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ARTICLE INFO ABSTRACT
Keywords: Despite effective antiviral drugs that have emerged to combat SARS-CoV-2 infections, novel therapeutic stra-
SARS-CoV-2 reporter tegies are required to better address the ongoing and future evolutions of the virus. Targeting viral proteases,

Antiviral drugs

Protease inhibitors
SARS-CoV-2

Main protease (Mpro/3CLpro)

such as the main protease (Mpro), remains a promising approach. Here, we present a rapid and sensitive
luminescence-based reporter system, the i-NSP4/5-Gluc2, to assess Mpro activity. This system employs Gaussia
luciferase (Gluc) fused to a pro-interleukin 1f (pro-IL-1f) fragment containing a specific Mpro cleavage site.
Upon Mpro cleavage, Gluc is released and secreted, generating a luminescent signal outside the cells. By opti-
mizing the system’s design and experimental conditions, we achieved high sensitivity and specificity. The i-
NSP4/5-Gluc2 system was validated using the Mpro inhibitor Nirmatrelvir and successfully identified potential
Mpro inhibitors from a small library of 46 compounds, as proof of concept. Notably, 13 out of 14 new compounds
identified by the i-NSP4/5-Gluc2 assay exhibited potent antiviral activity against live SARS-CoV-2, highlighting
the system’s accuracy and predictive power. This BSL2-compatible, high-throughput approach facilitates rapid
and efficient screening of antiviral compounds, accelerating the development of effective therapeutics against
SARS-CoV-2 and future viral pandemics.

1. Introduction illness and mortality associated with the virus, helping to control the
pandemic (Patel et al., 2022). To date, Severe Acute Respiratory Syn-

The COVID-19 pandemic triggered a global research effort that led to drome Coronavirus 2 (SARS-CoV-2) has been responsible for more than
the development of highly effective vaccines and antivirals in record 700 million confirmed cases and more than seven million deaths (ac-
time. These interventions have significantly reduced the severity of cording to World Health Organization monitoring). However, the rapid
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and constant evolution of SARS-CoV-2 continues to challenge the
long-term efficacy of these treatments. In particular, several
SARS-CoV-2 variants of concern (VOCs) have emerged, showing
improved transmissibility, evasion of immunity, or changes in virulence
(Telenti et al., 2022). Since vaccine development mainly targets the
virus’ Spike protein, the effectiveness of the vaccine against the
currently predominant variant may not extend to subsequent variants
(Gomez et al., 2021).

SARS-CoV-2 belongs to the Coronaviridae family, a group of positive-
sense, single-stranded RNA viruses known for infecting a wide range of
mammals and birds (Mingaleeva et al., 2022). Approximately two-thirds
of the SARS-CoV-2 genome is occupied by two large ORFs (i.e. ORFla
and ORF1b) which encode 16 non-structural proteins (NSPs) required
for viral RNA synthesis, expression and maturation (V'kovski et al.,
2021). ORFla and ORF1b encode the polyproteins ppla and pplab,
respectively, from which NSPs are released by proteolytic cleavage. This
cleavage is carried out by two NSPs that function as cysteine proteases:
NSP3, also known as papain-like protease (PLpro), is responsible for the
release of NSP1-3 and the amino terminus of NSP4, while NSP5, referred
to as the main protease (Mpro) or 3-chymotrypsin-like protease
(3CLpro), releases NSP5-16 and the carboxy terminus of NSP4 (Xia and
Kang, 2011). These two proteases, PLpro and Mpro, play an essential
role in the life cycle of SARS-CoV-2, allowing the release of proteins
necessary for genome replication from polyprotein precursors. The key
role of these two proteases, combined with the fact that they are not
subjected to the same extensive evolutionary pressure as the Spike
protein, makes them highly attractive drug targets, as they exhibit
minimal variability across different viral variants (Diogo et al., 2024).
Mpro is responsible for the release of most non-structural proteins
(NSPs), and has a more compact and less complex structure than PLpro.
The most promising therapeutic applications have been developed to
target both proteases (Citarella et al., 2023; Tan et al., 2024; Garnsey
et al., 2024).

The first FDA-approved drug targeting SARS-CoV-2’s Mpro was
Nirmatrelvir, a component of the oral antiviral combination drug Pax-
lovid, which resulted in a reduction in the risk of severe COVID-19
progression for current variants (Wang et al., 2024; Vangeel et al.,
2022). The development of specific reporter systems to detect the ac-
tivity of Mpro can facilitate the development of other drugs against these
important targets, and several strategies have been developed to achieve
this goal (Ma et al., 2021, 2022; Rothan and Teoh, 2021; Tillmanns
et al., 2024; Narayanan et al., 2022; Zhang et al., 2024).

In this work, we introduce the i-NSP4/5-Gluc-2, a rapid and user-
friendly SARS-CoV-2 reporter system based on a luminescence readout
sensitive to the proteolytic activity of Mpro. This system can be adopted
in a viral-free setup, making it safer and more accessible for a variety of
research environments. Using this reporter system, we have established
a simple and effective pipeline to evaluate the activity of drugs targeting
SARS-CoV-2 protease activity, potentially enabling the simultaneous
testing of hundreds of compounds simultaneously. Additionally, this
system is also suitable for high-throughput screening of antiviral in-
hibitors and can be easily adapted to accommodate emerging SARS-CoV-
2 protease mutants in the future.

2. Materials and methods
2.1. Cell lines and culture

HEK293TN cells (HEK293, CRL-3216) were maintained in Dulbec-
co’s Modified Eagle Medium (DMEM, Gibco - Life Technologies: 4.5 g/L
of D-glucose, 0.11 g/L of Sodium Pyruvate) complemented with 10 % of
fetal bovine serum (FBS, Gibco - LifeTechnologies), 1 % of Glutamine (L-
Glutamine 100X-Euroclone), 1 % Penicillin-Streptomycin (P/S, 100X -
Euroclone), 1 % sodium pyruvate (NaPyruvate, Gibco, Life-
Technologies) and 1 % non-essential amino acids (NEAA, Gibco, Life-
Technologies). HEK293TN-hACE2 cell line was generated by lentiviral
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transduction of HEK293TN to stably express hACE2 receptor. Lentiviral
vectors were produced by co-transfection (calcium phosphate-based
method) of third generation helper and transfer plasmids (see 3.4).
pLENTI_hACE2 HygR transfer plasmid carrying both hACE2 receptor
and hygromycin resistance (Addgene #155296) was used. 48h after
transduction, HEK293TN were subjected to hygromycin selection (250
pg/mL) to isolate hACE2 expressing cells. Expression of hACE2 was
confirmed by flow cytometry using anti-hACE2 antibodies. HEK293TN-
hACE2 cells were maintained in the same culture conditions of
HEK293TN, with the addition of 250 pg/mL Hygromycin (Gibco).
HEK293TN-hACE2 were used for infection experiments with SARS-CoV-
2.

2.2. I-NSP-Gluc plasmids generation

i-NSP-Gluc encoding plasmids were generated by cloning from i-
TEVp-Gluc Double plasmid. First, the vector plasmid was digested with
different restriction enzymes BamHI-HF and Nhel-HF (NEB) (with Mpro
cleavage sequence into site 1), whereas Agel-HF and EcoRI-HF (NEB)
(with Mpro cleavage sequence into site 2). The digested plasmids were
purified from gel with Wizard SV kit (Promega). according to the kit
instructions. We designed two custom oligos pairs (see Table S1) to
selectively clone each of the 11 SARS-CoV-2 cleavage sequences sensi-
tive to Mpro activity. Plasmid DNA purification from transformed bac-
terial suspension was carried out using NucleoBond Xtra Maxi Kit
(Macherey-Nagel) following the manufacturer protocols. Final elution
was performed in water. Plasmid DNA was quantified by Nanodrop.
Primers annealing reaction was performed adding 1 pL of both reverse
and forward primers (stock 100 pM) to 18 pL of annealing buffer (NaCl
20 mM and Tris-HCI pH8 10 mM), the solution was then put in Ther-
mocycler (T3000, Biometra) at 95 °C. After 5 min, the temperature was
reduced slowly to 25 °C in 1h. At the end of the reaction, custom oligos
were annealed. Ligation reaction was performed using T4 DNA ligase
(BioLabs). 50 ng of vector and 1 pL of diluted custom oligos solution
were added to ligation buffer: 1 pL of T4 DNA ligase (40 U/mL) and 2 pL
T4 DNA ligase buffer (BioLabs). The solution was incubated at 16 °C
overnight, then transformed in One ShotTM TOP10 Chemically
Competent E. coli (Invitrogen).

2.3. Transient transfection

To transfect both i-NSP-Gluc2 encoding plasmid and Mpro encoding
plasmid into HEK293TN cells, a Lipofectamine 2000 (Invitrogen - Life-
Technologies) transfection was performed. First, HEK293TN cells were
seeded in a 96-well plate at 10,000 cells/well density in 100 pL of DMEM
medium (Invitrogen - LifeTechnologies). The following day, Lipofect-
amine was added to Opti-MEM (Gibco - LifeTechnologies) according to
protocol and incubated for 5 min at room temperature. At the same time,
10 ng of vector plasmid and 1 ng of protease plasmid were added to Opti-
MEM. The solutions are then mixed together and incubated for 20 min at
room temperature before being added to HEK293TN.

2.4. Cells treatment

To evaluate antiviral activity of different compounds, cells were
treated with Mpro inhibitors 1h after transfection. The compounds,
dissolved in DMSO stock solution, were diluted to 3x final desired
concentration in 50 pL of DMEM. The percentage of DMSO contained in
each well should not exceed 1-2 % of the total volume, as DMSO is
cytotoxic and could affect cell viability. The bioluminescence reduction
is evaluated after 48 h post treatment.

2.5. SARS-CoV-2 Mpro inhibitors infection assay

HEK293TN-hACE were plated at 5000 cells/well in white 96-well
plate in 100 pl of complete DMEM plus 2 % FBS. The day after cells
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were treated with 7 doses of 5-fold serially diluted compounds (3 rep-
licates/dose) in DMSO. Plates were transferred to BSL3 and SARS-CoV-2
virus (EPL_ISL_584051) was added at 0.1 MOI in 50 pl of volume to each
well. Following this procedure the higher concentration of tested com-
pound is 10 pM and DMSO percentage is 0.25 % for all conditions. Plates
were maintained in incubators at 37 °C and 72h and inhibition effect of
compounds on SARS-CoV-2 replication was evaluated by cytopathic
effect with CPE assay. In detail, CellTiter-Glo® Luminescent Cell
Viability Assay (promega), which provides a luminescent method to
determine cell viability, was used. Obtained Relative Luminescence Unit
(RLU) were normalized to infected and not infected controls in order to
obtain the percentage of inhibition of cytopathic effect using the
following formula: % CPE inhibition= 100*(Test Cmpd — Avg. Virus)/
(Avg. Cells — Avg. Virus), where Avg virus derived from Infected + vehicle
(0.25 % DMSO) wells RLU while Avg. Cells derived from Not Infected +
vehicle (0.25 % DMSO) wells RLU. Dose response curve were generated
by nonlinear regression curve fitting with GraphPad Prism to calculate
Effective Concentration that inhibit 50 % of viral cythopatic effect
(IC50). Finally, compounds cytotoxicity effect was determined in a
parallel plate treated with compounds but not infected using CellTiter-
Blue Cell Viability Assay (promega), which provides a fluorescent
method to determine cell viability. Obtained RFU are normalized to not
treated wells to define compounds cytotoxicity.

2.6. Luminescence assay

Coelenterazine (PJK Biotech, CAS 55779-48-1), the native substrate
of Gluc, was dissolved in ethanol to prepare a 2.5 mM stock solution and
diluted 1:500 in 1X PBS (Gibco, Life Technologies) for reaction. For the
assay in a 96-well plate (Thermo Scientific, 236108), 50 pL of the diluted
solution was added to 50 pL of supernatant collected from transfected
cells. In the 384-well plate format (Thermo Scientific, 262360), given
the longer acquisition time of the plate, a more stable version of the
substrate was used. For this purpose, 40 pL of reagent Gaussia Luciferase
Glow Assay Kit (Thermo Scientific, 16160) was added to 40 pL of cell
supernatant. Luminescence was measured using an Infinite F200 PRO
Microplate Reader, with an integration time of 1000 ms for the 96-well
plate and 500 ms for the 384-well plate. Before measurement, the plate
was shaken for 10 s. Relative luminescence units (RLUs) were normal-
ized to the no-protease condition (background signal). Each condition
was tested in 3 or 4 independently transfected wells, for 96 or 384 plate
respectively.

2.7. Viability assays

Cell viability is assessed by CellTiter-Blue™ Cell Viability Assay
(CTB, Promega, G8080). The system is based on the ability of living cells
to convert a redox dye (Resazurin) into a fluorescent-end product
(Resorufin). Cells are incubated with the CTB solution diluted 1:5 in
medium for 1h at 37 °C. The fluorescent signal is measured using
InfinitieF200 PRO Microplate Reader (TECAN) with a 560Ex/590 Em
filter set. All vitality values are normalized on untreated conditions and
expressed as percentage of the control (100 %).

2.8. iGluc score

The iGluc Score is a quantitative metric designed to evaluate the
efficacy of drugs based on their ability to inhibit a specific biological
activity while normalizing for the potential confounding effects of cell
viability. It provides a comparative measure of the residual activity (RA)
of a biological system, such as a viral infection or cellular pathway,
under different drug concentrations. The iGluc Score facilitates the
detection of dose-response relationships by comparing residual activity
at low and high drug concentrations, identifying compounds with clear,
concentration-dependent inhibition.

The iGluc Score is calculated as the ratio between residual activity at
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a high drug concentration (in this work 50 pM) and residual activity at a
low drug concentration (in this work 10 pM), with both values
normalized to account for cell viability.

The formula for the iGluc score is reported here:

. RA50/log 10(vit50)
iGilue score =& 410 /log 10(vit10)

where, Residual Activity (RA) represents the biological activity that
remains in the presence of the drug at 50 pM (RA50) and at 10 pM
(RA10). Vitality (vit) indicates the percentage of cells that survive at 50
uM (vit50) and 10 pM (vit10) of the analyzed compound. Normalizing
each RA to the viability of the cells at that concentration ensures that the
impact of cell viability is properly accounted for, preventing con-
founding effects from cytotoxicity. The average of the obtained iGluc
Score from multiple biological replicates was then used to evaluate drug
efficacy. A lower iGluc Score indicates higher efficacy, as it reflects a
significant reduction in biological activity at high drug concentrations
compared to low concentrations, while a higher iGluc Score suggests
that the drug has limited or no inhibitory effect on the target activity,
even at higher concentrations. A threshold at 0.75 was set to have a
sensitive and specific evaluation of the active compounds. Sensitivity
and specificity are calculated using MedCalc Software Ltd. Diagnostic
test evaluation calculator. https://www.medcalc.org/calc/diagnostic
_test.php.

2.9. Material availability

All materials are available upon request to defrancesco@ingm.org.
3. Results
3.1. Design of SARS-CoV-2 MP™ reporter system

We developed a SARS-CoV-2 Mpro-sensitive construct based on the
detection of Gaussia luciferase (Gluc), building upon a system previously
described by others (Bartok et al., 2013; Luft et al., 2014). Gluc was
selected as the biosensor due to its natural secretion by mammalian
cells, making it easily detectable through high-throughput luminescen-
ce-based assays. To retain Gluc within the cells, it was necessary to fuse
it with an appropriate molecular anchor (Takenaka et al., 2008). Thus,
we generated a fusion construct combining Gluc with pro-interleukin-1f
(pro-IL-1p), which effectively retains Gluc in the cytoplasm. The
pro-domain of interleukins has a strong tendency to form aggregates that
trap Gluc within the cell, preventing interaction with its substrate and
thereby inactivating it (Larionova et al., 2018).

There are two potential locations where the protease cleavage site
can be inserted into the construct: site 1, which is positioned between
the N-terminus and C-terminus of pro-IL-1f (corresponding to the
original caspase-1 cleavage site), and site 2, which separates pro-IL-1p
from Gluc (Fig. 1) (Garcia-Calvo et al., 1999).

To test the functionality of the iGluc reporter system, we introduced
the Tobacco Etch Virus (TEV) protease cleavage site (TEVp) into either
site 1 (single) or both sites (double) to evaluate the system’s ability to
detect viral protease activity. This resulted in increased Gluc activity in
the supernatant as TEV protease levels rose (Supplementary Fig. 1).
Interestingly, the sensitivity of the system significantly increased when
the cleavage site was inserted at both locations.

Following these results, we incorporated all potential cleavage se-
quences recognized by Mpro into the construct. Indeed, SARS-CoV-2
Mpro recognizes 11 distinct cleavage sites located between adjacent
non-structural proteins (NSPs) in the viral polyprotein. Each of these
sequences was individually inserted into site 2 (Table 1), creating the i-
NSP-Gluc2 construct, while site 1 retained the TEV cleavage site as a
control. We then evaluated Mpro cleavage efficiency for all constructs
(Fig. 2A). Notably, only the NSP4/5, NSP9/10, and NSP15/16 cleavage
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Fig. 1. iGluc activation through Mpro proteolytic cleavage. A, Schematic representation of iGluc reporter constructs. B, Molecular mechanism of Gluc release

from pro-IL1p aggregates and its activation.

Table 1

SARS-CoV-2 cleavage sequences inserted into i-NSP-Gluc2 construct.
Amino acids residues into MP™ cleavage sequences are identified as
PsP4P3P,P1|P’Py’P3’Py’ Py’ pOSitiOI’l.

No. NSP Cleavage sequence
1 NSP 4/5 SAVLQ | SGFRK
2 NSP 5/6 GVTFQ | GKFKK
3 NSP 6/7 VATVQ | SKMSD
4 NSP 7/8 RATLQ | AIASE
5 NSP 8/9 AVKLQ | NNELS
6 NSP 9/10 TVRLQ | AGNAT
7 NSP 10/12 EPLMQ | SADAS
8 NSP 12/13 HTVLQ | AVGAC
9 NSP 13/14 VATLQ | AENVT
10 NSP 14/15 FTRLQ | SLENV
11 NSP 15/16 LQASQ | AWQPG

sites led to a significant increase in luciferase activity in the presence of
Mpro. NSP7/8 and NSP14/15 exhibited lower sensitivity while no
cleavage was observed in the other constructs using our peptide-based
gaussia reporter system (Fig. 2A). Among all the constructs, the NSP4/
5 sequence was cleaved by Mpro with the highest efficiency, resulting in
more than 9-fold increase in the signal-to-noise ratio compared to other
conditions. Consequently, the i-NSP4/5-Gluc2 construct was chosen as
the best candidate due to its greater sensitivity and thus selected for
further experiments.

3.2. Characterization of SARS-CoV-2 MP™ reporter system

To explore whether the position of the Mpro cleavage site affects the
reporter’s sensitivity, we designed three constructs containing the
NSP4/5 sequence at site 1, site 2, or both, named respectively i-NSP-

Glucl, i-NSP-Gluc2, i-NSP-Gluc-double (Fig. 2B) and evaluated their
cleavage in the presence of Mpro activity. Contrary to our expectations,
the construct with the cleavage site only at position 2 demonstrated the
highest Mpro cleavage activity (Fig. 2C). As a result, the i-NSP4/5-Gluc2
construct was identified as the optimal reporter for detecting Mpro
activity.

To validate the specificity of the cleavage signal observed, we
employed a catalytically inactive SARS-CoV-2 Mpro mutant (C145A).
C145 is one of the two critical residues forming the catalytic dyad of the
protease (C145 and H41), and the C145A mutation completely abolishes
Mpro activity. Co-expression of wild-type SARS-CoV-2 Mpro (WT) with
i-NSP4/5-Gluc2 resulted in a significant increase in bioluminescence,
whereas the inactive C145A mutant did not induce any detectable
bioluminescence (Fig. 2D).

We then optimized various experimental conditions to maximize the
signal-to-noise ratio, aiming to enhance the sensitivity of our reporter
system to Mpro activity. To this aim, we first conducted a titration of
both the Mpro-encoding plasmid and the i-NSP4/5-Gluc2-encoding
plasmid (Fig. 3A and B).

From the protease titration, we observed the highest biolumines-
cence signal with 1-5 ng of the Mpro-encoding plasmid (Fig. 3A).
Similarly, titration of the reporter plasmid showed that 12.5 ng and 6.25
ng of i-NSP4/5-Gluc2-encoding plasmid provided the highest signal-to-
noise ratios (Fig. 3B). Therefore, we established the optimal experi-
mental conditions as 1 ng of Mpro-encoding plasmid and 10 ng of i-
NSP4/5-Gluc2-encoding plasmid. These conditions yielded a consistent
signal-to-noise ratio of approximately 10-fold.

Finally, we compared the bioluminescence signals from the lucif-
erase assay performed on the cell supernatant with those obtained from
intracellular measurements (Fig. 3C). Gluc is naturally secreted from
cells due to the presence of an N-terminal signal peptide, although non-
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Fig. 2. Characterization of SARS-CoV-2 MP™ reporter system. A, Screening of SARS-CoV-2 sequences responsive to MP™ proteolytic activity, HEK-293T are co-
transfected with 10 ng of IGluc containing each SARS-CoV-2 NSP sequences sensitive to Mpro and 1 ng of Mpro encoding plasmid. B, Schematic representation
of i-NSP4/5-Glucl, i-NSP4/5-Gluc2, and i-NSP4/5-Gluc Double. C, Comparison between the responsiveness of i-NSP4/5-Glucl, -2, or -Double. D, Evaluation of i-
NSP4/5-Gluc2 specificity co-trasfecting 1 ng of a plasmid encoding for a functional protease (Mpro WT) or an inactive mutant (Mpro C145A). Raw RLU values are
shown as mean + SD (n = 3).
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conventional secretion has been observed in the absence of this signal
peptide (Tannous et al., 2005; Tannous, 2009). We sought to determine
which measurement protocol produced the best assay performance be-
tween cell lysate (intracellular) and supernatant (extracellular). We
found that measurement of the extracellular Gluc provided the best
signal-to-noise ratio, leading us to perform all subsequent experiments
using bioluminescence measurements from the cell-free supernatant
having the advantage of being able to use the cells to assess their
viability.

3.3. Application of the i-NSP4/5-Gluc2 reporter for drug screening

Paxlovid was the first Mpro inhibitor to receive clinical authorization
from the European Medicines Agency (EMA). It consists of a combina-
tion of two drugs: Nirmatrelvir (PF07321332), which acts as a reversible
covalent inhibitor of the Mpro protease, and Ritonavir. Given Nirma-
trelvir's mechanism of action, we utilized it to assess whether our
biosensor could effectively measure Mpro inhibition in cellular
biochemical assays. At a concentration of 10 pM pf Nirmatrelvir, we
could observe a reduction of Mpro activity by approximately 50.7 %
(Fig. 3D).

As a proof-of-concept screen, we employed this system to evaluate
the inhibitory activity of a small library of 46 candidate peptidomi-
metics derived from protease inhibitors (Fig. 4). Given the possible high-
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throughput nature of the assay, using a titration of 10 dilutions for each
compound would drastically increase the number of conditions to be
tested. We therefore selected only two concentrations (10 and 50 pM)
for each drug that were administered 1-h post-transfection. Their inhi-
bition of Mpro activity was assessed by measuring the reduction in
luminescence signal relative to vehicle-treated controls, 48 h after
treatment (Supplementary Fig. 2).

To easily quantify and visualize the inhibition of each drug in a
simple but effective way we develop the iGluc Score. The iGluc score is a
measure used to evaluate the efficacy of a drug. It is calculated by
comparing the residual activity (RA) of the target system at high drug
concentrations to the RA observed at low drug concentrations. Each RA
value is normalized to account for the cell viability at the corresponding
drug concentration, ensuring the score reflects a more accurate measure
of the drug’s effect on cellular activity independent of its toxicity (see
also material and methods). Thanks to this score, we were able to
identify 14 out of 46 new compounds that showed high and specific
inhibition of Mpro (Fig. 4A and S2). Importantly, our positive controls,
known to inhibit Mpro activity including Nirmatrelvir, Ensitrelvir,
Simnotrelvir all result in iGluc scores below 1 as a result of strong and
specific inhibition. Of note, this assay can be scaled down also to a 384
well format (Supplementary Fig. 3).

To prove compound efficacy in infection experiments, we performed
titrations for each drug of the library and assessed their inhibition of
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Fig. 4. iGluc Score. A, SARS-CoV-2 Mpro inhibitors test. Compounds were added at two different concentrations (10 and 50 pM) and incubated for 48 h to assess
their inhibition. After that time, Gaussia luciferase activity in the supernatant was assessed and viability was evaluated using the cell lysate. The summary of the
results was calculated using the iGluc score. Each dot represents a biological replicate. Statistics indicate significance by one-way ANOVA. (*p < 0.05; **p < 0.01;
***p < 0.001). B, Correlation between the iGluc score and inhibition of SARS-CoV-2 virus in infection experiments at different concentration values of the drugs
(0.4uM, 2 pM, and 10 pM). Higher values of residual activity mean lower efficiency of the drug. Dotted lines indicate the thresholds used to consider an actual
inhibition of SARS-Cov-2 (i.e. 75 % for residual activity; 0.75 for iGluc score).
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SARS-CoV-2 infection in HEK293T-hACE2 cells (Supplementary Fig. 4).
Our iGluc score showed a strong correlation with the inhibition
observed in SARS-CoV-2 experiments at drug concentration of 0.4 pM
(Spearman’s rank correlation, rho = 0.71, pvalue <0.0001) and 2 pM
(Spearman’s rank correlation, rho = 0.66, pvalue <0.0001). A moderate
correlation was also observed at 10 pM (Spearman’s rank correlation,
rho = 0.56, pvalue <0.0001), probably given the high concentration of
drugs that have to be used during SARS-CoV-2 infection to be functional
(Fig. 4B). The iGluc score demonstrated its utility in predicting func-
tional drugs. Out of 49 drugs tested (46 of the library + 3 control drugs),
only one compound selected by the iGluc score failed to significantly
reduce infection (#139) (Fig. 4B), with a sensitivity of 100 % and a
specificity of 88.89 % for compounds already active at 0.4 pM and with a
sensitivity of 82.35 % and a specificity of 96.97 % for compounds at 10
pM. Conversely, two compounds (#117, #127) that exhibited func-
tionality only at high concentrations in infection assays (>0.4 pM) were
not identified as effective by the iGluc score (Fig. 4B and S4).

These results together validate the iGluc as a rapid, robust, and
effective tool for screening and selection of active compounds among a
long list of potential Mpro inhibitors, facilitating the discovery of new
antiviral agents that can be easily scaled up to test hundreds of com-
pounds simultaneously.

4. Discussion

The COVID-19 pandemic triggered an unprecedented global research
effort, leading to the development of highly effective vaccines and an-
tivirals that significantly reduced illness severity and mortality. How-
ever, the continuous evolution of SARS-CoV-2 poses challenges to the
long-term effectiveness of these treatments, particularly due to
emerging variants that exhibit enhanced transmissibility and immune
evasion (Telenti et al., 2021; Carabelli et al., 2023).

Given the complexities of working with live SARS-CoV-2, which
necessitates extensive security protocols to ensure biosafety levels,
several different reporter system strategies have been developed
(Rothan and Teoh, 2021; Narayanan et al., 2022; Delgado et al., 2024;
Won et al., 2020; Pahmeier et al., 2021; Bei et al., 2023; Froggatt et al.,
2020; Tan et al., 2023). Among the viral proteins, the main protease
(Mpro) stands out due to its essential role in viral replication and its
relatively conserved structure across SARS-CoV-2 variants. Unlike the
spike protein, Mpro is less prone to evolutionary changes, making it an
attractive target for drug development and a stable focus for reporter
system strategies (Flynn et al., 2022). These systems allow researchers to
safely assess Mpro activity in vitro, facilitating the screening of antiviral
compounds without the need for live virus, thus accelerating the dis-
covery of new therapeutics (Ren et al., 2016).

In this study, we present a luciferase-based assay designed to detect
the activity of the SARS-CoV-2 Mpro protease with high scalability,
simplicity, and rapid readout. To achieve this, we adapted the iGluc
construct, originally developed by Bartok et al. (2013), for the assess-
ment of Mpro activity, resulting in the creation of the i-NSP4/5-Gluc2
reporter system, which senses the presence of Mpro to produce a lumi-
nescent signal released in the cell’s supernatant.

SARS-CoV-2 Mpro recognizes 11 distinct cleavage sites between
adjacent non-structural proteins (NSPs). To evaluate Mpro activity on
various cleavage sequences, we cloned each of the 11 Mpro-sensitive
sequences into site 2 of the i-Gluc construct (i-NSP-Gluc2) (Fig. 1A
and Table 1). Our findings revealed that the SAVLQ-]-SGFRK motif,
located between NSP4 and NSP5 (NSP4/5 sequence), was the most
sensitive to Mpro proteolytic activity using our system (fold change up
to 9.8 versus no protease control) (Fig. 2A). In contrast, the NSP9/10
and NSP15/16 sequences allowed for detection of activity but demon-
strated lower sensitivity (with fold changes of 5.3 and 3.8 times
respectively). This finding aligns with previous analyses using a GFP
localization-based system, which indicated that the NSP15/16 site was
the most sensitive, followed by NSP3/4 and then NSP4/5 and NSP9/10
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(Pahmeier et al., 2021). After optimizing the experimental conditions,
we demonstrated that the i-NSP4/5-Gluc2 reporter system is responsive
to treatment with Nirmatrelvir, a known SARS-CoV-2 Mpro inhibitor
(Fig. 3D). This system shows great promise as a rapid tool for identifying
effective antivirals against SARS-CoV-2 infection. Given the highly in-
fectious nature of SARS-CoV-2, experimental assays typically require
Biosafety Level 3 (BSL3) laboratories, which significantly restrict sci-
entific research. The i-NSP4/5-Gluc2 reporter system allows antiviral
assays to be performed in BSL2 environments, thereby facilitating access
to high-throughput automated handling systems and enabling the
testing of a larger number of drugs and conditions (Kaufer et al., 2020).

Since the emergence of the SARS-CoV-2 pandemic, Mpro reporter
assays have attracted considerable interest, resulting in the creation of
various versions, many of which employ fluorescent GFP technology
(Pahmeier et al., 2021; Bei et al., 2023; Froggatt et al., 2020; Tan et al.,
2023). Each developed strategy presents unique advantages and disad-
vantages based on the molecular mechanisms underlying the constructs
used but most of them are not suitable for high-throughput applications.
In contrast, the i-NSP4/5-Gluc2 system utilizes a Gaussia luciferase
biosensor for luminescent readouts, which offers several advantages
over fluorescence or absorbance techniques. Luminescence typically
provides a wider dynamic range and greater sensitivity due to lower
background interference from auto-luminescence produced by com-
pounds, media, and cells (Yang et al., 2022). Moreover, luminescence
emissions can be detected with a luminescence microplate reader,
enabling fast acquisition time. Gluc is naturally secreted by mammalian
cells, and secreted reporters have advantages over conventional
methods for monitoring gene expression: they can be quantified directly
in cell-free supernatants, eliminating the need for cell lysis and preser-
ving cells for additional analyses, such as viability assays
(Supplementary Fig. 2B) (Galaway and Wright, 2020).

On top of that, other published assays rely on the use of titrated drugs
with at least 8 different dilutions for each compound to be tested to have
a reliable evaluation of the drug activity. Here, we introduce the iGluc
Score. Thanks to this scoring algorithm, we provide a reliable yet simple
value (>0.75 not functional, <0.75 functional) to assess if a compound
is active or not using only 2 drug concentrations. Our pipeline using the
iGluc score therefore allows us to drastically increase the number of
compounds tested in a single round. Furthermore, we demonstrated that
the assay can be also scaled down to a 384-well plate to have a higher
throughput-friendly format (Supplementary Fig. 3). Of note, given the
longer time of acquisition of the luminescent signal from a 96 well to a
384 well plate (about 4 times longer) we suggest using a more stable
version of the Gaussia luciferase substrate for this specific purpose (See
material and methods).

However, the i-NSP4/5-Gluc2 reporter system also has some limi-
tations. The effective drug concentration required differs significantly
from the IC50 values calculated during infection, often being an order of
magnitude higher than those derived from authentic virus studies
(Supplementary Fig. 4). The discrepancy stems from the i-NSP4/5-Gluc2
system’s dependence on plasmid-expressed Mpro, whose levels are
likely higher than those found during an infection. Since our reporter
system does not account for inhibition of protease production, Mpro can
accumulate. This accumulation could lead to a constant replenishment
of Mpro, possibly saturating the treatment and causing us to underes-
timate the inhibitors’ true potency. On top, the substrate of Mpro are
complex viral polyproteins, and not single peptides, which might in-
fluence Mpro activity as well as drug binding and resistance
(Lewandowski et al., 2025).

For these reasons, it is important to validate the hits identified by the
Gaussia luciferase using a live SARS-CoV-2 infection using the Mpro
within the more complex viral polyprotein.

Despite these limitations, the strong correlation between compounds
identified by the score and those exhibiting functional activity in
infection further supports its reliability. The iGluc score allows us to
effectively distinguish between active and inactive compounds with
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significantly higher sensitivity compared to similar reporter systems
(Vlachou et al., 2024) with a sensitivity between 82.35 and 100 % and a
specificity of 88.89-96.97 % for compounds active at 0.4 pM and 10 pM,
respectively.

This approach provides a valuable pre-screening tool, significantly
reducing the number of drugs requiring BSL3 infection experiments,
which remain necessary to precisely calculate the IC50 of each com-
pound (Fig. 4B). Finally, a major advantage of this reporter system is its
engineering simplicity. The i-NSP4/5-Gluc2 system can easily be
adapted for evaluating other proteases, not just viral ones, provided that
the cleavage sequence is known (Zhang et al., 2017). By replacing the
Mpro cleavage sequence in the reporter plasmid with the specific
sequence for the protease of interest, and having a plasmid encoding the
target protease, specific reporter systems can be developed for
SARS-CoV-2 variants of concern (VOCs) or other viruses. This adapt-
ability allows for assessments of differences in proteolytic activity or
treatment responses among different proteases.

In summary, the i-NSP4/5-Gluc2 reporter system represents a sig-
nificant advancement in SARS-CoV-2 drug discovery. This innovative
methodology facilitates rapid and efficient screening of compound li-
braries offering enhanced sensitivity and specificity. By streamlining the
identification of potential inhibitors, it has the potential to accelerate
the development of antiviral therapeutics for COVID-19 and related
coronaviruses.
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Glossary

voC Variant of concern
Mpro main viral protease
3CL pro 3C-like protease

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2
Gluc Gaussia luciferase
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iGluc inducible Gaussia luciferase

BSL Biosafety Level

COVID-19 Coronavirus disease 2019
ORFs open reading frames

NSPs non-structural proteins

PLpro papain-like protease

TEV Tobacco Etch Virus

TEVp protease cleavage site

pro-IL-18 pro-interleukin-1p

IC50 inhibitory concentration at 50 %
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