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Abstract

Coronaviruses such as SARS-CoV-2 possess the largest positive-sense RNA virus genomes (30kb). This poses a fidelity
problem as the inherent lack of proof-reading capacity of the viral RNA-dependent RNA polymerase results in a high level of
mutation. To overcome this issue, coronaviruses encode a 3’-5" exoribonuclease (ExoN) proof-reading activity, which is a prop-
erty of a complex of two non-structural proteins nsp14 and nsp10. Inactivating ExoN mutants in SARS-CoV-2 are lethal, indicat-
ing the importance of this enzymatic activity for virus replication and raising the possibility that small-molecule inhibitors of
ExoN activity could be potential antiviral agents. To evaluate this, we used structure-based drug design approaches to identify
potential ExoN inhibitors and tested these for activity against infectious SARS-CoV-2. Two compounds had low micromolar
EC,, activity and synergized with mutagenic nucleoside analogues. Next-generation sequencing analysis revealed an increased
rate of mutation in the presence of these compounds, which is consistent with their mode of action being inhibition of ExoN
enzymatic activity.

DATA AVAILABILITY

Sequence reads for all samples have been deposited in the National Center for Biotechnology Information (NCBI) Sequence Read
Archive under project ID PRJNA1368746, samples SAMN53368769 - SAMN53368778.

INTRODUCTION

According to the World Health Organisation (WHO) statistics (https://data.who.int/dashboards/covid19/cases), the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has resulted in the deaths of over 7 million individuals worldwide,
with a current cumulative estimate of 778 million infections. Despite an effective vaccination campaign and the declaration from
the WHO that the pandemic was over in May 2023, the virus continues to cause a significant number of serious respiratory
infections. This is due, at least in part, to the short-term duration of either vaccine-derived or natural immunity, coupled with
the continued evolution of the virus. There are few approved therapies for the treatment of patients infected with SARS-CoV-2,
highlighting the need for the development of new therapeutic agents that would also be of potential use to combat future spillover
events of related viruses.

SARS-CoV-2 has a positive-sense RNA genome of ~30kb and is classified within the genus Betacoronavirus and the species
Betacoronavirus pandemicum [1]. The size of the coronavirus genome poses a significant issue for the fidelity of genome replication,
as the inherent lack of proofreading capacity in the viral RNA-dependent RNA polymerase results in a high level of mutation. This
could potentially result in an error catastrophe, whereby the frequency of mutations leads to a loss of function of viral proteins
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and a reduction in infectivity. Coronaviruses overcome this by encoding an exoribonuclease proofreading enzyme [2]. This is a
function of one of the 16 non-structural proteins (nsp) encoded by the genome: nsp14. In complex with nsp10 (Fig. 1a), nsp14
possesses two enzymatic activities - a 3'-5" exoribonuclease (abbreviated to ExoN hereafter) and a methyltransferase that plays
a role in capping of viral mRNAs. The ExoN activity can excise misincorporated bases from the 3’ end of the nascent RNA strand
during genome replication, allowing the polymerase (a complex of nsp12, nsp7 and nsp8) to replace this with the correct base
[3]. As well as reducing the error rate of coronavirus RNA synthesis, the ExoN also results in resistance to mutagenic nucleoside
analogues such as ribavirin. In this regard, the ExoN has been proposed as a potential target for the development of antiviral
agents [4]. Effective ExoN inhibitors would increase the mutation rate, leading to error catastrophe. Genetic analysis supports
the requirement for active nsp14 ExoN activity during the coronavirus lifecycle, as inactivating point mutations in nsp14 result
in a lethal loss of infectivity for MERS and SARS-CoV-2 [5], although they only reduced infectivity by fourfold for SARS-CoV
[6] or murine hepatitis virus [7].

Given the critical requirement for ExoN activity, we used an in silico virtual screening platform to identify small molecules with the
potential ability to bind to the ExoN active site of SARS-CoV-2 nsp14. These compounds were then tested for the ability to block
the production of infectious SARS-CoV-2. One of these, designated CB3, and a derivative (CB3-1), exhibited low micromolar
EC,, activity and were further shown to synergise with mutagenic nucleoside analogues. Next-generation sequencing analysis

(b)
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Fig. 1. Structure of the SARS-CoV nsp14:nsp10 complex. (a) Surface representation of the SARS-CoV nsp14 (pink) nsp10 (blue) complex, illustrating
the exoribonuclease active site with two coordinated metal ions (hot pink). Image generated using PyMol from PDB:5C8U. (b) Chemical structure of lead
compound CB3 with a representation of the docking of CB3 into the nsp14 ExoN active site.
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revealed an increased rate of mutation in the presence of CB3 or CB3-1, which is consistent with the mode of action being
inhibition of ExoN enzymatic activity.

METHODS

Cell lines

A549-AT human lung adenocarcinoma alveolar basal epithelial cells, which express the ACE2 and TMPRSS2 receptors (sourced
from the Centre for AIDS Research, National Institute for Biological Standards and Control (NIBSC) (part of the Medicines
and Healthcare products Regulatory Agency), UK, catalogue number 101004), and baby hamster kidney (BHK-21) cells, were
maintained in Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, UK), supplemented with penicillin (100 Uml™), streptomycin
(100mgml™), non-essential amino acids (1% v/v) (all from Gibco Life Technologies, Thermo-Fisher, UK) and FBS (10% v/v;
Hyclone, Logan, UT, USA), under standard incubation conditions at 37°C in a humidified 5% CO, atmosphere. Additionally,
A549-AT cells were grown with the addition of Geneticin (G418, Invitrogen, UK) at 2mgml ' and Hygromycin B (Sigma-Aldrich,
UK) at 200 ugml', as described [8].

Compounds

Compounds were purchased from ChemBridge via their Hit2Lead platform (https://www.hit2lead.com/search.asp). Compounds
were tested for purity via LC-MS to confirm their molecular mass as a single peak. Compounds with <90% purity via this check
were discarded. Using the SAR-by-inventory approach, 48 similar compounds to CB3 were available for purchase from Chem-
Bridge. Keeping the macrocycle core consistent, four compounds (ChemBridge IDs 98191080, 76506023, 27512028, 37731775
- renamed CB3-1 to CB3-4) were selected to probe a small hydrophobic pocket in the proposed binding site. These were checked
for purity as described above.

Virtual screening cascade

Virtual screening was performed using Schrodinger’s Glide software and the Maestro GUI and a homology model of ExoN
was generated in-house. Various libraries (i.e. Drugbank and our proprietary in-house collection) were screened, including the
ChemBridge coronavirus library of ~16,000 structures [9], from which our hit compounds were identified. Libraries were screened
on vHTS then SP modes, with the top 10% of compounds from each screening run taken to the next step (with default settings).
Compounds were selected for biological evaluation based on three factors: Glide docking score, visual inspection of the ligand
conformation and predicted intermolecular interactions with the protein. Docking files for the top-ranked compounds using the
ChemBridge library are available on request.

SARS-CoV-2 viruses

The parental Wuhan-like SARS-CoV-2 isolate England/02/2020 (GISAID access number EPI_ISL_407073) was isolated and
characterized at the Francis Crick Institute (UK) and kindly provided by Public Health England. Virus was propagated in Vero
E6-ACE2 cells, titres were determined using the TCID,  method and calculated by the Spearman and Kérber algorithm as
described [10]. All procedures with infectious SARS-CoV-2 were performed under BSL3 conditions.

Single-cycle replication assay

A549-AT cells (1x10*) were seeded into 96-well plates in culture medium and incubated overnight. The medium was aspirated
and replaced with medium containing a range of concentrations (1 nM-100 uM) of either CB3/CB3-1, the mutagenic nucleoside
analogues ribavirin or molnupiravir or the chain terminator remdesivir. A stock of SARS-CoV-2 (England/02/2020) was then
titrated by TCID,  assay at each concentration of the compounds, with four replicates at each virus dilution. Virus replication
was allowed to proceed for 4 days before cytotoxicity was determined visually. A DMSO control was included in each TCID,
96-well plate, and the data are presented as a percentage of this titre.

Multiple-cycle replication assay

A549-AT cells (2x10°) were seeded into 6-well plates in culture medium and incubated overnight. The medium was aspirated
and replaced with specific dilutions of test compounds diluted in culture media, prior to relocation to the BSL3 laboratory.
SARS-CoV-2 (England/02/2020) (multiplicity of infection (MOI) 0.01) was added to each well and incubated for 4 days (37 °C,
5% CO,); each 6-well plate contained a DMSO control. Cells and supernatant were harvested and either processed for TCID_
assay as described or stored at —80 °C if not used immediately.
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SARS-CoV-2 subgenomic replicon assay

The SARS-CoV-2 subgenomic replicon (SGR) plasmid pCCL-4K-SARS-CoV-2-Repl-PL-mNeonGreen was used in this study.
This SGR has a deletion of the region encoding for spike, membrane and accessory proteins 3a, 3b, E, 6, 7a and 7b (positions
21565 to 28124 of the SARS-CoV-2 Wuhan strain genome) (kind gift from Prof. Andres Merits, University of Tartu, Estonia).
The transcription of replicon-competent RNA containing the mNeonGreen reporter gene is driven by the CMV promoter, and
the expression of the reporter is proportional to subsequent viral RNA replication and translation. For the assay, BHK-21 cells
were seeded in 48-well plates at 5x10*cells well™. After 24 h, cells were transfected with 600 ng of the plasmid per well and 4h
post-transfection were treated with Remdesivir in the presence or absence of the single-cycle EC, concentrations (2.2 uM and
1.8 uM respectively). DMSO 0.1% was used as a vehicle control. After 72h incubation, the plates were placed in an IncuCyte’ S3
Live-Cell Analysis System (Sartorius AG, DE), and green fluorescence was observed at 10x objective. The images were recorded
and analysed employing the basic analyser from the IncuCyte S3 system to obtain the total green integrated intensity of the
fluorescence (GCU x um?* well™). Impact on viral replication was calculated according to the equation (7/C) x 100%, in which
T and C represent the optical density of the compound-treated and control (DMSO-treated) wells.

Preparation of samples for SARS-CoV-2 sequencing

Cells were infected with SARS-CoV-2 (England/02/2020) at an MOI of 0.1 either in the presence of an EC, of molnupiravir
alone, or with CB3 or CB3-1 at the single-cycle EC,_ concentrations (2.2 uM and 1.8 uM, respectively). After 24 h, supernatant
from infected cells was collected, and total RNA in the supernatant was extracted using the QIAGEN viral RNA mini extraction
kit following the manufacturer’s instructions. The resulting RNA of each sample was submitted to sequencing as described [11].
Briefly, cDNA was prepared with RNA to cDNA EcoDry™ Premix with random hexamers (Takara Bio) following the manu-
facturer’s instructions and then processed similarly to previously described [12]. Briefly, cDNA was used as template in a PCR
reaction assembled with Q5" High-Fidelity 2X Master Mix (New England Biolabs, UK) and either primer set 1 (odd-numbered
primer pairs) or 2 (even-numbered primer pairs) of either targeting individual coronaviral species or all five combined at a final
concentration of 0.015 uM. PCR reactions were as follows: 98 °C for 305, then 32 cycles of 98 °C for 15s and 65 °C for 5min. The
PCR products were inspected for specificity and yield on a 2% agarose gel with ethidium bromide, combined and quantified using
Qubit. Amplicons were prepared and barcoded using the SQK-LSK109 and EXP-NBD196 kits, respectively (Oxford Nanopore),
and sequenced on an Oxford Nanopore GridION as previously described [11].

Variant calling

For an indication of mutation rates vs. the reference sequence, nanopore reads were aligned to the Wuhan-Hu-1 SARS-CoV-2
reference genome (NC_045512.2), using Minimap2 [13]. Primer sequences were trimmed from alignments using the ARTIC
align_trim script (https://github.com/artic-network/fieldbioinformatics) and primer-trimmed alignments were used as the input
for iVar [14], with the minimum quality score threshold set at 5 and a minimum depth of 20 required to call a variant.

RESULTS

To facilitate the rapid testing of compounds, we used our in-house library of compounds (~27 K), the DrugBank library of clinical
and pre-clinical candidates (~8.7 K) and the ChemBridge coronavirus screening library (~16 K) in our virtual screening campaign.
No suitable compounds were identified during the virtual screens of the in-house and DrugBank libraries. The ChemBridge
coronavirus library had been compiled from their main 1.3M collection using the Virtual Flow methodology [9]. This library
contained putative inhibitors for 17 coronavirus and host cell targets, which were subsequently filtered down to only include
compounds identified as a putative nsp14 hit (~1.750 compounds). These compounds were then subjected to the ligand prepara-
tion process in Maestro (changing the default pH setting to 7.0+0.5) to generate multiple conformers as required (~5.2 K). At
the start of this work, there were no available protein databank (PDB) structures of the SARS-CoV-2 nsp14 in complex with
nsp10, and so a homology model was built using Modeller 9.23 [15]. The model was based on the SARS-CoV nsp14:10 structure,
which shares 95% homology with SARS-CoV-2 nsp14:10. One of the Mg** ions was missing from the crystal structure and was
added manually by positioning within the region of high density observed from co-solvent free-energy maps obtained from MD
simulations with Mg?** ions. The homology model used and the structure of the SARS-CoV-2 nsp10 complexed with the nsp14
ExoN domain [16] (7DIY) are virtually identical (C-alpha RMSD below 0.6 A and four Zn ions in the same positions), whilst the
Mg** is absent in 7DIY. Additional MD simulations were performed using Amber [17] to generate diverse structural ensembles
for docking using both the nsp14:nsp10 starting structure and nsp14 alone. Two putative binding sites were explored: the nsp14
active site around the metal ions and the nsp14:nsp10 protein—protein interface. Forty-one compounds were purchased and tested
at a single concentration (10 uM) for the ability to inhibit replication of the Wuhan-like SARS-CoV-2 isolate England/02/2020
(EPI_ISL_407073) in a single-cycle TCID, assay on A549-AT cells (expressing ACE2 and TMPRSS2). In this assay, inhibition
of SARS-CoV-2 replication was determined by a reduction in measured TCID, titre in the presence of a compound, compared
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Fig. 2. Activity of CB3 assayed in a single replication cycle. (a) Dose response curve. SARS-CoV-2 isolate England/02/2020 (EPI_ISL_407073) was
titrated by TCID, assay on AB49-AT cells in the presence of a range of concentrations (1nM-100uM) of CB3. TCID,, titres were read manually at
120hours post infection (h.p.i.). The resulting titres were normalized to the titre in the absence of CB3 and presented as a percentage of that value
(n=3). Average titres were plotted from three independent experiments performed in triplicate and EC, values were calculated by GraphPad Prism
software. (b) Cytotoxicity was determined by MTT assay, following incubation of A549-AT cells in the presence of the indicated concentration of CB3
for 24 h. Error bars show sb.

to the vehicle (DMSO) control. Seven compounds displayed >50% inhibition (Table S1, available in the online Supplementary
Material); of these, CB3 displayed the most promise and was predicted to bind to the nsp14 active site (Fig. 1b).

To determine the potency of CB3, a stock of SARS-CoV-2 (England/02/2020) was titrated by TCID, assay on A549-AT cells in
the presence of a range of concentrations (1 nM-100uM) of CB3. As controls, the titrations were performed in the presence of
the same concentrations of the mutagenic nucleoside analogues ribavirin and molnupiravir or the chain terminator remdesivir.
As shown in Fig. 2a, CB3 effectively inhibited replication of SARS-CoV-2 with an EC,_ of 2.2uM and EC, of 8.1 uM (Table 1),
similar to both remdesivir and molnupiravir. As expected, ribavirin was not able to inhibit SARS-CoV-2 replication. None of the
compounds tested exhibited any cytotoxicity after 24 h incubation at 100 uM (Fig. 2b). In addition, we evaluated the cytotoxicity
of CB3 over a 96-h incubation (Fig. S1); reassuringly, it also did not show any cytotoxicity in this assay.

Encouraged by these initial findings, we sought to establish the preliminary structure-activity relationship (SAR) of CB3 using
an SAR-by-inventory approach. Keeping the macrocyclic core consistent, we focused on the ‘side-arm, varying the terminal
aromatic group that was predicted to bind into the hydrophobic pocket of nsp14 (Fig. 1b), seeking to improve binding. Four
derivatives (CB3-1 to CB3-4, Fig. 3a) were obtained from commercial sources and tested for activity at a single concentration
(CB3 EC,, 2.2uM). As shown in Fig. 3b, only CB3-1 retained any anti-SARS-CoV-2 activity, which was unexpected given the
similarity in both the alkyl linker length and the size of the terminal aromatic group between CB3-1 and CB3-3. This suggested
that the interaction of these compounds with the hydrophobic pocket may be critical for ExoN inhibition. We proceeded to
determine the EC, value of CB3-1 (Fig. 4a); this was slightly lower than CB3 (1.8 uM). This was reflected in the corresponding
EC,, values (Table 1). CB3-1 did not exhibit any cytotoxicity at concentrations up to 100 uM when assayed at either 24 h (Fig. 4b)
or 96h (Fig. S1).
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Table 1. Summary of EC,, and EC, data

Assay Compound EC,, (uM) EC,, (uM)
Single cycle CB3 2.2 8.1
(Figs 2 and 4) CB3-1 1.8 7.9
Remdesivir 5.8 9.8
Molnupiravir 5.0 9.7
Ribavirin >100 >100
Multiple cycle CB3 0.8 58
(Fig. 5) CB3-1 0.5 N/A
Remdesivir 1.3 10.2
Molnupiravir 1.0 12.0
Ribavirin >100 >100

N/A: could not be calculated as plateaued above 90% inhibition values.

We reasoned that the titration assay used in Figs 2 and 4, whilst convenient and rapid, did not allow us to determine the efficacy
of CB3 and CB3-1 in the context of the entire lifecycle of the virus, including virus production. We, therefore, utilized a multiple
replication cycle assay in which cells were infected with SARS-CoV-2 at an MOI of 0.01 and treated with compounds for 24 h. Cell
culture supernatants were then harvested and titrated by TCID,  assay, allowing us to measure production of infectious virus and
any effect thereupon by the compounds. As shown in Fig. 5, this assay demonstrated a modest improvement in the EC, values
for all compounds, with both CB3 and CB3-1 performing as well as remdesivir and molnupiravir. Ribavirin remained inactive in
this assay. However, it is noteworthy that the EC, value for CB3 was significantly higher than in the single-cycle assay (Table 1),
and in the case of CB3-1, it could not be calculated as the inhibitory curve plateaued before 90%.

As well as removing misincorporated natural nucleosides, the ExoN is able to contribute to resistance to mutagenic nucleoside
analogues [18] as well as chain-terminating nucleosides [19]. We, therefore, proceeded to evaluate whether CB3 and/or CB3-1
were able to increase the sensitivity of SARS-CoV-2 replication to mutagenic nucleoside analogues. To test this, A549-AT cells
were infected with SARS-CoV-2 at an MOI of 0.01 prior to combination treatment with CB3 or CB3-1 at the previously defined
EC,, (0.8 or 0.5uM, respectively; see Fig. 5), together with a titration of ribavirin, molnupiravir or remdesivir at values between
1nM and 100 uM. We also included remdesivir as this nucleoside analogue has been shown to function as a chain terminator,
rather than a mutagen. Supernatants from these cells were harvested and titrated by TCID,  assay as described above. The addition
of CB3 (Fig. 6a) or CB3-1 (Fig. 6b) at their respective EC_| values dramatically increased the potency of the three nucleoside
analogues. The increased potency differed between the three analogues: for molnupiravir, we observed an approximate 20-fold
increase (1 uM alone to 49/62 nM in the presence of CB3/CB3-1), whereas remdesivir exhibited a 260-fold increase (1.3 uM alone
to 5nM in the presence of CB3/CB3-1) (compare with the EC_ values for the nucleoside analogues alone shown in Fig. 5). This
was surprising as remdesivir has been reported to induce delayed chain termination after incorporation of an additional three
bases, suggesting that it would be resistant to ExoN excision [20], although other in vitro studies have shown that remdesivir can
be excised by nsp14 [12]. Remarkably, ribavirin also exhibited antiviral activity in the presence of CB3 or CB3-1. Ribavirin alone
had no antiviral activity even at the highest concentration tested (100 uM), whereas in the presence of CB3 or CB3-1, it exhibited
an EC_ value of 0.5 or 0.3 uM. No cytotoxicity was observed for any of the compound combinations (CC_ values all >100 uM)
(Fig. 6¢).

To verify that CB3 and CB3-1 were acting at the stage of genome replication, we evaluated their activity using a SARS-CoV-2
sub-genomic replicon system. A DNA construct containing the entire genome of the Wuhan strain of SARS-CoV-2 in which
the fragment encoding Spike through to ORF7b was replaced with the mNeonGreen reporter was obtained from Prof. Andres
Merits (University of Tartu) [21]. Following transfection of this plasmid into BHK-21 cells, replication was evaluated in real time
by measuring mNeonGreen expression using an Incucyte S3 live cell imaging system (Fig. 7, representative images shown in
Fig. §2). CB3 or CB3-1 was added at the previously defined EC, from the single-cycle experiment (2.2 or 1.8 uM, respectively;
see Figs 2 and 4). Remdesivir exhibited an EC, | value of 2.3 uM in the replicon system, similar to that obtained in the context of
infectious virus (1.3 uM) (Fig. 5). Although it should be noted that the shape of the curves for remdesivir+CB3 or CB3-1 only
allows an estimate of the EC, | values as they do not plateau, regardless of this both compounds significantly enhanced the EC_
value of remdesivir (to 0.18 and 0.12 uM, respectively, an increase in sensitivity of 12.8- or 19.2-fold) (Fig. 7).
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Fig. 3. SAR analysis of CB3. (a) Chemical structure of lead compound CB3 and four derivatives (CB3-1, CB3-2, CB3-3 and CB3-4) investigated for SAR
analysis. CB3 and CB3-1 are indicated in green as active compounds; the others are in red as inactive. (b) Initial screening of derivative activity in a
single replication cycle. SARS-CoV-2 isolate England/02/2020 (EPI_ISL_407073) was titrated by TCID,  assay on A549-AT cells in the presence of CB3
and derivatives at the EC, of CB3 (2.2 uM). TCID, | titres were read manually at 120 h.p.i. The resulting titres were normalised to the titre in the absence
of CB3 and presented as a percentage of that value (n=1).

Lastly, we sought to provide evidence for the mode of action of CB3 and CB3-1 by determining the frequency of mutations
in the genome of SARS-CoV-2 following treatment with the mutagenic nucleoside analogue molnupiravir with or without
the putative ExoN inhibitors. Molnupiravir is a prodrug and the active derivative -p-N*-hydroxycytidine (NHC) has been
shown to compete with CTP or ATP for incorporation into a growing RNA strand, resulting in an increased rate of G->A and
C->U transitions [22]. We predicted that by preventing the removal of NHC from nascent SARS-CoV-2 genomes, CB3 or
CB3-1 would increase the rate of G->A and C->U transitions in the resulting virus population. A proviso was that if the
rate of transitions was increased dramatically, it would result in an error catastrophe and might not be represented in the
pool of infectious viruses released from the cells. To test this, we infected A549-AT cells with SARS-CoV-2 at an MOI of
0.1, treated with an EC, of molnupiravir with or without CB3 or CB3-1 at the single-cycle assay EC,_ concentrations and
harvested cell supernatants at 24 h.p.i. RNA was extracted and subjected to cDNA synthesis and whole-genome sequencing
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Fig. 4. Activity of CB3-1 assayed in a single replication cycle. (a) Structure of CB3-1. (b) SARS-CoV-2 isolate England/02/2020 (EPI_ISL_407073) was
titrated by TCID,, assay on A549-AT cells in the presence of a range of concentrations (1nM-100uM) of CB3-1. TCID,, titres were read manually at
120h.p.i. The resulting titres were normalized to the titre in the absence of CB3 and presented as a percentage of that value (n=3). Average titres were
plotted from three independent experiments performed in triplicate, and EC, values were calculated by GraphPad Prism software. (c) Cytotoxicity was
determined by MTT assay, following incubation of AB49-AT cells in the presence of the indicated concentration of CB3-1 for 24 h. Error bars show sb.

(WGS) using a bespoke set of primers [23]. The resulting dataset was analysed to determine the number and frequency of
G->A and C->U transitions compared to the input sequence (Fig. 8). Although the numbers are low, there is a clear trend
towards increased mutagenesis in the presence of CB3 or CB3-1 (Fig. 8a); in particular, CB3-1 exhibited a twofold increase
in the mutation rate. Treatment with molnupiravir alone resulted in two detected U->C transitions, one C->U but no G->A,
whereas the presence of CB3 or CB3-1 increased the number of C->U transitions to three/four, respectively, and resulted
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Fig. 5. Activity of CB3 and CB3-1 in a multiple-cycle assay. (a, b) A549-AT cells were infected with SARS-CoV-2 at an MOI of 0.01 prior to treatment
with CB3 (a), CB3-1 (b), ribavirin, remdesivir or molnupiravir at the indicated concentrations for 24 h. Cell culture supernatants were then harvested
and titrated by TCID, assay. The resulting titres were normalized to the titre in the absence of compound and presented as a percentage of that value
(n=3). (c) Cytotoxicity was determined by MTT assay, following incubation of A549-AT cells in the presence of the indicated concentration of CB3, CB3-1,
ribavirin, remdesivir or molnupiravir for 24 h. Error bars show sb.

in one or three G->A transitions (Fig. 8b). When presented as a mutation rate per 10,000 nt (Fig. 8c/d), the CB3/CB3-1
mediated increases in C->U transitions are statistically significant, whereas the increases in G->A fall below the level of
significance. Taken together, these data are consistent with the hypothesis that the mode of action of CB3 and CB3-1 is to
inhibit the exoribonuclease activity of nsp14.

DISCUSSION

In this paper, we describe the use of in silico drug design methodology to identify potential small-molecule inhibitors of SARS-
CoV-2 nspl4 ExoN. Although there is a large literature describing potential small-molecule inhibitors of nsp14, the majority
of these target the methyltransferase activity. A number of papers have described ExoN inhibitors; although most of these have
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Fig. 6. Combination of CB3/CB3-1 with mutagenic nucleoside analogues. (a, b) A549-AT cells were infected with SARS-CoV-2 at an MOl of 0.01 prior
to treatment with CB3 (a) or CB3-1 (b) alone at the previously defined EC,, from the multiple-cycle assay (0.8 or 0.5 uM, respectively, see Fig. 5) or in
combination with the indicated concentrations of ribavirin, remdesivir or molnupiravir for 24 h. Cell culture supernatants were then harvested and
titrated by TCID, assay. The resulting titres were normalized to the titre obtained with CB3 or CB3-1 alone in the absence of the mutagenic nucleosides
and presented as a percentage of that value (n=3). Average titres were plotted from three independent experiments performed in triplicate and EC,,
values were calculated by GraphPad Prism software. (c) Cytotoxicity was determined by MTT assay, following incubation of A549-AT cells in the
presence of CB3 or CB3-1 together with the indicated concentration of ribavirin, remdesivir or molnupiravir for 24 h. Error bars show sb.

focused on screening of repurposed drugs [24-26], some novel compounds have also been identified [27, 28]. Intriguingly, it has
also been demonstrated that inhibitors of the hepatitis C virus NS5A protein, such as pibrentasvir or ombitasvir, can also act as
nsp14 ExoN inhibitors both in vitro and in vivo [29], although these compounds exhibited low micromolar EC_; (0.7 uM) when
assayed against SARS-CoV-2, as compared to low picomolar EC,  in the context of HCV infection.

It is interesting to speculate whether nsp14 mutations might result in resistance to CB3/3-1. As the compounds were designed
to bind to the active site, and nsp14 ExoN function is critical for SARS-CoV-2 replication [5], it seems unlikely that active site
mutants would retain replicative fitness and thus become resistant. Of note, a recent study [30] identified a number of naturally
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Fig. 7. Activity of CB3/CB3-1 in a SARS-CoV-2 sub-genomic replicon system. BHK-21 cells were transfected with a DNA plasmid containing the entire
SARS-CoV-2 cDNA in which the Spike to ORF7b coding sequence was replaced by mNeonGreen. Cells were treated with the indicated concentrations
of remdesivir either alone or in the presence of CB3 at 2.2uM (a) or CB3-1 at 1.8uM (b). Replication was assayed by measuring the number of
mNeonGreen-positive cells on an Incucyte S3 live cell imaging system at 72 hours post transfection (h.p.t.). The resulting values were normalized to
the value in the absence of remdesivir and presented as a percentage of that value (n=3). Error bars show sb.

occurring nsp14 amino acid substitutions that were associated with higher genomic mutation rates, in particular P203L. However,
this residue is at the interface between nsp14 and nsp10, and the other amino acids (including L177, S369 and M501) were also
distal to the CB3/3-1 binding site. Thus, it also seems unlikely that mutations at these sites would result in resistance to CB3/3-1;
indeed, by perturbing nsp14 ExoN activity, they might synergise with CB3/3-1. On a related point, the addition of CB3-1 increased
the molnupiravir-induced mutation rate 2-fold (Fig. 8a), similar to the increase observed for the P203L virus [30]. Whilst this
seems modest, it is likely that higher mutation rates would be lethal.

One possible outcome of the use of nsp14 ExoN inhibitors would be an increase in the particle-to-infectivity ratio of virus, due
to the presence of increased numbers of lethally mutagenized genomes. This could be tested by quantifying viral genomes using
quantitative real-time PCR in comparison to infectivity in culture supernatants. Although such studies are beyond the current
scope, this would provide important proof of concept in the future.

As the desired effect of ExoN inhibitors would be to increase the genomic mutation rate, this could potentially result in a
concomitant increase in viral variation, with the potential to create new gain-of-function variants with clinical implications.
For this reason, any ExoN inhibitors used clinically would need to be in combination with mutagenic nucleosides such that the
mutation rate would be sufficient to induce error catastrophe and not permit the generation of viable, infectious mutated viruses.
In this regard, our data confirm that CB3 and CB3-1 synergize with well-characterized mutagenic nucleoside analogues. Having
said this, it would be important to choose the appropriate nucleoside analogues as it has been shown that some structural features
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Fig. 8. Determination of CB3/CB3-1 mode of action by WGS analysis. Ab49-AT cells were infected with SARS-CoV-2 at an MOI of 0.1 in the presence
of molnupiravir (EC%) or with the combination of molnupiravir with CB3 or CB3-1. After 24 h, supernatants were then harvested, and total RNA was
extracted and submitted to NGS sequencing. The variant calling was performed employing the iVar algorithm allowing the identification of the total
number of mutations in the whole-genome sequence (a), and the mutation rate per nucleotide substitution (b). The mutation rate per 10,000 nt for
those substitutions that were higher than molnupiravir alone (C>U (c) and G>A (d)) was also compared. Mean values £sp. ****, P<0.0001 (one-way
ANOVA).

of these molecules render them at least partially resistant to the ExoN activity, for example, dideoxynucleotides lacking both 2’ and
3'OH groups [31]. Thus, molnupiravir, which has both 2" and 3'OH groups, is likely a strong candidate for combination therapy
with ExoN inhibitors, exemplified by the data presented here (Fig. 6) showing significant increases in potency of molnupiravir
in the presence of either CB3 or CB3-1.

In conclusion, we show that inhibitors of the SARS-CoV-2 ExoN activity have potential as future antiviral agents, in combination
with well-characterized (and safe) mutagenic ribonucleotides. Importantly, the high level of homology and conservation of the
ExoN structure within coronaviruses means that ExoN inhibitors may also have pan-coronavirus activity and could form part
of a future pandemic preparedness strategy.
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