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ABSTRACT

Antivirals with broad coronavirus activity are important for treating high-risk individuals exposed to the constantly
evolving SARS-CoV-2 variants of concern (VOCs) as well as emerging drug-resistant variants. We developed and
characterized a novel class of active-site-directed 3-chymotrypsin-like protease (3CLpro) inhibitors (C2-C5a). Our lead
direct-acting antiviral (DAA), C5a, is a non-covalent, non-peptide with a dissociation constant of 170 nM against
recombinant SARS-CoV-2 3CLpro. The compounds C€2-C5a exhibit broad-spectrum activity against Omicron
subvariants (BA.5, BQ.1.1, and XBB.1.5) and seasonal human coronavirus-229E infection in human cells. Notably, C5a
has median effective concentrations of 30-50 nM against BQ.1.1 and XBB.1.5 in two different human cell lines. X-ray
crystallography has confirmed the unique binding modes of €C2-C5a to the 3CLpro, which can limit virus cross-
resistance to emerging Paxlovid-resistant variants. We tested the effect of C5a with two of our newly discovered
host-directed antivirals (HDAs): N-0385, a TMPRSS2 inhibitor, and bafilomycin D (BafD), a human vacuolar H*-ATPase
[V-ATPase] inhibitor. We demonstrated a synergistic action of C5a in combination with N-0385 and BafD against
Omicron BA.5 infection in human Calu-3 lung cells. Our findings underscore that a SARS-CoV-2 multi-targeted
treatment for circulating Omicron subvariants based on DAAs (C5a) and HDAs (N-0385 or BafD) can lead to
therapeutic benefits by enhancing treatment efficacy. Furthermore, the high-resolution structures of SARS-CoV-2
3CLpro in complex with C2-C5a will facilitate future rational optimization of our novel broad-spectrum active-site-
directed 3C-like protease inhibitors.
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Introduction

Coronavirus disease 2019 (COVID-19) continues to
present a significant challenge to healthcare systems
worldwide, with more than 768 million SARS-CoV-2
infections and more than 6.9 million deaths reported
by July 26, 2023. Although 72.3% of the world’s popu-
lation received at least one dose of a COVID-19 vac-
cine (https://covid19.who.int/), new variants of
SARS-CoV-2 with the potential for enhanced

transmission, replication, and immune evasion con-
tinue to emerge, causing reduced vaccine effectiveness.
Reports on SARS-CoV-2 Omicron BQ.1.1 and
XBB.1.5 subvariants suggest that current antibody-
mediated protection offered by vaccines and mono-
clonal antibodies is severely reduced compared to
the protection provided against Omicron BA.5 [1-4].

Direct-acting antivirals (DAAs) that target virus-
encoded enzymes are an essential component in the

fight against viral infections, and they have
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revolutionized treatment against viruses such as hepa-
titis C virus (HCV) and human immunodeficiency
virus (HIV) [5,6]. Three DAAs (remdesivir, nirmatrel-
vir, and molnupiravir) targeting SARS-CoV-2-
encoded viral enzymes, which are essential for viral
replication, have been approved in North America.
If used appropriately, they can greatly limit the mor-
bidity and mortality in patients infected with SARS-
CoV-2 VOCs [7-9]. Remdesivir and molnupiravir
[10], which target SARS-CoV-2-encoded RNA-depen-
dent RNA polymerase (RdRP), were the first approved
DAAs [10,11]. Nirmatrelvir [12] is a clinically
approved oral covalent peptidomimetic targeting the
SARS-CoV-2 3-chymotrypsin-like protease
(3CLpro), also called the main protease (Mpro). Nir-
matrelvir has shown effectiveness against COVID-19
when used early following infection; however, it
needs to be used in combination with ritonavir (Pax-
lovid™) to increase the compound half-life [13].
The current COVID-19 treatments and therapeutics
are all used as monotherapies for which SARS-CoV-
2 may develop resistance, as has been observed for
other viruses such as HCV, HIV, and influenza A,
stressing the need for additional treatment options
[14-16]. Most notably, mutations in the SARS-CoV-
2 3CLpro have been identified that may confer resist-
ance to nirmatrelvir [17-19].

SARS-CoV-2 3CLpro, which is responsible for
mediating 11 out of 14 cleavages of the virus-
encoded polyproteins [20], has been demonstrated
to be enzymatically active as a dimer [21,22].
Dimerization 1is critical for efficient enzymatic
activity with the interface interactions required for
correct active site structure [23,24]. The 3CLpro
active site contains a Cys-His catalytic dyad
(His41, Cysl45) and can be adapted to accommo-
date the different cleavage sequences [25]. 3CLpro
inhibitors have been shown to bind different active
site conformations, and this malleability is an
important consideration for drug design [26,27].
To date, 3CLpro remains highly conserved across
SARS-CoV-2 VOCs, and the active site is conserved
across members of the alpha- and beta-corona-
viruses. As such, DAAs targeting 3CLpro may dis-
play broadly acting antiviral activity that can be
used against multiple human
(HCoVs).

Here, we report the application of computer-aided
drug design in developing a novel series of non-
covalent, non-peptide SARS-CoV-2 3CLpro inhibitors
(C2-C5 and C5a-C5e) that show submicromolar to
single-digit micromolar ICs, values (0.6-8.7 uM)
against 3CLpro in both in vitro assays and cell-based
bioassays. Importantly, the most potent protease
inhibitor (C5a) inhibits infection of SARS-CoV-2
Omicron subvariants with immune evasion properties
(e.g. BQ.1.1 and XBB.1.5) in both human lung and

coronaviruses

colon cell lines with nanomolar half-maximal effective
concentration (ECs) values. As hypothesized, C2-C5
show pan-coronavirus activity as demonstrated by the
robust inhibition of seasonal human coronavirus
HCoV-229E infection in human cells. Finally, we
report the high-resolution structures of SARS-CoV-2
3CLpro in complex with C2-C5 and C5a, using X-
ray crystallography, and we provide important struc-
tural information regarding future rationale for
optimization of our novel broad-spectrum active-
site-directed 3C-like protease inhibitors.

Overall, this study can inform important future
investigations that are targeting SARS-CoV-2
3CLpro for developing novel DAAs to address the
urgent need for improved therapeutics against current
and future SARS-CoV-2 variants [28,29].

Materials and methods
Free energy perturbation (FEP) simulations

We first identified a potential scaffold for developing
our anti-3CLpro drugs by filtering the database results
from the COVID Moonshot collaboration between
Postera Al and the Diamond Lightsource in the UK
[30]. Out of the 394 3CLpro structures with co-crystal-
lized fragments, we focused specifically on fragments
that interacted non-covalently with 3CLpro. This sub-
set consisted of 54 structures with reported ICs, values
below 50 uM. These fragments predominantly occu-
pied the S1 and S2 subpockets.

To generate a combinatorial library for discovering
new 3CLpro inhibitors, we selected the core of frag-
ment Cl as a starting point (Figure 1, https://
fragalysis.diamond.ac.uk/viewer/react/preview/direct/
target/Mpro/mols/x11790/L/P/C). The selection of C1
was based on unique molecular interactions observed
between C1 and 3CLpro (the isoquinoline group in S1,
a thiophene ring in S2, and dimethylaniline in S3’
[Figure 1]) and synthetic ease. The combinatorial
library aimed to optimize the groups in each pocket
by combining existing and in-house groups of potent
fragments observed in the Diamond and Postera crys-
tal structures. Using this methodology, we generated
360 unique compounds, which were then docked to
SARS-CoV-2 3CLpro to assess their potential binding
affinities and binding modes. We reduced this list to
178 by inspecting their docking scores, docking
poses, and structural similarity. Specifically, we
selected molecules that interacted with 3CLpro in
the S1, S2, and S1” subpockets, and which possessed
synthons with high synthetic accessibility according
to our synthetic expertise. Additionally, we prioritized
compounds that had a core orientation (with respect
to the pocket) like the core of the original starting frag-
ment (Cl1). Compounds with predicted improved

binding affinities were selected for further
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Figure 1. Combinatorial library building pipeline and free-energy perturbations (FEP) analysis. The pipeline used for FEP
de novo design of non-peptide compounds targeting the catalytic site of 3CLpro. The core of fragment C1 was used as a starting
point for the design of new compounds by substituting and combining various groups in the different subpockets. Docking of the
active fragment, C1 (teal sticks) in SARS-CoV-2 3CLpro (7KHP) and active derivatives was performed and the Glide docking scores
of the derivatives were determined. The A predicted affinity (APred Aff) represents the predicted changes in binding affinities (in
kcal/mol) over the parental compound C1. The more negative the value, the more improved the derivative is predicted to be.

experimental evaluation. In this case, the FEP-calcu-
lated binding affinity represents the predicted
improvement of binding affinities compared to the
initial starting molecule, thereby providing valuable
information on which de novo compounds could be
prioritized for synthesis. Due to the alchemical nature
of the FEP process, it was important to select com-
pounds that have only minor changes relative to the
start C1 structure. The final list of compounds selected
for FEP+ evaluation is shown in Figure 1.

The FEP+ module from Schrédinger LLC was used
to estimate the relative binding free energies of the
custom fragment derivatives. Prior to FEP evaluation,
the compounds of interest were grouped into subsets
based on their similarity and their manageability for
FEP+ calculations. The setup of the FEP calculations
was automated following the FEP+ GUI methodology.
First, the protein and ligand complexes were prepared
with the OPLS3e force field. The force-field builder
module was then used to correct the force field by gen-
erating the missing torsional angle profiles and par-
ameters for all molecules. The REST (replica
exchange with solute tempering) algorithm was used
for locally enhanced sampling, and cycle closure cor-
rection was applied to calculate free energy estimates.
Finally, an FEP mapper was used to analyze free
energy calculations based on similarity scores between

compounds. The molecular dynamics (MD) part of
the FEP calculations are implemented in Desmond
GPU to ensure speed and accuracy. All calculations
were performed on NVidia Tesla V100 GPUs from
the Vancouver Prostate Centre’s Juggernaut cluster.

Non-covalent, non-peptide SARS-CoV-2 3CLpro
inhibitors (C2-C5, C5a-C5e, and C7/
nirmatrelvir)

All compounds used in this study were synthesized
according to the procedures described in Supplemen-
tary Materials and Methods. Each compound’s identity
and purity were verified by LC-HRMS and 'H-, and by
>C-NMR (Supplementary Materials and Methods).

Cell lines and antibodies

Human Calu-3 cells (ATCC® HTB-55) and human
Caco-2 cells (ATCC® HTB-37") were cultivated
according to ATCC recommendations. All exper-
iments were performed in these cells below passage
15. Vero E6 cells (ATCC® CRL-11586™; used for gen-
erating SARS-CoV-2 stocks) were cultivated in MEM
that was supplemented with 10% FBS, 1 mM sodium
pyruvate, and 0.1 nM non-essential amino acids and
used at passage <40. VeroE6/TMPRSS2 cells (JCRB
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1819) were maintained in MEM supplemented with
5% FBS and penicillin and streptomycin (100 IU and
100 pg/ml, respectively). Normal human bronchial
epithelial cells (NHBE), isolated from the epithelial
lining of airways above the bifurcation of the lungs
(NHBE-Bronchial Epi Cells; Lonza CC-2540S) were
cultivated according to Lonza recommendations.
The SARS-CoV-2 nucleocapsid antibody [HL344]
(GTX635679) was kindly provided by GeneTex;
mouse anti-dsRNA antibody (J2-1904) was purchased
from Scicons English and Scientific Consulting (Long
2020); Hoechst 33,342 and secondary antibodies goat
anti-mouse IgG Alexa Fluor 488 (A11001) and goat
anti-rabbit IgG Alexa Fluor 555 (A21428) were
obtained from Invitrogen.

3CLglow Assay — SARS-CoV-2 3CLpro
endoproteolytic activity in cellulo

Caco-2 cells were seeded at a concentration of 10,000
cells/well in 96-well plates the day before transduction.
Cells were transduced with two BacMam baculovirus
vectors (Molecular Montana), one vector expressing
the recombinant SARS-CoV-2 3CLpro (enzyme Bac-
Mam) and the other expressing an intracellular biosen-
sor-red fluorescent protein (RFP) and mNeonGreen
(mNG) fluorescent protein with an inhibitor tag.
Three h after transduction, the cells were treated with
a serial dilution of compounds and then incubated for
28 h, followed by fixation of the cells with 3.7% forma-
lin for 30 min. The fixative was removed, the cells were
washed with PBS, and the cells were nuclear stained
with Hoechst 33,342 at 1.5 ug/mL for 30 min at room
temperature in the dark. After washing with PBS, the
plates were kept in the dark at 4°C until imaging was
performed on a high-content screening (HCS) platform
(CellInsight CX7 HCS, Thermo Fisher Scientific) with a
10X objective.

SARS-CoV-2 infection and treatment in Calu-3,
Caco-2, and NHBE cells

All infections were carried out in Biosafety Level 3
(BSL3) facilities (either UBC FINDER or SFU BIO3)
in accordance with Public Health Agency of Canada
and UBC FINDER or SFU BIO3 regulations (UBC
BSL3 Permit #B20-0105 and SFU Permit #361-2021).
SARS-CoV-2 VOCs (B.1.617.2 Delta and BA.2) were
kindly provided by Dr. Mel Krajden (BC Centre for
Disease Control, BC, Canada). SARS-CoV-2 Delta
was first isolated in Vero E6/TMPRSS2 cells (passage
1) and then passaged in Vero E6 cells (passage 2).
The Delta and Omicron BA.2 virus stocks used in
the experiments (passage 3) were propagated in
Vero E6 cells. SARS-CoV-2 Omicron BA.1 (BC-
SFU-OMS6), BA.5, BQ.1.1, and XBB.1.5 were isolated
by Dr. Niikura from a clinical specimen in Vero E6/

TMPRSS2 cells and confirmed as BA.I, BA.5,
BQ.1.1, and XBB.1.5 subvariants by complete genome
sequencing (sequence available in GISAID).

Omicron BA.1, BA.2, BA.5, BQ.1.1, and XBB.1.5
were amplified in Vero-E6 TMPRSS2 cells and used
in the experiments at passage 2. Cells were seeded in
96-well plates the day before infection [Calu-3 cells
(10,000 cells/well); Caco-2 cells (8,000 cells/well);
and NHBE cells (8,000 cells/well)]. SARS-CoV-2
stocks were diluted in cell-specific media to a multi-
plicity of infection (MOI) of 2.

Cells were pretreated with compounds for 3 h and
then incubated with the virus for 48 h, followed by
fixation of the cells with 3.7% formalin for 30 min to
inactivate the virus. The fixative was removed, and
the cells were washed with PBS, permeabilized with
0.1% Triton X-100 for 10 min, and blocked with 1%
bovine serum albumin (BSA) for 1 h. This was followed
by immunostaining with the mouse primary antibody
J2 (dsRNA) and rabbit primary antibody HL344
(SARS-CoV-2 nucleocapsid) at working dilutions of
1:1000 overnight at 4°C. Secondary antibodies were
used at a 1:2000 dilution and included the goat anti-
mouse IgG Alexa Fluor 488 and goat anti-rabbit IgG
Alexa Fluor 555 with the nuclear stain Hoechst
33,342 at 1.5 ug/mL for 1h at room temperature in
the dark. After washing with PBS, the plates were
kept in the dark at 4°C until imaging was performed
on a high-content screening (HCS) platform (Cellln-
sight CX7 HCS, Thermo Fisher Scientific) with a 10X
objective (Supplementary Materials and Methods).

HCoV-229E infection and treatment in Caco-2
cells

All infections with HCoV-229E (ATCC® VR-740)
were carried out in a Biosafety Level 2 (BSL2) facility
in accordance with Public Health Agency of Canada
regulations (UBC BSL2 Permit # B17-0024). Viral
stocks used in the experiments were propagated in
Caco-2 cells, and all HCoV-229E infections were per-
formed at 33°C. Caco-2 cells were seeded at a concen-
tration of 8,000 cells/well in 96-well plates the day
before infection. Cells were pretreated with com-
pounds for 3 h, then incubated with the virus (diluted
to an MOI of 1 in EMEM w/o FBS) for 48 h, followed
by fixation of the cells with 3.7% formalin for 30 min
to inactivate the virus. The fixative was removed, and
the cells were washed with PBS, permeabilized with
0.1% Triton X-100 for 10 min, and blocked with 1%
BSA for 1h, followed by immunostaining with the
mouse primary antibody J2 (dsRNA) at working
dilutions of 1:1000 for 1 h at room temperature. A sec-
ondary antibody goat anti-mouse IgG Alexa Fluor 488
was used at a 1:2000 dilution with the nuclear stain
Hoechst 33,342 at 1.5 pg/mL for 1 h at room tempera-
ture in the dark. After washing with PBS, the plates



were kept in the dark at 4°C until imaging was per-
formed on an HCS platform (Celllnsight CX7 HCS,
Thermo Fisher Scientific) with a 10X objective (Sup-
plementary Materials and Methods).

Median effective dose (ECs,) curves and
cytotoxicity assays

Intracellular dose response (ECsq values) for selected
compounds against SARS-CoV-2 and HCoV-229E
were determined by pretreating human cells (Calu-3,
Caco-2 or NHBE cells) for 3 h with serially diluted
compounds, followed by virus infection for 48 h.
Viral infection was detected by staining for dsRNA
or nucleocapsid signal and quantified as described
above. ECs, experiments were repeated at least three
times for each compound with two technical replicates
in each experiment. Intracellular nucleocapsid and
dsRNA levels were interpolated to negative control
(1% DMSO, no infection) =0, and positive control
(1% DMSO, with infection) =100. The GraphPad
Prism 9™ (GraphPad Software, Inc.) nonlinear
regression fit modelling variable slope was used to
generate a dose-response curve [Y = Bottom + (Top-
Bottom)/(1 + 10~ ((LogICs-X)*HillSlope))],
strained to top =100, bottom =0. Cellular viability
assays were performed as previously described with
PrestoBlue Cell Viability Assay (Thermo Fisher Scien-
tific) (Supplementary Materials and Methods) [31,32].

con-

Two-drug combination

The two-drug combination was tested using five-fold
and ten-fold serial dilutions of C5a and N-0385 [31]
or bafilomycin D [32] < ECs, respectively. Different
dilutions of the two compounds were mixed together
and added to Calu-3 cells for 3 h before being infected
with SARS-CoV-2 Omicron BA.5 for 48 h. All tests
were conducted in duplicate in two independent
experiments. To test whether the drug combinations
act synergistically, the observed responses were com-
pared with expected combination responses. The
expected responses were calculated based on the high-
est single agent (HSA), Bliss, Loewe, and Zero inter-
action potency reference models using the open-
source web application SynergyFinder. Synergy scores
were assigned for each condition, and values above 10
were interpreted as a synergistic effect [33-35].

Results

Computer-aided drug design of small molecules
targeting SARS-CoV-2 3CLpro

We used a computer-aided drug design (CADD) pipe-
line, combining large fragment datasets [30], compu-
tational docking, de novo fragment design, and free
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energy perturbation analysis (FEP) to design four
new non-covalent, non-peptide SARS-CoV-2
3CLpro-directed compounds (Figure 1 and Figure
S1). To summarize our CADD pipeline, the core of
fragment C1 was selected as a starting point for com-
binatorial library design because its scaffold interacted
with distinct subpockets of SARS-CoV-2 3CLpro (see
Methods for details). Fragment C1 is characterized by
an isoquinoline group in S1, a f-thiophenyl ring in S2,
and dimethylaniline in S3’ (Figure 1). We designed
and synthesized four novel non-peptide compounds
(see Supplementary Methods for the synthetic details)
- C2, C3, C4, and C5 - that substituted the S2 thio-
phenyl ring for a 4-chloro-2-thiophenyl ring to
increase hydrophobic contacts with 3CLpro. We
observed that the isoquinoline in the S1 group was
superior to that in the other groups because it could
both maintain the hydrogen bond with the His163
imidazole side chain and facilitate additional contacts
within the S1 pocket through derivatization. To
explore potential interaction preferences in the S3'
pocket, the dimethylaniline group was replaced by
an anisole group, a tert-butylbenzene, or a thioanisole
to yield C2, C3, and C4, respectively (Figure 1 and
Figure S2) (docking pose analysis and interaction net-
works in Methods and Supplementary Materials and
Methods).

Based on the observed activity of C5 and the high
synthetic tractability of potential analogues, we
explored derivatization as a means of increasing
potency. C5 primarily occupies subpockets S1, S2,
and S1'/S3/, so subsequent designs explored the S3/
S4 subpockets. Although these subpockets are not as
critical as the S1 and S2, it has been proposed that
they contribute to the potency and specificity of
3CLpro inhibitor binding [36]. For example, the
importance of P4 (occupying the S4 position) to effec-
tive binding is reflected by the conservation in the 11
SARS-CoV-2 cleavage sites to small, mostly hydro-
phobic, amino acids [27,37]. The improved binding
to the S3 and S4 subsites likely contributes to the
increased potency of C7/nirmatrelvir. After docking
analysis, we elected to synthesize and test compounds
C5a-C5e (Figure 1 and Figure S2).

C2-C5a are potent inhibitors of SARS-CoV-2
3CLpro endoproteolytic activity in vitro

To evaluate the inhibitory activity of the novel 3CLpro
inhibitors described above, we employed an in vitro
assay that uses purified recombinant SARS-CoV-2
3CLpro and an internally quenched fluorogenic sub-
strate (IQFS) as a reporter of endoproteolytic activity
[27,37]. In this case, a 9-residue peptide (AVLQ|SG-
FRY) was designed to mimic the nsp4/nsp5 cleavage
junction in the polyprotein ppla that is cleaved by
the SARS-CoV-2 3CLpro during infection [37,38].
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The peptide has a fluorescent O-aminobenzoyl (Abz)
donor group at the N-terminus and a 3-nitro-tyrosine
[Y(3-NO,)] acceptor — or quencher - group at the C-
terminus [37,39,40]. For the uncleaved IQFS, reson-
ance energy transfer between the fluorophore donor
and acceptor moieties results in the quenching of the
fluorescent signal [40]. Following the endoproteolytic
cleavage of the IQFS by SARS-CoV-2 3CLpro, the
quenching effect is lost and an increase in fluorescence
signal can be detected and measured [40].

The baseline enzymatic activity of recombinant
3CLpro (Figure S3) was measured by incubating the
enzyme with a range of concentrations of the IQFS
and measuring fluorescence over time. The purity of
the 3CLpro substrate and cleavage into expected pro-
ducts were confirmed (Figures $S4-S6). Initial velocity
values were fitted to the Michaelis-Menten rate
equation to determine K, (26.0 £ 1.3 uM) and V.«
(1.01 £0.12 uM/min). The k. determined for
3CLpro was 1.7 £0.2 st (Figure S7), in line with the
previously reported value of 0.5 + 0.04 s~* [27].

We then measured the endoproteolytic activity of
recombinant 3CLpro incubated with serially diluted
3CLpro inhibitors for 15 min before the addition of
the IQFS. The ICs, values (drug concentration causing
a 50% reduction in enzymatic activity) were deter-
mined to be 85+1.7 uM for C2; 5.0+0.3 uM for
C3; 2.3£0.2 uM for C4; 0.9+ 0.6 pM for C5; 0.7 £
0.2 uM for C5a; 4.5+ 1.0 uM for C5b; 1.4 +0.8 uM
for C5¢; 2.2 +0.7 uM for C5d; 1.4+ 0.8 uM for C5e;
and 0.03+0.01 uM for C7/nirmatrelvir (Figure 2,
Table S1, and Figure S8). We also determined the dis-
sociation constant (Kj) and inhibition constants (K;)
for these compounds, which presented potencies rela-
tively consistent with IC5, values (Figure 2, Table S1,
and Figure S9). Based on the measured ICs, values,
we found that FEP (APred Aff, Figure 1) correctly
ranked the compounds within an acceptable margin
of error. C2 and C3 had an average improvement of
~2.5 kcal/mol, and their ICs, values were 8.5 and
5.0 uM, respectively. FEP (APred Aff, Figure 1) pre-
dicted that C4 and C5 would improve by ~3.5 kcal/
mol, and their ICs, values were 2.3 and 0.9 uM (Figure
2), respectively. Additionally, the inhibition is selective
because C5 and C5a do not exert significant inhibitory
effects against the purified recombinant SARS-CoV-2
papain-like protease (PLpro) in vitro (Figure S19).

C2-C5a are potent inhibitors of SARS-CoV-2
3CLpro endoproteolytic activity in cellulo

We used a live-cell assay, which can measure SARS-
CoV-2 3CLpro activity with a reporter based on a
green fluorescence protein that emits only after clea-
vage by 3CLpro. The assay consists of two modified
baculovirus vectors (BacMam) that can be used to
transiently express proteins in mammalian cells. One

vector expresses the recombinant SARS-CoV-2
3CLpro while the other expresses an intracellular bio-
sensor-red fluorescent protein (RFP) and mNeon-
Green (mNG) fluorescent protein with an inhibitor
tag. The RFP biosensor is constitutively expressed
and is a marker for successful transfection and cell via-
bility. The mNG biosensor is unable to properly fold
and fluoresce because of the inhibitor tag. The trans-
duction with both vectors results in red and green
fluorescence within cells as intracellularly expressed
SARS-CoV-2 3CLpro cleaves off the mNG biosensor
inhibitor tag [41,42]. Transduced Caco-2 cells were
treated 3 h post-transduction with a serially diluted
compound, and after 28 h of additional transduction,
the cells were fixed and the red and green fluorescence
intensity was measured. The ICs, values for our lead
3CLpro inhibitors in cellulo were determined to be
0.6+£0.2 M for C2; 1.2+ 1.0 uM for C3; 0.6 £ 0.3 uM
for C4; 0.07£0.02puM for C5; 0.03+0.02 uM for
C5a; and 0.05 +0.02 uM for C7/nirmatrelvir (Figure
2 and Table S1). These results demonstrate the
efficacy of our novel non-covalent, non-peptide com-
pounds (C2-C4) in inhibiting the endoproteolytic
activity of recombinant SARS-CoV-2 3CLpro
expressed in human cells. The results also demonstrate
that C5 and C5a are the most potent SARS-CoV-2
3CLpro inhibitors discovered in our study, with nano-
molar ICs, values (70 and 30 nM, respectively), that
are equivalent to the value determined for C7/nirma-
trelvir (ICsg, 50 nM; Table S1).

Crystal structures of SARS-CoV-2 3CLpro bound
with C2-C5a

To gain further insight into the mechanism of binding
of our novel 3CLpro inhibitors (C2-C5a), we deter-
mined the X-ray crystal structures in complex with
ancestral SARS-CoV-2 3CLpro (Figure 3(C) and
Table S5), for which the co-crystal structure has
been previously reported with C7/nirmatrelvir [12].
The structures of compounds C2-C5 show binding
similar to the parent compound C1 (Figure 3(A-C)),
and the isoquinoline is bound in the S1 pocket with
the nitrogen forming a hydrogen bond with His163
Ne2. The core carbonyl forms a hydrogen bond with
the backbone amide nitrogen of Glul66, and the
chlorothiophene binds in the S2 subsite sandwiched
between Met49 and Met165 with the Cl atom pointing
into the pocket. The varied substituent (R3 in Figure 3
(A)) forms a strong edge-on pi-stacking interaction
with the imidazole ring of His41 mediated by the com-
mon benzene group while the anisole (C2), tert-butyl-
benzene (C3), thioanisole (C4), and dimethylaniline
(C5, C5a) extend into the S3’ subsite with primarily
hydrophobic interactions with Thr25, His41, Thr45,
Ser46, and Met49. The 3CLpro active site confor-
mation, specifically the S2 subsite, is similar to the
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Figure 2. Novel 3CLpro molecules (C2-C5a) inhibit the endoproteolytic activity of SARS-CoV-2 3CLpro in vitro and in cel-
lulo. (A-E) The proteolytic activity of purified recombinant 3CLpro was measured using the IQFS in the presence of increasing
concentrations of selected candidate compounds (C2-C5a). (F-J) The inhibitory Ky measures were performed by microscale ther-
mophoresis (MST). (K-0) Caco-2 cells were transduced with vectors to express the recombinant SARS-CoV-2 3CLpro and 3CLglow
biosensor following treatment with serial dilution concentrations of C2-C5a (black circles) and the toxicity is reported by biosen-
sor RFP (open circles). Fluorescence intensity was measured with a Celllnsight CX7 High Content Screening System. The GraphPad
Prism 9™ (GraphPad Software, Inc.) nonlinear regression was used for 1Cso curve-fitting (n = 3).

unliganded active site or to the active site when bound
to the C-terminal auto-cleavage substrate (nsp5/6
junction, P5-P1: SGVTFQ [27]) with the chlorothio-
phene acting as the Phe(P2) surrogate (Figure 3(C)).
Inhibitors targeting this active site conformation
with a Phe(P2) surrogate and a functional group occu-
pying the S3’ site effectively mimic the binding of the
enzyme-substrate (ES) complex [27] (Figure 3(C))
and represent promising leads for further
development.

Comparing C5 and C5a, which differ only by a phe-
nolic group, the active site remains largely unchanged
with the notable exception of Ser46 and Asnl42
(Figure 4). In C5a, the loop containing Ser46 takes a
more closed conformation, while the dimethyl aniline
ring has rotated to expose its electron-rich face. This
allows for the chiral proton of Ser46 to form a new
weak hydrogen bond with the nitrogen, with the C-
N distance decreasing by 0.7 A. Further, Asn142’s
sidechain moves closer to the isoquinoline by ~1 A,
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Figure 3. The binding mechanism for the non-covalent, non-peptide inhibitor series C2-C5 of SARS-CoV-2 3CLpro. (A)
Interaction schematic for inhibitor series C2-C5 showing interactions for a common scaffold. Hydrogen bonds are shown as
blue dashed lines, hydrophobic interactions as green dashed lines, and pi-stacking interactions as black dashed lines. The varied
groups (R) are shown on right. (B) Dimeric 3CLpro (7KHP) with one monomer shown as cartoon coloured from the N- (blue) to C-
terminus (red); the other monomer is shown as a grey surface with the active site boxed. (C) Zoomed-in active site from B showing
bound inhibitor series C2-C5, colours indicated in (A). A model of the 3CLpro C-terminal auto-cleavage sequence is superimposed
and shown as lines with carbon black, nitrogen blue, and oxygen red. Subsites S1, S2, and S3’ are labelled.

to better benefit from the much more polar pi-pi  in Asnl42, we performed low-mode molecular
stacking opportunity now available. To further visual- ~ dynamics (LMMD) simulations in implicit solvation
ize these compounds in a theoretically more “in vivo”  (see Supplementary Information for details). In both
setting and to avoid potential crystal packing artifacts ~ cases, we saw that Asnl42 prefers to pi-stack with

Figure 4. Comparison of the electrostatic potential interaction surface for C5 (A) and C5a (B) and Asn142 after low-mode
molecular dynamics (C). Both compounds are modelled in the AMBER14:EHT forcefield, using their respective crystal structures
as starting points (C5: 8CYU, C5a: 8SXR). For both compounds, Asn142 forms a pi-pi stacking interaction in the same orientation.
The surfaces have been coloured blue for positive, red for negative, and white for neutral. Arrows highlight the differences in
interaction potential as seen by Asn142. The increased polarity of the C5a isoquinoline system and its alignment with the electro-
negative surface of Asn142, combined with a new hydrogen donation from the chiral proton of Ser46 to the electron-rich dimethyl
amino system, likely account for the increased affinity observed. (C) Superposition of crystal structures 8CYU and 8SXR with resi-
due and subsite labelling. The Asn142 moves ~1 A to permit better interaction with C5a.



the ring, however, C5a has a much more electronega-
tive surface near the NH, due to the phenolic oxygen,
while the phenolic hydrogen near the Asnl42 side-
chain carbonyl is much more electropositive com-
pared with the CH, group. Overall, we postulate that
the increased affinity between C5 and C5a stems
from the increased opportunity for H-bonding inter-
actions and the complimentary dipoles now present
in the respective pi orbitals of Asn142 and the isoqui-
noline system. Such electrostatic complementation has
been previously described during the optimization
from micromolar to picomolar compounds [43]. We
have similarly compared the binding between C5a,
C7/nirmatrelvir, and the newly reported Wu-04 com-
pound [44]. Unlike us, that research team found that
the installation of the OH group at position 7 reduced
binding affinity, likely owing to differences in the
interaction pattern between Wu-04 and SARS-CoV-
2 3CLpro (Figure S18).

C2-C5 are pan-SARS-CoV-2 inhibitors of SARS-
CoV-2 Delta and Omicron (BA.1 and BA.2) in
human lung (Calu-3) cells

Very few mutations have been reported in the 3CLpro
of SARS-CoV-2 VOC:s, suggesting that 3CLpro inhibi-
tors should retain high potency against variants [45].
First, we pre-treated Calu-3 cells with the serially
diluted compound for 3h prior to infection with
SARS-CoV-2 Delta, Omicron BA.l1, or Omicron
BA.2. Relative quantification of virus-infected cells
was used to determine ECs, values (drug concen-
tration required to reduce infection by 50%). We
then performed an antiviral dose-response analysis
as described above of our novel compounds (C2-
C5) compared to C7/nirmatrelvir against SARS-
CoV-2 Delta (Figure S10), Omicron BA.1 (Figure
S11), and Omicron BA.2 (Figure S12). Similar ECsq
values in the low micromolar range were observed
for all non-covalent compounds C2-C5 (i.e. from
0.3uM to 9.4 uM) with C5 exhibiting the highest
potency. These values were comparable to the ECsq
value of 1.3 uM observed for C7/nirmatrelvir under
the same experimental conditions (Table S2). These
findings demonstrate that our novel non-covalent,
non-peptide 3CLpro inhibitors can act as pan-SARS-
CoV-2 VOC antivirals with a potency comparable to
that of C7/nirmatrelvir.

C5 is a broad-acting coronavirus inhibitor
against the seasonal human coronavirus,
HCoV-229E

The seasonal human coronavirus, HCoV-229E, causes
a mild upper-respiratory tract infection and belongs to
the alpha-coronavirus genera of the coronaviridae
family, in contrast to SARS-CoV-2, which is a member
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of the beta-coronavirus genus [46]. Although there is
overall limited homology between SARS-CoV-2 and
HCoV-229E 3CLpro, the active sites of both are highly
conserved [47]. To investigate the broad-spectrum
coronavirus activity of our novel inhibitors, we tested
C2-C5 and C7/nirmatrelvir against HCoV-229E in
susceptible human Caco-2 cells [48] and determined
that the ECsy values were comparable to those for
SARS-CoV-2 VOCs in Calu-3 cells (Table S3 and
Figure S13). Using dsRNA as a marker of infection,
we determined ECsq values of 5.6+ 1.4 uM for C2;
9.6+1.0uM for C3; 7.9+38uM for C4; 4.2+
0.7 uM for C5; and 2.0 + 1.2 uM for C7/nirmatrelvir
against HCoV-229E. Overall, these results suggest
that 3CLpro inhibitors, including our lead non-
covalent, non-peptide inhibitor C5, will maintain anti-
viral activity against evolving SARS-CoV-2 VOCs and
future emerging HCoVs.

C5a is a nanomolar inhibitor of SARS-CoV-2
Omicron BA.5, BQ.1.1, and XBB.1.5 in human
lung (Calu-3) and colon (Caco-2) epithelial cell
lines

While we were initially writing this manuscript, the
Omicron subvariant BA.2 was dominating infections
globally, but it has rapidly evolved into BA.5, BQ.1.1,
and XBB.1.5 subvariants [49,50], thus, 3CLpro antivir-
als must be effective against all emerging Omicron
lineages. We tested C5a, C5, and C7/nirmatrelvir on
Calu-3 cells pre-treated with serially diluted com-
pounds for 3 h before SARS-CoV-2 Omicron BA.5,
BQ.1.1, and XBB.1.5 infection, and we compared the
results using a second cell line, Caco-2 (colon) cells.
Fluorescent imaging of viral nucleocapsid and
dsRNA confirmed viral infection, and relative
quantification of virally infected cells was used to cal-
culate their EC5, values. C5 shows the same level of
inhibition against Omicron BA.5, BQ.l.1, and
XBB.1.5 as C7/nirmatrelvir, with ECs, values between
0.2-0.7 uM and 0.1-0.3 uM for C5 and 0.4-0.7 uM
and 0.3-0.4 pM for C7/nirmatrelvir, using dsRNA
and nucleocapsid staining, respectively (Figures 5-7
and Table S4). Remarkably, C5a shows the highest
potency for blocking the infection of Omicron BA.5,
BQ.1.1, and XBB.1.5 with ECs, values between 30-
69 nM using nucleocapsid staining and 28-95 nM
using dsRNA staining (Figures 5-7 and Table S4).
The other non-peptide compounds C2-C4 and
C5b-C5e were also tested, but they showed ECsg
values in the micromolar range (i.e. from 0.3 to
2 uM) (Figure S14 and S15). The cytotoxicity and
selectivity index (SIs) of our novel compounds were
evaluated in Calu-3 and Caco-2 cells (Tables S2 and
§4). Importantly, the SI for our lead antiviral, C5a,
expressed as the ratio of CCsy over ECsq, indicates
high SI values in both human Calu-3 cells and
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human Caco-2 cells for all 3 SARS-CoV-2 Omicron
subvariants tested (i.e. from 267 to 1690; Table S4).
A high SI (>10) is preferable if a drug is to be viewed
as having a favourable safety profile in human cells.

Finally, we tested whether C5a can inhibit Omicron
BA.5 replication in NHBE cells. NHBE cells were pre-
treated with 1 pM of C7, C5, and C5a for 3 h prior to
Omicron BA.5 infection (Figure S16). The 1 uM con-
centration used for this experiment was selected based
on the 100% viral inhibition observed at that concen-
tration for each compound in immortalized human
cells (Figures 5-7). The relative quantification of intra-
cellular viral nucleocapsid signal was performed on
the Celllnsight CX7 system, and the relative intensity
values were used to calculate the percentage of viral
inhibition for each compound (see Materials and
Methods). We observed that C5a robustly inhibited
BA.5 infection in NHBE cells (84.8%). The inhibitory
effect observed was comparable to the values deter-
mined for C7 (78.5%), C5 (73%), and remdesivir
(77.7%). Together, these results underline the broad-
spectrum nanomolar activity of C5a against Omicron
subvariants (BA.5, BQ.1.1, and XBB.1.5) and C5a anti-
viral activity against Omicron BA.5 in patient-derived
primary lung cells with a potency comparable to that
of C7/nirmatrelvir and remdesivir.

SARS-CoV-2 antiviral synergy between C5a and
host-directed antivirals in human lung cells
(Calu-3)

In order to reduce the potential for emerging
mutations in SARS-CoV-2 infection, we investigated
the synergistic effect of C5a in the presence of two
other compounds that interfere with SARS-CoV-2
entry (Figure 8(A) and Figure S17). N-0385 is a
small-molecule protease inhibitor, which inhibits
TTSP-dependent proteolytical activation of the virus
spike protein, with nanomolar activity against SARS-
CoV-2 infection in Calu-3 cells [31]. Bafilomycin D
has been described as an inhibitor of vacuolar-type
H" (V)- ATPases [51], also with nanomolar activity
against SARS-CoV-2 VOCs [32]. Calu-3 cells infected
with Omicron BA.5 were either treated with C5a, N-
0385, or bafilomycin D as a single treatment or in
combination. The inhibitory effects of the drug combi-
nations were higher than those with a single com-
pound. To analyze the drug synergy, we used the
Loewe additive reference model. The synergy score
of the interactions and the efficiency of the combi-
nations were quantified with the open-source web
application SynergyFinder [33-35]. We found that
combining C5a with N-0385 (Figure 8(B) and Figure
S17D-E) or bafilomycin D (Figure 8(C) and Figure
S17A-C) results in a synergistic effect with synergy
scores of 14.37 and 26.69, respectively. Synergy scores
above 10 are interpreted as synergistic [32,35].

Discussion

This study describes interdisciplinary work that com-
bined computer-aided drug design, co-crystallization,
enzymatic assays, and cell-based antiviral investi-
gations against SARS-CoV-2 Delta and Omicron
VOCs to develop and characterize novel 3CLpro
inhibitor analogues based on previously reported
promising 3CLpro inhibitors [12,27,36]. Our findings
provide strong evidence that these compounds func-
tion by inhibiting 3CLpro activity, and these findings
provide insight into their unique binding modes.
Importantly, we confirm that our novel non-covalent,
non-peptide molecules inhibit seasonal HCoV-229E,
highly pathogenic SARS-CoV-2 Delta, and highly
transmissible Omicron BA.1, BA.2, BA.5, BQ.1.1,
and XBB.1.5 with micromolar to nanomolar ECs,
values in human cells. Overall, our study confirms
the feasibility and application of DAAs targeting
3CLpro for tackling the critical emergence of VOCs
in the continuing SARS-CoV-2 pandemic [52].

Of the designed analogues, C5a was the most
potent against all viruses tested, and it demonstrated
an ECs, with nanomolar activity comparable to or bet-
ter than that observed for C7/nirmatrelvir [12] across
the previous and currently circulating Omicron SARS-
CoV-2 subvariants tested. C7/nirmatrelvir was
recently reported to have a K; of 3nM against
3CLpro and an ECs, of 74.5 nM against SARS-CoV-
2 when used in combination with an efflux pump
inhibitor [12]. Although this pump inhibitor was not
used under our assay conditions, the effectiveness of
C5a appears better than that of C7/nirmatrelvir
when tested in two different human cell lines and
against highly transmissible Omicron BA.5, BQ.1.1,
and XBB.1.5 (Table S4). The enhancement of C5a
potency compared to C5 is supported by the increase
in their affinity, resulting from the interaction’s poten-
tial changes.

To date, very few substitutions have been observed
in the 3CLpro of VOCs; none have been reported in
the Delta variant, and one mutation, P132H, is present
in SARS-CoV-2 Omicron 3CLpro, which did not
impact the effectiveness of the compounds on the
3CLpro enzymatic activity (data not shown). The
active site of 3CLpro is also highly conserved across
other coronaviruses, and we confirmed the effective-
ness of C5 and C7/nirmatrelvir against the alpha-cor-

onavirus HCoV-229E. Thus, 3CLpro inhibitors
targeting the protease active site should be effective
against future emerging coronavirus outbreaks
[23,53,54].

Interestingly, a correlation was not always observed
between the in vitro 1Cs, values and the in cellulo ECs
values obtained for 3CLpro inhibitors. These discre-
pancies may be due to factors such as the stability of
the compounds in cellulo and the potentially limited
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Figure 5. C5a blocks infection of the SARS-CoV-2 BA.5 variants of concern in human lung (Calu-3) and colon cells (Caco-
2). (A) Representative fluorescent images of human Calu-3 and Caco-2 cells infected with SARS-CoV-2 BA.5, following treatment
with the indicated concentrations of C5a, €5, and C7/nirmatrelvir. Control images of infected untreated (DMSO) and uninfected
(Mock) cells are shown at the bottom. Hoechst is shown in blue, nucleocapsid in red, and dsRNA in green. Images were captured
with a Cellinsight CX7 High Content Screening System with a 10X objective lens. (B-G) Dose-response curves were generated for
C5a, €5, and C7/nirmatrelvir in Calu-3 cells (B-D) and Caco-2 cells (E-G) infected with SARS-CoV-2 BA.5 using dsRNA (green

square) and nucleocapsid (red circle) as infection markers (n = 3).

capacity of the compounds to cross the plasma mem-
brane or interact with cellular transporters. These
observations stress the importance of evaluating lead
antiviral candidates in the context of cell-based infec-
tion assays.

Despite a multitude of studies investigating 3CLpro
inhibitors, to date, few inhibitors of this protease have
demonstrated nanomolar potency in the context of
SARS-CoV-2-infected cells [55]. GC-376 is one of
the most effective compounds identified so far, but
other promising studies have also identified 3CLpro
inhibitors that all fall within a similar effective dose
range [20,53,56,57]. This may indicate inherent
difficulties in designing molecules that can efficiently

access the 3CLpro within infected cells (replication
organelles), or it may be due to the eftlux of these com-
pounds as suggested by studies with C7/nirmatrelvir
[12].

It is interesting to note that C5 presents a more
robust antiviral activity (ECsy values > 10-30 times)
for Omicron subvariants [BA.5 (ECs, 100 nM);
BQ.1.1 (ECsy, 300nM); XBB.1.5 (ECs, 100 nM)]
when compared to Delta VOCs (ECsg, 3.2 uM). This
effect could be a reflection of the attenuation or slow
replication kinetics reported for the Omicron subvar-
iants [58], where 3CLpro inhibitors would be effective
at lower concentrations when tested in Omicron-
infected cells as compared to Delta-infected cells.
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Figure 6. C5a blocks infection of the SARS-CoV-2 BQ.1.1 Omicron subvariant in human lung (Calu-3) and colon cells
(Caco-2). (A) Representative fluorescent images of human Calu-3 and Caco-2 cells infected with SARS-CoV-2 BQ.1.1 following
treatment with the indicated concentrations of C5a, C5, and C7/nirmatrelvir. Control images of infected untreated (DMSO)
and uninfected (Mock) cells are shown at the bottom. Hoechst is shown in blue, nucleocapsid in red, and dsRNA in green. Images
were captured with a Celllnsight CX7 High Content Screening System with a 10X objective lens. (B-G) Dose-response curves were
generated for C5a, C5, and C7/nirmatrelvir in Calu-3 cells (B-D) and Caco-2 cells (E-G) infected with SARS-CoV-2 BQ.1.1 using
dsRNA (green square) and nucleocapsid (red circle) as infection markers (n = 3).

This hypothesis is supported by the robust increase
(ECsq values > 3-4 times) in the antiviral activity also
observed for C7/nirmatrelvir in cells infected with
Omicron subvariants [BA.5 (ECsy, 400 nM); BQ.1.1
(ECsp, 400 nM); XBB.1.5 (ECs5¢, 300 nM) when com-
pared to Delta VOC (ECs, 1.3 uM)] in human Calu-
3 cells.

Given the non-covalent mode of binding and the
different ways the functional groups engage with the
protease subsites, 3CLpro active site mutations impli-
cated in the emergence of resistance to covalent pepti-
domimetic inhibitors, including nirmatrelvir, (C7/
nirmatrelvir) are likely to have different effects on
C2-C5a (Figure S18). For example, Ip et al. described
3CLpro active site mutants, identified from the

GISAID database, that had minimal impact on enzy-
matic activity but had a decreased sensitivity to nirma-
trelvir, based on kinetic assays [19]. Although some of
the mutants implicated in potential drug resistance
would also likely impact the binding of C2-C5a, e.g.
those at Metl165 or Glul66, others might have less
impact due to their relative position to the C5 and
C5a binding site (His172 or GIn189) (Figure 4 and
Figure S18).

Of note, the mutation of Ser144, which has been
identified as a mutational hotspot, is located immedi-
ately adjacent to the catalytic cysteine and contributes
to the oxyanion hole formed by residues 143-145,
which stabilizes the transition state of the enzymatic
reaction. It is possible that non-covalent binding



EMERGING MICROBES & INFECTIONS . 13

A ‘ Caco-2 ‘
XBB.1.5 + C5a XBB.1.5 + C5 XBB.1.5+ C7 B1oo— Csa
— @
|
10 uM 5
o
S 504
Q
g
:f. 1 Nucl EC5y=55nM
2 UM & e~ dsRNA ECq, = 95 M
M T 0-Levrey A " .
S 10% 102 10" 100 10
g log [Compound] (uM)
[2]
“le cs
0.4 uM o | 5 100
| =
Z|E
> |8
Z - 50
0.08 M S |3
o |8 )
S |E [ NulECg=01uM
§ & . dsRNAECy; = 0.2 uM
o 10% 102 107 10° 10'
0.016 }JM log [Compound] (uM)
D Cc7
5 1004 =
0.0032 uM ; : §
e ! @
; - 50
XBB.1.5 + DMSO Mock infection 3
g 1= NuclEC5=03uM
® ] dsRNAECg=05uM

o
!

10% 102 10" 100 10"
log [compound] (uM)

Figure 7. C5a blocks infection of the SARS-CoV-2 XBB.1.5 Omicron subvariant in human colon cells (Caco-2). (A) Repre-
sentative fluorescent images of Caco-2 cells infected with SARS-CoV-2 XBB.1.5 following treatment with the indicated concen-
trations of C5a, €5, and C7/nirmatrelvir. Control images of infected untreated (DMSO) and uninfected (Mock) cells are shown
at the bottom. Hoechst is shown in blue, nucleocapsid in red, and dsRNA in green. Images were captured with a Celllnsight
CX7 High Content Screening System with a 10X objective lens. (B-D) Dose-response curves were generated for C5a, C5, and
C7/nirmatrelvir in Caco-2 cells infected with SARS-CoV-2 XBB.1.5 using dsRNA (green square) and nucleocapsid (red circle) as infec-

tion markers (n = 3).

inhibitors such as C5 and C5a would be less sensitive
to Ser144 mutations compared to covalent acting pep-
tidomimetics that are more reliant on productive
interaction with the oxyanion hole. Interestingly, mul-
tiple mutations at Met49, Asnl42, and GIn189 were
observed that did not confer resistance to nirmatrelvir
although their proximity to the S1 and S2 subsites
suggests a potential structural impact. Flexibility in
these regions of the enzyme may facilitate escape
from resistance effects in these cases for C7/nirmatrel-
vir, C5, and C5a (Figure S16).

Combination-therapy approaches are critical to
preventing antiviral resistance to the currently limited
repertoire of treatment approaches against SARS-
CoV-2 VOCs [17,59,60]. Combining antiviral drugs
with different modes of action may ultimately lead
to synergistic activity with a reduced likelihood of sen-
sitivity to emerging mutations. In addition, the combi-
nation of treatments can be administered at lower
doses whereas the higher doses of single drugs
would lead to intolerable dose ranges if used as mono-
therapies. Thus, the combination would reduce treat-
ment side effects. We tested the effect of C5a with two

of our newly discovered HDAs: N-0385 (a highly
potent inhibitor of human TMPRSS2 protease) and
bafilomycin D (a human V-ATPase inhibitor)
[31,32]. We demonstrated a synergistic action of
C5a in combination with bafilomycin D and N-0385
against SARS-CoV-2 Omicron BA.5 (Figure 8).
These results suggest that a multi-targeted treatment
can lead to therapeutic benefits both by enhancing
treatment efficacy and by avoiding the development
of monotherapy resistance.

Opverall, our study provides insight into the binding
modes and mechanism of action of several promising
3CLpro inhibitors, it confirms their utility against
SARS-CoV-2 VOCs and seasonal HCoV-229E, and
it can be used to inform future investigations into
developing lead antiviral molecules against SARS-
CoV-2. The co-crystal structures provide useful
insight into how to optimize inhibitory and pharma-
cokinetic profiles for further development. Although
our compounds were comparable to C7/nirmatrelvir
in our assays, our future optimization and design
studies will focus primarily on increasing affinity
with 3CLpro while monitoring pharmacokinetic
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Figure 8. Synergistic inhibition of SARS-CoV-2 Omicron BA.5 infection in human lung cells (Calu-3) by combined use of C5a and N-
0385 or bafilomycin D. (A) Overview of drug target in virus cycle. (B-C) Dose-response curves of inhibition of single and combined
treatment of C5a and N-0385 or bafilomycin D in SARS-CoV-2 infected Calu-3 cells were used for synergy analysis using the open-
source web application SynergyFinder. 3D visualization synergy maps of C5a with N-0385 (B) or bafilomycin D (C), were calculated
using the Loewe additive model. The surface is color-coded: red indicates synergistic interactions and green indicates antagonistic

interactions (n = 2).

properties. Later-stage designs will focus more heavily
on pharmacokinetic and safety improvements as a
means of boosting oral efficacy. Practically, as demon-
strated by clinical trials with remdesivir and Paxlovid,
DAAs should be administered as soon as possible fol-
lowing exposure to SARS-CoV-2 for maximal effect
[10]. Importantly, DAAs such as C5a will be most
effective when used in combination with other antivir-
als such as HDAs to help reduce the risk of antiviral
resistance mutations, as is the case with other com-
mon viral infections such as HIV and HCV [5,6].
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