antibody (Sino Biological, catalog number 40601-T62) 
overnight at 4°C. After washing, the cells were stained with Alexa Fluor 

488-labeled goat anti-rabbit IgG secondary antibody (Abcam, catalog 
number ab15007) for 1 h. Finally, the cells were mounted with 100 μl/
well of Fluoroshield with DAPI (F6057, Sigma), and fluorescence was 
analyzed using a Gen5 instrument (BioTek, United States).

To determine the relationship between HCoV-229E infection and 
luciferase activity, luminescence signals were detected at 48 h post-
infection. Concurrently, total RNA was extracted from infected Huh-7 
cells using the PureLink RNA Mini Kit (12183018A, ThermoFisher). 
The extracted RNA was then subjected to one-step real-time RT-PCR 
using the One Step PrimeScript RT-PCR Kit (RR064A, TaKaRa) in CFX 
Opus 96 Real-Time PCR System (Bio-Rad), with the following primers: 
forward primer 5′-CAGTCAAATGGGGCTGATGCA-3′, reverse 
primer 5′-AAAGGGCTATAAAGAGAGAATAAGGTATTCT-3′, and 
probe FAM-CCCTGACGACCACGTTGTGGTTCA-BHQ1. Total 
RNA as a template, qRT-PCR was performed using the One Step TB 
Green® PrimeScript™ PLUS RT PCR Kit (RR096A, TaKaRa) on the 
CFX Opus 96 Real-Time PCR System (Bio-Rad) using Mpro-F and 
Mpro-R primers specific for the Mpro gene of HCoV 229E. Mpro-F: 
ATGATGGTTGTGCTCAGGGT and Mpro-R: TTGTAGCCAGG 
AGAACCACAC primers specific for the Mpro gene. GAPDH was 
amplified as an internal control to normalize the data.

2.7 Anti-coronavirus infection activity of 
candidate Mpro inhibitors

Huh-7 cells were seeded in 96-well plates 1 day before transfection 
and then transfected with 100 ng of ICMP plasmid as previously 
described. After 24 h post-transfection, the cells were infected with 
HCoV-229E at an MOI of 0.1, along with uninfected cells as the 
control. The viral medium was replaced with culture medium 
containing varying concentrations (0, 0.01, 0.1, 1, 10, 100 μM) of 
candidate Mpro inhibitors (lufotrelvir, GC376, nirmatrelvir, X77, 
MG-101, Boceprevir and Cynaroside) and varying concentrations (0, 
0.01, 0.1, 6.25, 12.5, 25, 50, 100 μM) of potential inhibitor cymaroside 
an hour post-infection. The luciferase activity and viral RNA were 
measured 48 h post-infection. The half effective inhibitory 
concentration (IC50) of the drug was assessed by fitting a nonlinear 
regression curve for the inhibition rate of the drug on luciferase 
expression, which was calculated as: Inhibition % = 100% × (mean of 
positive controls − sample value) ÷ (mean of positive controls − mean 
of negative controls). A lower IC50 value indicated a more potent 
antiviral effect of the candidate Mpro inhibitors.

2.8 Statistical analysis

Data was presented as the means ± SDs from at least three 
independent experiments. General data manipulation was conducted 
using Microsoft Excel, and statistical analysis using GraphPad Prism 
software version 9.0 (GraphPad Software, San Diego, USA). Unless 
otherwise stated, sample means were compared by one-way ANOVA 
followed by Tukey’s multiple comparison test. To compare the 
luminescent signals with the results of automated microscopy and 
229E viral RNA expression levels, linear regression and Pearson’s 
correlation coefficient were used. To calculate half-maximal IC50, 
inhibition was analyzed using the [inhibitor] vs. response-Variable 
slope (four parameters) function.

https://doi.org/10.3389/fmicb.2025.1560251
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Dong et al. 10.3389/fmicb.2025.1560251

Frontiers in Microbiology 04 frontiersin.org

3 Results

3.1 Screening and validation of Mpro 
cleavage sites

To acquire Mpro cleavage sites that are highly conserved in the 
coronaviridae family, we analyzed the 88 natural Mpro cleavage sites 
from eight species of mammalian coronaviruses, as depicted in 
Figure 1A. The luminescence intensities of 13 designed conserved 
Mpro cleavage sequences, along with 7 previously published sites, were 
assessed within the FlipNluc reporter system in the presence of SARS-
CoV-2 Mpro. The results indicated that sites F1 (VARLQ↓SGF) and 
F10 (VAKLQ↓SGF) exhibited the highest cleavage activity and the 
greatest signal-to-noise ratio (Figures 1B,C). As shown in Figure 1D, 
two main Mpro cleavage sites were selected for comprehensive 
comparative analysis, with the structurally similar F2 (VAVLQ↓SGF) 
included as a reference. Notably, the F10 cleavage site, identified 
through systematic screening, demonstrated unique dual compatibility: 
it not only maintained optimal activity with SARS-CoV-2 Mpro but 
also exhibited broad compatibility with other coronaviruses. Functional 
evaluation revealed that although F1 generated slightly stronger 
activation signals in SARS-CoV-2 Mpro experiments, F10 showed 
superior broad-spectrum applicability across multiple coronaviruses. 
Despite F2’s similar broad-spectrum potential, its significantly reduced 
activation efficiency in the SARS-CoV-2 system rendered it unsuitable 
as a preferred candidate for pan-coronavirus applications. These 
comprehensive findings positioned F10 as a novel and balanced Mpro 
cleavage site, achieving an optimal balance between sensitivity and 
broad-spectrum compatibility.

To elucidate the molecular mechanism underlying the altered 
catalytic activity at the cleavage site, we conducted molecular dynamics 
(MD) simulations of SARS-CoV-2 main protease (Mpro) complexes 
with various substrate peptides (n = 17). Energetic analysis revealed 
that the F10 substrate peptide formed the most thermodynamically 
stable complex with SARS-CoV-2 Mpro, demonstrating the lowest 
potential energy and favorable conformational stability among all 
tested peptides (Supplementary Figure 2b). Furthermore, comparative 
analysis of seven coronavirus Mpro complexes with the conserved 
substrate peptide VAKLQSGF demonstrated hierarchical stability 
patterns: SARS-CoV-2 Mpro exhibited superior complex stability 
followed by avian infectious bronchitis virus, with human coronavirus 
HKU1 showing the least stable interactions (Supplementary Figure 2c).

3.2 Construction and functional validation 
of the ICMP reporter system

The SmBiT fragment was successfully ligated to the LgBiT 
fragment, with the first and last ends of each fragment joining a 
segment of the HiBiT mutant via the coronavirus Mpro cleavage site. 
This design preserved the original high affinity of the HiBiT mutant, 
but the fusion with LgBiT did not confer LgBiT’s enzymatic activity. 
Consequently, in the presence of the appropriate Mpro enzyme, the 
linker containing the cleavage site is cleaved, enabling the LgBiT 
fusion with SmBiT to regain enzymatic activity. We have termed this 
system the intracellular coronavirus Mpro proteolytic system 
(ICMP), as depicted in Figure  2A. The ICMP plasmid was 
co-transfected with the expression plasmid encodes SARS-CoV-2 
Mpro. The luciferase activity increased by 3,000-fold compared to the 

FIGURE 1

Screening for highly conserved pan-coronavirus Mpro cleavage sequences. (A) Sequence logo of the conservation of amino acids from multiple 
alignments of 88 main protease (Mpro) cleavage site sequences (weblogo.org). The relative height of the letters represents their frequency in the 
consensus. The total height of a logo position corresponds to the degree of conservation in the corresponding multiple-sequence alignment. The 10 
residues of P5 to P4’ positions represented the Mpro recognition site. (B) Characterization of Nluc activity of FlipNluc reporter systems co-transfected 
with SARS-CoV2 Mpro in vitro (n = 3). Data were analyzed using two-way ANOVA and error bars represent the mean ± standard error (****, 
p < 0.0001). The cleavage sites (F1-F4, F6, and F7-F8 with red background on the Y-axis) which were reported in the previous studies were included in 
the study for analysis. (C) Signal-to-noise ratio (SNR) of 20 FlipNluc reporter systems. (D) Characterization of Nluc activity of FlipNluc reporter systems 
(F1, F2, and F10) with the best SNR co-transfected with 229E, NL63, HKU1, IBV or SARS-CoV2 Mpro, separately (n = 3). Data were analyzed using two-
way ANOVA and error bars represent the mean ± standard error (****, p < 0.0001).
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Mock group 24 h after transfection. Additionally, we introduced a 
C145A mutant as a negative control, which led to no discernible 
increase in luminescence signal (Figure 2B). The ICMP plasmid with 
TEV protease cleavage sequence (ENLYFQ↓S) was employed as the 
control, which showed no significant change in luciferase activity 
when co-transfected with either Mpro or C145A Mpro mutant 
plasmid (Figure 2B). Western blotting results of co-expression of 
ICMP and Mpro plasmid indicated that the cleaved protein (23 kD) 
rather than the full-length protein (28 kD) of the ICMP reporter gene 
was detected. While neither the ICMP plasmid co-expressed with the 
Mpro C145A mutant nor the control with TEV protease cleavage 
sequence co-expressed with the SARS-CoV-2 Mpro or Mpro C145A 
mutant plasmid were cleaved (Figure 2C). These results demonstrated 
that ICMP can be effectively and specifically cleaved by Mpro.

3.3 Conservation validation of the ICMP 
reporter system based on Mpro cleavage 
sites

Phylogenetic and identity analysis revealed that Mpro is fairly 
conserved across the Coronaviridae family, as depicted in 

Figure 3A. The ICMP reporter system was co-transfected with 13 
different coronavirus Mpro constructs. All coronavirus Mpro were 
observed to elicit luminescence from the reporter system when 
compared to the mock control 24 h post-transfection. The 
luminescence signal intensities demonstrated a significant increase, 
ranging from 1,030-fold to 8,330-fold, as illustrated in Figure 3B (left 
panel). At 48 h post-transfection, the signal intensity exhibited a 
substantial increase varying from 929 to 4,700-fold, compared to the 
previous study which reported about only 50-fold increase, as shown 
in Figure 3B (right panel). No significant increase in the luminescence 
signal was detected in the negative control.

Furthermore, the luciferase activity demonstrated a positive 
correlation with the quantity of Mpro transfections, indicating that 
ICMP luciferase activity was dose-dependent on Mpro expression 
(Figure 3C). Notably, even when the concentration of SARS-CoV-2 
Mpro protein was reduced to 1.5625 ng (1:32 dilution), the luciferase 
activity of 105 relative luminescence units (RLU) represented an 
impressive enhancement of 492-fold in comparison to the negative 
control group. This result underscored the high sensitivity and 
responsiveness of the ICMP system to Mpro (Figure  3C). Next, 
we  transfected the ICMP and SARS-CoV-2 Mpro at different 
transfection ratios and monitored the luciferase activity at 2-h 

FIGURE 2

Development and characterization of the ICMP reporter system to evaluate the cleavage activity of pan-coronavirus Mpro. (A) Schematic 
representation of the ICMP reporter gene with coronavirus Mpro cleavage site (Mpro cs) based on a NanoBIT system (Promega). The small Bit (SmBiT) 
subunit is linked to the large Bit (LgBiT) subunit tagged with HiBiT-m to both the N and C terminus through the Mpro cleavage site. The Mpro cuts off 
the HiBit-m and leads to the combination of SmBiT and LgBiT, forming the functional NanoBiT® enzyme that produces bright luminescence. (B) HEK-
293T cells were co-transfected with the ICMP reporter plasmid Mpro. The luciferase activity was measured 24 h after transfection. A significant 
increase in fluorescent signal was detectable only in the cells expressing catalytically active Mpro and the corresponding cleavage site. (C) Western 
blotting of co-transfected cells lysates for Mpro and NanoBiT 24 h after transfection. Cleaved smaller band of SmBiT-LgBiT was detectable only in the 
cells expressing the catalytically active Mpro and the corresponding cleavage sites. β-actin was used as internal control.
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intervals starting at 4 h after transfection. During the 20 h transfection 
time course, the luciferase signals increased significantly from 4 h 
post-transfection at a ratio of 1:1 and from 8 h post-transfection at a 
ratio of 50:1 (Figure 3D). The results indicated that the ICMP reporter 
system was able to constantly detect the change in the luciferase signal 
and even when Mpro was diluted by 50-fold.

3.4 Evaluation of ICMP-based assay for 
quantification of coronavirus infection

The luminescence activity exhibited a significant increase in 
infected cells that were transfected with the ICMP reporter plasmid, 
whereas low luminescence signals were detected in the non-cleavable 
control (Figures  4A,B). To further investigate whether the ICMP 
system could be activated by a low dose of HCoV-229E virus infection, 
different multiplicities of infection (M.O.Is) were tested. Compared to 
uninfected cells, infected cells exhibited a significant increase in 
luminescence at 24 h post infection, 5-fold increase in luminescence 
signal at MOI of 0.5 (Supplementary Figure 4). It was worth noting that 
luminescence was detectable at the lowest MOI of 0.001 at 48 h post-
infection. A greater dynamic range was observed at 72 h post-infection, 
with at least 97-fold increase in luminescence compared to uninfected 
cells (Figure 4C). The intensity of the luminescent signal demonstrated 
a positive correlation with the quantity of virus. Additionally, the 
results of the immunofluorescence assay indicated a strong correlation 
between the luminescent signal and the proportion of infected cells 

that were positive for the spike protein (Figures 4D,E). The RT-qPCR 
results indicated that as the concentration of inoculated 229E virus 
increases, there was a corresponding increase in viral RNA levels 
within the infected Huh-7 cells (Figure  4F). The expression of 
luminescence and the quantity of viral RNA in 229E-infected cells 
exhibited a significant positive correlation (R2 = 0.881, p < 0.0001), 
normalized to GAPDH 48 h post-infection (Figure 4G). Concurrently, 
the intracellular expression levels of the 229E Mpro were assessed. The 
data indicated that Mpro expression escalated in tandem with the viral 
load. Moreover, there was a positive correlation (R2 = 0.922, p < 0.0001) 
between luciferase activity and Mpro expression (Figures 4H,I). These 
results indicated that the ICMP-based assay can effectively quantify 
coronavirus infection.

3.5 Evaluation of antiviral activity of Mpro 
inhibitors by ICMP-based assay

The impact of various candidate Mpro inhibitors on HCoV-229E 
infection was assessed in cells transfected with ICMP plasmid. 
Lufotrelvir (PF-07304814), a broad-spectrum coronavirus 3CL 
protease inhibitor, demonstrated potent antiviral activity with an IC50 
value of 0.065 μM at 48 h post-infection (Figure  5A). This was 
observed alongside a negative correlation bet ween viral RNA levels, 
as detected by RT-qPCR, and increasing drug concentrations 
(Figure 5B), aligning with previous studies (Boras et al., 2021). And 
intracellular 229E Mpro expression decreased significantly with the 

FIGURE 3

The ICMP reporter system is compatible with nearly most species of coronaviruses. (A) Phylogenetic tree of Mpro protein from 13 coronaviruses (α, β, 
γ, δ). Bootstrap values and percentage of amino acid similarity are listed at each node and show cartoons of the main host species on the right side. 
(B) Characterization of luminescence signals in 293T cells co-transfected with ICMP reporter plasmid and different coronavirus Mpro 24 h (left) and 
48 h (right) after transfection. (C) Characterization of luminescence signals in 293T cells transfected with different amounts of SARS-CoV-2 Mpro 24 h 
after transfection. The luminescence signal was decreased, agreeably to the amount of transfected Mpro plasmid DNA. (D) The ICMP reporter gene 
was co-transfected into cells with different amounts of SARS-CoV-2 Mpro plasmid, and luciferase signals were measured every 2 h from 4 to 24 h 
post-transfection. The 1:1 ratio of ICMP to Mpro plasmid DNA differed 4 h after transfection, while the 50:1 ratio of ICMP to Mpro DNA differed 8 h 
after transfection. The grey dotted line indicates the luminescence values of mock group. Data were analyzed using one-way ANOVA and error bars 
represent the mean ± standard error (n = 3; *, p < 0.05, ****, p < 0.0001).
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increasing drug concentration (Figure  5C). Subsequently, four 
inhibitors, GC376, nirmatrelvir, X77, and MG-101 (Vangeel et al., 
2022; Zhang et al., 2024), known for their inhibitory effects on SARS-
CoV-2 Mpro were evaluated. Their respective IC50 values were 0.345, 
0.233, 0.457, and 2.801 μM, as depicted in Figures 5D–G. The result 
underscore the differential efficacy of these protease inhibitors against 
HCoV-229E. Boceprevir, known for its broad-spectrum antiviral 
activity against SARS-CoV-2 and other human coronaviruses, was 
also tested by using the ICMP assay. However, it showed limited 
antiviral potency with IC50 values exceeding 50 μM (Figure  5H), 
consistent with previous studies (Franko et al., 2021; Hu et al., 2021). 
Then, cynaroside, a potential inhibitor of SARS-CoV-2 Mpro, was 

examined for its inhibitory effect on 229E infection. It exhibited a 
moderate inhibitory effect with an IC50 value of 21.57 μM (Figure 5I).

4 Discussion

The ongoing COVID-19 pandemic underscores the necessity for 
proactive development of tools capable of addressing potential future 
emergence of novel coronaviruses. For example, Froggatt et al. (2020) 
developed a high-throughput screening method based on FlipGFP, 
targeting 3CLpro cleavage sites to identify SARS-CoV-2 protease 
inhibitors. This method relied on the conformational flipping of 

FIGURE 4

ICMP reporter system to monitor coronavirus infections. (A) Schematic representation of quantification of coronavirus infection with the luminescence 
signal. (B) HCoV 229E viruses were used to infect Huh-7 cells which were transfected with ICMP plamsid or the control reporter plasmid containing 
the TEV cleavage site (M.O.I = 0.1), and luminescence signals were measured 48 h post-infection. The uninfected cells with HCoV 229E were used as 
control (mock) group. (C) ICMP transfected Huh7 Cells were infected with HCoV 229E virus at different MOI and luminescence signals were measured 
at 48 and 72 h post-infection. (D) Immunofluorescence staining for Spike protein (green) in DAPI-stained (blue) nuclei of ICMP-transfected Huh7 cells 
infected with HCoV 229E virus 48 h post-infection. (E) Correlation between the Nluc luminescence and the proportions of HCoV 229E spike protein 
determined by IFA during virus infection, was analyzed by Pearson (R2). (F) Quantification of viral RNA in HCoV 229E-infected cell lysates 48 h after 
infection. Data shows RNA levels relative to GAPDH. (G) Correlation between the Nluc luminescence and viral RNA dynamics during HCoV 229E 
infection was analyzed by Pearson (R2). (H) Quantification of viral Mpro in HCoV 229E-infected cell lysates 48 h after infection. Data shows RNA levels 
relative to GAPDH. (I) Correlation between the Nluc luminescence and viral Mpro dynamics during HCoV 229E infection was analyzed by Pearson (R2). 
Data were analyzed using one-way ANOVA and error bars represent the mean ± standard error (n = 4; **, p < 0.01, ***, p < 0.001, ****, p < 0.0001, ns, 
p > 0.05).

https://doi.org/10.3389/fmicb.2025.1560251
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Dong et al. 10.3389/fmicb.2025.1560251

Frontiers in Microbiology 08 frontiersin.org

isolated GFP and the reconstitution of fluorescent motifs, enabling the 
screening of a diverse range of SARS-CoV-2 protease inhibitors (Ma 
et al., 2021; Ma et al., 2022). Arakawa et al. (2023) modified the system 
by replacing EGFP with Nluc, developing FlipNluc for applications in 
apoptosis detection. However, these studies were not designed for 
direct viral infection detection, and subsequent research demonstrated 
that the FlipGFP system was unsuitable for this purpose, as it either 
failed to detect viral infection or showed only minimal differences 
upon infection. Instead, these systems were proved to be  highly 
effective for screening cleavage sites. Among various targets, Mpro and 
PLpro, a highly conserved protease across coronaviruses, stands out 
as a key focus for drug development against SARS-CoV-2. Mpro, a 
306-amino acid dimeric protein, is shorter than PLpro, facilitating the 
screening of cleavage sites, hence the prevalence of Mpro-based 
protease biosensors in current antiviral drug designs. Our study 
designed a cell-based reporter system named ICMP which was based 
on the optimized Mpro cleavage sequence. In previous studies, the 
relative rates of cleavage of different substrate sequences correlated 
with different structural properties, that is a preference for small 
hydrophobic residues at the P4 position, a preference for positively 

charged residues at the P3 position, a preference for hydrophobic 
residues without a β-branch at P2, and Gln as the best residue at the 
P1 position (Chuck et al., 2011). In addition, cleavage of the peptide 
bond between P1 and P1’ positions were catalyzed by the Cys145 and 
His41 dyad (Chen et al., 2005). Guided by this principle, we designed 
coronavirus Mpro recognition sites and, in this study, employed the 
FlipNluc system to screen 13 self-designed Mpro cleavage sequences 
alongside 7 previously published sites. The results indicated that sites 
F1 and F10 exhibited the highest cleavage activity and the greatest 
signal-to-noise ratio. The luciferase activity assay demonstrated that 
the F10 cleavage site exhibits both a high signal-to-noise ratio and 
broad-spectrum compatibility, demonstrating superior performance 
compared to other cleavage sites. Furthermore, molecular dynamics 
(MD) simulations revealed that the F10 substrate peptide 
(VAKLQSGF) forms a structurally stable interaction with SARS-
CoV-2 Mpro, as evidenced by its lowest binding energy. This 
thermodynamic stability is likely achieved through optimal 
electrostatic complementarity between the Glu47 residue and the 
P3Lys side chain. Notably, prior investigations have established that 
the lysine residue at the P3 position confers greater specificity than 

FIGURE 5

Evaluation of in vitro antiviral activity of Mpro inhibitors against HCoV 229E virus in the ICMP reporter system-based assay. (A) Dose–response curves 
and IC50 for Lufotrelvir against 229E virus infection (M.O.I = 0.1). (B) Relative HCoV 229E viral RNA levels, normalized to GAPDH, in the infected cells 
treated with Lufotrelvir. Data are shown as means ± SD. p values were analyzed by one-way ANOVA (n = 4, ****, p < 0.0001; ns, p > 0.05). (C) Relative 
HCoV 229E viral Mpro levels, normalized to GAPDH, in the infected cells treated with Lufotrelvir. Data are shown as means ± SD. p values were 
analyzed by one-way ANOVA (n = 3, *, p < 0.05; ****, p < 0.0001; ns, p > 0.05). (D–I) Dose–response curves for GC376, Nirmatrelvir, X77, MG-101, 
Boceprevir and Cynaroside are shown in red. Cell viability (blue) were accessed relative to vehicle-only (DMSO) samples. IC50 and R-squared values 
were estimated by fitting a nonlinear regression curve to the data from each individual experiment for each inhibitor.
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arginine, an observation attributable to the critical role of electrostatic 
interactions between Glu47 and P3Lys in mediating selective substrate 
recognition (Phakthanakanok et al., 2009). Since the F10 cleavage site 
demonstrated potential compatibility with all tested coronaviruses, it 
was selected as the optimal sequence for establishing the ICMP 
system. To achieve this, we integrated the optimal sequence into a 
cell-based reporter system, which was subsequently named ICMP.

This system involves the fusion of SmBiT and LgBiT fragments, 
which were originally designed for the detection of caspase activity (Li 
et al., 2022). Both ends of this fusion were linked to segments of the 
HiBiT mutant via the SARS-CoV-2 Mpro cleavage site. In the presence 
of the appropriate Mpro enzyme, the linker containing the cleavage 
site is hydrolyzed, enabling LgBiT to associate with SmBiT and thus 
gain enzymatic activity. Our results confirm that ICMP can effectively 
detect 13 different species of coronaviruses, including the SARS-
CoV-2. In fact, most current reporter systems are specifically designed 
for detecting the SARS-CoV-2, with few being universally effective on 
detecting different coronaviruses. This limitation is largely due to the 
fact that common coronaviruses exhibit weaker replication capabilities 
and lower Mpro protein expression levels compared to SARS-CoV-2. 
Consequently, the development of systems for detecting common 
coronaviruses necessitates a high degree of sensitivity. The ICMP 
system exhibited a significant increase in luminescence when 
co-transfected separately with 13 different coronavirus Mpro 
constructs. All Mpro demonstrated at least a 1,030-fold enhancement, 
significantly exceeding the 100-fold enhancement reported in 
previous studies. Furthermore, stronger signals were detected by the 
ICMP system by infection of HCoV 229E virus at a low MOI of 0.001, 
demonstrating its exceptional sensitivity. This sensitivity suggests that 
the ICMP system has significant potential for detecting 
coronavirus infections.

To determine whether the ICMP system can accurately reflect the 
efficacy of drugs in inhibiting viral infections, we tested a series of 
coronavirus drugs. Lufotrelvir is a phosphate prodrug that is rapidly 
converted in vivo into the active moiety PF-00835231 (Boras et al., 
2021). Lufotrelvir showed significant anti-229E coronavirus activity 
in a cell-based assay with an IC50 value of 0.065 μM, consistent with 
the results of the previous study (IC50 = 0.058 μM; Boras et al., 2021). 
In addition, Lufotrelvir demonstrated potent inhibitory activity 
against all tested coronavirus Mpro as previous study (Boras et al., 
2021), confirming Lufotrelvir is a promising broad-spectrum anti-
coronavirus agent. Furthermore, we evaluated the antiviral potency of 
three SARS-CoV-2 Mpro inhibitors, nirmatrelvir, X77, and MG-101 
(Owen et al., 2021; Luttens et al., 2022; Narayanan et al., 2022; Zhang 
et al., 2024), against the HCoV 229E Mpro using ICMP. The results 
revealed that both nirmatrelvir and X77 exhibited higher antiviral 
potency against 229E Mpro compared to MG-101, which displayed 
moderate cellular inhibition. These findings indicated that the 
effectiveness of these inhibitors may extend to a broader spectrum of 
coronavirus variants besides SARS-CoV-2. Boceprevir, approved by 
FDA to treat HCV infection in 2011 (Malcolm et al., 2006), has shown 
potency to inhibit Mpro enzymatically recently. In our study, 
boceprevir displayed very weak inhibitory potency against HCoV 
229E, which consistent with the results of previous study (Cao et al., 
2022). Our study further confirmed that novel targets for COVID-19 
drug development should hit on additional key steps in the SARS-
CoV-2 pathogenesis and replication pathway, rather than solely 
inhibiting Mpro to achieve a high antiviral effect.

GC376, initially designed to target coronaviruses like feline 
infectious peritonitis virus (FIPV) in cats (Pedersen et al., 2018), has 
been repurposed by Anivive Lifesciences Inc. for the treatment of 
COVID-19 patients (Fu et al., 2020; Vuong et al., 2020). This drug 
exhibits high potency for inhibiting the Mpro in vivo. However, its 
efficacy in inhibiting SARS-CoV-2 in vitro was a subject of debate. Our 
study employed the ICMP assay to demonstrate that GC376 effectively 
suppresses the replication of the 229E virus in vitro. This inhibitory 
effect was mediated through the inhibition of Mpro.

To further validate the potential of the ICMP system in 
discovering future Mpro inhibitors, we selected an Mpro inhibitor 
with inhibitory potential, Cynaroside, a luteolin 7-O-β-D-glucoside, 
have been reported to be  a potential inhibitory against the RNA 
polymerase of influenza viruses (Zima et al., 2020). Cynaroside has 
been identified as a potential inhibitor of the main protease of SARS-
CoV-2 through molecular docking studies (Johnson et  al., 2022; 
Moezzi, 2023). In the present study, we determined that cynaroside 
was able to effectively be inhibited the replication of the HCoV 229E 
virus in huh7 cells, demonstrating moderate antiviral activity. 
Although the exact mechanism of inhibition is not yet clear, our 
investigation into this possibility is likely lead to the discovery of novel 
COVID-19 drugs.

Currently, most drug evaluations are restricted to plasmid 
transfection, which fails to accurately represent the effects of therapeutic 
compounds on cells. In fact, the effects of identified protease inhibitors 
may vary significantly when these compounds are applied to viral 
infections. Our ICMP system addresses this limitation by detecting 
coronavirus infections at very low titers and discerning the inhibitory 
effects of drugs through the attenuation of fluorescent signals. The ICMP 
system has demonstrated high effectiveness in monitoring coronavirus 
Mpro activity, offering a robust solution for future drug screening. While 
our ICMP reporter system demonstrates high sensitivity and specificity 
for detecting Mpro activity, several limitations should be considered. 
First, although we have validated the system in both 293T and Huh7 
cells, showing consistent signal-to-noise ratios (thousands-fold 
differences) across these cell types, it remains to be determined whether 
the fluorescence signal might vary in other cell types or under different 
metabolic states. Future studies should expand the validation to include 
primary cells and cells with altered metabolic profiles to further assess 
the robustness of the system. Due to the biosafety constraints, 
we currently only use the HCoV 229E strain for assessment. In the 
future, it will be essential to expand the scope to encompass a wider 
variety of coronavirus strains in order to enhance our understanding 
and treatment of these diseases. Finally, the application of this system in 
more complex biological environments, such as animal models, will 
require careful optimization to account for potential interference from 
host factors. Future work should focus on addressing these limitations 
to enhance the translational potential of the ICMP reporter system for 
both basic research and clinical applications.

5 Conclusion

In conclusion, a cell-based coronavirus reporter system was 
developed to quantify the activity of Mpro or coronavirus infections. 
This cell-based assay is highly applicable for screening candidate 
antiviral compounds against both SARS-CoV-2 and any other 
coronaviruses. Using this assay, we identified a drug, Cynaroside, 
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with moderate inhibitory effects against 229E virus, which may 
possess broad-spectrum antiviral potential. Furthermore, the assay 
demonstrated significant potential for applications in aiding the 
diagnosis and detection of emerging coronaviruses.
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