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Targeted protein degraders of SARS-CoV-
2 Mpro are more active than enzymatic
inhibition alone with activity against
nirmatrelvir resistant virus
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Seiya Yamayoshi 2,3,10,11, Yoshihiro Kawaoka 2,3,10,12, Philip E. Thompson 1,14, Sam A. Greenall8,14 &
Nadia Warner 4,14

Abstract

Background Effective antiviral therapy is lacking for most viral infections, and when
available, is frequently compromised by the selection of resistance. Targeted protein
degraders could provide an avenue to more effective antivirals, able to overcome the
selection of resistance. The aimof this studywas to determinewhether adaptation of SARS-
CoV-2 main protease (Mpro, also described as chymotrypsin-like protease (3CLpro) or non-
structural protein 5 (Nsp5)) inhibitors into degraders leads to increased antiviral activity,
including activity against resistant virus.
Methods We adapted the clinically approved Mpro inhibitor nirmatrelvir into a panel of
degraders. Size-matched non-degrading controls were also synthesised to discriminate
degradation activity from inhibition activity. Degrader activity was confirmed using an
inducible Mpro-HiBiT tag expressing cell line. Antiviral activity against both wildtype and
nirmatrelvir-resistant virus was performed using infection of susceptible cell lines.
Results Here we show three compounds, derived from nirmatrelvir and utilising VHL or IAP
ubiquitin ligase recruiters, capable of degrading Mpro protein in a concentration, time and
proteasome dependent fashion. These compounds also degrade nirmatrelvir-resistant
mutant Mpro. The most potent of these compounds possesses enhanced antiviral activity
against multiple wildtype SARS-CoV-2 strains and nirmatrelvir-resistant strains compared
to non-degrading controls.
Conclusions This work demonstrates the feasibility of generating degraders from viral
protein inhibitors, and confirms that degraders possess higher antiviral potency and activity
against resistant virus, compared to size matched non-degrading enzymatic inhibitors.
These findings further support the development of targeted viral protein degraders as
antiviral drugs, which may lead to more effective antiviral therapies for the future.

Viral diseases have an enormous global impact, yet effective antiviral drugs
are lacking for most viral infections. Available direct-acting antiviral
therapies are often specific to a single virus and are frequently compromised
by the selection of resistant viral strains. The impact of emerging cor-
onaviruses has never beenmore apparent. SARS-CoV-2 and its variants are

now endemic in the global population, and variant sarbecoviruses will likely
continue to emerge1–3. In response to the SARS-CoV-2 pandemic, an
unprecedented global research effort to accelerate the discovery of antiviral
therapeutics was launched, which adopted largely classical antiviral
approaches. These included monoclonal antibodies and ligand traps

A full list of affiliations appears at the end of the paper. e-mail: nadia.warner@mh.org.au

Plain language summary

Viral infections are difficult to treat. Most
antiviral drugs currently available work by
blocking a viral protein that it requires to infect
people or replicate. Unfortunately viruses
often stop being killed by this type of drug so
they can be ineffective in the long term.
Targeted protein degraders are an alternative
type of drug that work by removing the entire
protein, rather than only blocking the protein.
In this study, we made targeted protein
degraders against the virus that causes
COVID-19 and confirmed that they correctly
degrade an important viral protein. We
examined howwell they can prevent the virus
from replicating using infected cells. Our
protein degraderswere effective against virus
that did not respond to drugs that block the
protein, suggesting viral protein degraders
could be used as more effective drugs in the
future.
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targeting the viral receptor binding or smallmolecule-based drugs targeting
enzymatic viral proteins involved in viral replication4.

One of the most effective of these is the clinically approved small-
molecule antiviral agent, nirmatrelvir, which engages the enzymatic pocket
of the main viral protease Mpro (also known as chymotrypsin-like protease
(3CLpro) or non-structural protein 5 (Nsp5)), inhibiting essential enzymatic
function required for viral replication. The drug was rapidly borne from
adaptation of existing Mpro inhibitors designed to treat the related SARS-
CoV and MERS-CoV5,6. While effective, nirmatrelvir, like other classes of
antiviral agents, has the capacity to promote selection of resistant viruses.
Nirmatrelvir resistance can be conferred by mutations in the Mpro enzy-
matic pocket that inhibit nirmatrelvir binding7–9. Of these mutations, posi-
tion E166 inMpro appears to be a hotspot for development of resistance10,11.

One approach to address the shortcomings of conventional direct-
acting antivirals is to generate targeted degraders to essential viral proteins,
which could be achieved by the conversion of existing small molecule
antiviral inhibitors. Targeted protein degraders (TPDs), also known as
proteolysis targeting chimeras or PROTACs, are heterobifunctional mole-
cules composed of two active ligands connected by a linker, which harness
the host cells own ubiquitin-proteasomal pathway for their activity12. One
ligand binds to a target protein and the second ligand binds and recruits an
ubiquitin ligase to the target. The target is ubiquitinated anddegradedby the
host proteasomemachinery thereby eliminating the protein, and the TPD is
recycled and continues multiple cycles of protein degradation12. TPDs,
widely investigated in the oncology field and now also being applied in the
inflammatory and neurodegenerative disease fields13, have several unique
features thatwouldmake them ideal antiviral drugs. Theyhavehighpotency
as their catalytic nature allows a ligand with moderate binding affinity to
exert highly potent effects, even at sub-stoichiometric levels14. This key
property may also make TPDs resilient to variant and mutated forms of
target protein as they donot solely rely on high affinity binding for activity15,
potentially bestowing a high barrier to antiviral resistance, as well as broad
spectrum activity across viral families. Furthermore, it is anticipated that
TPDs may have multiple pharmacological effects, considering that viral
proteins are generally highly multifunctional, affecting both viral and host
processes16–18.

The chemical synthesis of TPDs can proceed along many lines.
Although there aremanyE3 ligase ligands in the cell, themostwidelyused in
TPDdevelopment include cereblon, the vonHippel–Lindau (VHL) protein
and the inhibitor of apoptosis proteins (IAP), which have multiple well
characterised binding ligands available. Variations in the conjugation point
within the same class of E3 ligase ligands can influence the efficiency of
TPD19. Notably, an array of chemical modifications that disrupt E3 ligase
binding are known, enabling synthesis of pharmacologically matched non-
degrading controls15,20.

With this in mind, we synthesised a panel of Mpro targeting TPDs
using a range of Mpro binders, linkers and E3 ligase ligands to determine if
Mpro inhibitors could be converted intobona-fideTPDs, and if this resulted
in superior antiviral effects compared to control non-degrading Mpro
inhibitors which possess enzymatic inhibition only. This resulted in an
antiviral TPD lead candidate, BP-198, that specifically degrades the Mpro
protein of SARS-CoV-2 via the ubiquitin-proteasome system and conferred
a greater antiviral effect against multiple strains of wildtype SARS-CoV-2
than the size-matched non-degrading control, BP-206. Finally, BP-198 was
able to degrade Mpro encoding nirmatrelvir resistance mutations and
possessed enhanced antiviral activity against nirmatrelvir-resistant SARS-
CoV-2 when compared to BP-206 control.

Methods
General reagents, chemicals, kits and antibodies
Unmodified nirmatrelvir was synthesized by adapting published
procedures6. Compounds BP-172, BP-174, BP-198, BP-200, BP-202 and
BP-206 were prepared as described in Supplementary Methods, Supple-
mentary Schemes S1–S7, and Supplementary Fig. 1. Doxycycline hyclate,
polyethylenimine (PEI) and the chemical inhibitor CP-100356 were

purchased from Sigma. DMEM+GlutaMAX, DMEM/F12+GlutaMAX,
penicillin/streptomycin, accutase, puromycin, Halt protease and phospha-
tase inhibitor cocktail, goat anti-rabbit AF800 secondary antibody and
donkey anti-mouse AF680 secondary antibody were purchased from
Thermo Fisher. The Fugene HD transfection reagent, Nano-Glo® HiBiT
Lytic Detection System and anti-HiBiT mouse monoclonal antibody were
purchased from Promega. The ViaLight™ Plus Cell Proliferation and
Cytotoxicity BioAssay Kit was purchased from Lonza. The rabbit anti-
SARS-CoV-2 3C-Like Protease (Mpro) antibody (51661), rabbit anti-VHL
(E3X9K) monoclonal antibody and rabbit anti-GAPDH (14C10) mono-
clonal antibody were purchased from Cell Signaling. The mouse anti-
ubiquitin (P4D1) monoclonal antibody was purchased from Santa Cruz
Biotechnology. The chemical inhibitors MG132 and TAK-243 were pur-
chased from MedChem Express. All restriction enzymes, the Quick Liga-
tion™ Kit, the Q5® Site-Directed Mutagenesis Kit and the NEB® Stable
CompetentE. coli (HighEfficiency) cellswerepurchased fromNewEngland
Biolabs. All primers were supplied by IDT and all DNA plasmid amplifi-
cation kits and gel/PCR purification kits were supplied byMacherey-Nagel.
CP-100356 was purchased from MedChem Express.

Cell lines and media
HEK293T cells (ATCC) were maintained in DMEM with 10% FBS. LVX
HEK Mpro-HiBiT reporter cell lines were cultured in the presence of
2 µg/mL puromycin. VeroE6/TMPRSS2 cells (CellBank Australia, JCRB)
were maintained in DMEM with 10% FBS and geneticin. Calu-3 cells
(ATCC) were maintained in DMEM/F12 with 10% FBS and 1% peni-
cillin/streptomycin and cultured at 37 °C, 5% CO2. All cell lines routinely
tested negative for mycoplasma contamination, authentication was per-
formed by distributor.

Cloning of theMpro-HiBiT into the pLVX-TetON-PuroR inducible
lentiviral vector and mutagenesis
The sequence for SARS-CoV2 3CL protease (Mpro – SARS-CoV-2/Aus-
tralia/Vic/01/20 strain) was conjugated to a HiBiT tag sequence at the 3′
(C-terminal) end in silco and then synthesised in a pCDNA3.1(+) vector
flanked by unique EcoRI/BamHI restriction sites by Genscript. After
excising the sequence by restriction digest with EcoRI/BamHI and gel
purification, it was ligated into the pLVX-TetOne-PuroR doxycycline
inducible 2nd generation lentiviral vector (Takeda) using aQuick Ligation™
Kit and transformed into NEBStable chemically competent E.coli. Clones
with successful ligations were detected by miniprep plasmid purification
andEcoRI/BamHIdigest followed by agarose gel electrophoresis to visualise
the liberated insert. After maxiprep of a sequence verified clone, the final
construct, pLVX-TetOne-Mpro HiBiT-PuroR was then again verified by
sequencing and by restriction digest. To introduce the mutations within
Mpro used in this study, the plasmidwas first subject to E166Vmutagenesis
before then introducing any secondarymutations with the primers outlined
below using the NEB Q5 site change mutagenesis kit according to the
manufacturer’s instructions. The final mutated constructs were verified by
sequencing.

MproE166VmutFor:5′-AGTTGGTAATACCATATGGTGCATG-3′;
Mpro E166Vmut Rev: 5′-GGAGTTCATGCTGGCACA-3′.Mpro T21I mut
For: 5′-TGTACCACAAATTACTTGTAC-3′; Mpro T21I mut Rev:
5′-ACTACACTTAACGGTCTTTG-3′. Mpro L50F mut For: 5′-TTAG
GGTTAAACATGTCTTCAG-3′; Mpro L50F mut Rev: 5′-TTATGAA-
GATTTACTCATTCG-3′.

Generation of the HEK293T LVX Mpro-HiBiT reporter cell line
Transfection mixes containing pLVX-TetOne-Mpro HiBiT-PuroR (either
wildtype Mpro or mutated Mpro) along with the 2nd generation lentiviral
packaging plasmids psPAX2 (a gift from Prof. Didier Trono, Addgene
#12260) and pMDG.2 (a gift from Prof. Didier Trono, Addgene #12259) in
StemPromediumwere formedwithPEI at a 3:1 (PEI:DNA) ratio for 20min
before adding to 6 × 106 HEK293T cells (wt or VHL KO background) in
100mm2 dishes. After an overnight incubation at 37 °C, 5%CO2, themedia
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containing PEI was removed and fresh 10mL medium added and incu-
bation at 37 °C, 5% CO2 resumed. At 24 h time points, the medium con-
taining virus was extracted and filtered 0.45 um with fresh medium being
added for a total of three rounds of harvesting. The viral harvests were
pooled and subsequently 10mL of virus supernatant was added to freshly
platedHEK293Tcells alongwith 5 μg/mLpolybrene and incubated at 37 °C,
5% CO2. After an overnight transduction, the viral supernatant was
removed and fresh antibiotic-free medium was added before resuming
incubation at 37 °C, 5% CO2 for 48 h before 2 µg/mL of puromycin was
added to select for transductants. After one week of selection, the cell line
was expanded and utilised in subsequent assays.

Generation of the VHL knock out HEK293T cell line
The sgRNA sequence for targeting VHL21 was ligated into the pX458 vector
(a gift from Prof. Feng Zhang, Addgene #48138) using the unique BbsI
insertion site by Quick Ligation™ Kit and miniprepped with DNA clones
screened by sequencing for a successful sgRNA insert. Once discovered, the
plasmid from a sequence verified clone was then maxiprepped and again
sequence verified. The plasmid was then transfected into HEK293T cells
usingFugeneHDat ratioof 3:1 (Fugene:DNA)and, after 3daysof expansion
at 37 °C, 5%CO2, cells were analysed on an Aria flow cytometer and sorted
on eGFP positive expression to purify cells positive for the vector. The
knock-out of VHL was confirmed by western blotting using an anti-VHL
specific rabbit monoclonal antibody.

Nano-Glo® HiBiT lytic detection assay
HEK293T LVX Mpro-HiBiT reporter cells were plated in 96-well flat bot-
tomwhite opaque plates at 10,000 cells per well in 50 μLmedium overnight
at 37 °C, 5% CO2. The next day, 50 μL/well of doxycycline (at the desired
final concentration) was added to induce Mpro-HiBiT protein expression
and incubated at 37 °C, 5%CO2.After 24 hof induction, 100 μL/well of drug
treatment or control was added to the desired concentration and incubated
for the desired time at 37 °C, 5% CO2. At the desired time point, 130 μL of
media was extracted from the wells and 50 μL/well of Nano-Glo® HiBiT
Lytic Detectionworking solutionwas added. After orbital shaking for 1min
to mix, the plate was incubated for 20min at room temperature before
reading the luminescence signal using a FluoStar Optima plate scanner.
Data acquired as raw luminescence reads per well.

Vialight proliferation assay
HEK293T LVX Mpro-HiBiT reporter cells were plated and treated as sti-
pulated for theHiBiT assay.At timeof testing, 170 μLofmediawas removed
from wells and 50 μL of lysis reagent was added in followed by 1min of
orbital shaking at 500 rpm and another 5min incubation to ensure com-
plete lysis. Vialight AMR reagent was then added at 50 μL per well followed
by orbital shaking at 500 rpm for 1min to mix. The plate was incubated for
20min at room temperature before reading the luminescence signal using a
FluoStar Optima plate scanner. Data was acquired as raw luminescence
reads per well.

Western blot
Cells were harvested using Accutase and centrifuged at 500 x g for 5min.
The supernatants were removed and cells washed in 1mL of ice-cold PBS
and transferred to cold centrifuge tubes. After centrifugation for 5min at
500 x g at 4 °C, the supernatant was removed and cell pellets lysed at 15 μL/
million cells inNP-40 lysis buffer containingHalt protease and phosphatase
inhibitor cocktail. After trituration and vortexing for 10 s, lysates were
clarified at 21,000 x g for 20min at 4 °C after which clear supernatants were
extracted and subjected to BCA assay for protein quantitation.

Fifty (50) µgof proteinwas then runon4-12%gradient bis-trisNuPage
SDS-PAGE gels at 150 V for 90min after which gels were transferred to
PVDF membranes using an iBlot apparatus set to Program 3 for 7min.
Afterblocking in intercept buffer for 1 h,membraneswereprobedovernight
at 4 °C with 1:750 anti-Mpro rabbit polyclonal antibody and 1:1000 anti-
HiBiT mouse monoclonal antibody diluted in intercept buffer + 0.1%

Tween-20. Membranes were washed three times in TBS+ 0.1% Tween-20
after which secondary anti-rabbit AF800 and anti-mouse AF680 secondary
antibodies, diluted 1:10,000 in intercept buffer + 0.1% Tween-20, were
added and incubated for 1 h at room temperature.After afinal threewashes,
membranes were scanned on the Licor Odyssey Infrared scanning system.
Membranes were subsequently re-probed using 1:10,000 anti-GAPDH
rabbit monoclonal antibody for loading controls.

Immunoprecipitation (IP)
Cells were harvested and washed as in western blotting and then lysed in
NP-40 lysis buffer containing Halt protease and phosphatase inhibitor
cocktail. Lysates were clarified and quantitated as in western blotting. For
each IP, 1.4 mg of total protein was precleared with magnetic protein G
beads for 1 h after which cleared lysates weremixed with 2 µg of anti-HiBiT
tag mouse mAb and rotated for 2 h at 4 °C to mix and bind target. Next,
20 μL of protein G magnetic beads was added per IP and incubated over-
night at 4 °C with rotation. The next day, IPs were washed 5 times in 1mL
ice coldNP-40 buffer and thenmixedwith reducing LDS sample buffer and
boiled at 95 °C for 10min to liberate protein from thebeads.The samplewas
separated from the beads on a magnetic rack and loaded onto a 4–12%
gradient bis-tris SDS-PAGE gel after which western blotting proceeded as
above using 1:750 anti-Mpro rabbit polyclonal antibody and 1:500 anti-pan
Ub mouse monoclonal antibody.

Mpro FRET inhibition assay
The SARS-CoV-2 Mpro FRET assay measures the activity of full-length
SARS-CoV-2 Mpro to cleave an internally quenched fluorogenic peptide
substrate DABCYL-KTSAVLQSGFRKME-EDANS. The fluorescence of
the cleaved EDANS peptide (excitation 340 nm/ emission 480 nm) was
measured using a fluorescence intensity protocol on an Envision Plate
reader (Perkin Elmer). The fluorescent signal is reduced in the presence of
inhibitor of SARS-CoV-2Mpro. The assay was performed in Greiner black
384-well non-binding microplates. SARS-CoV-2 Mpro (a final concentra-
tion of 10 nM) was pre-incubated with test compound at different con-
centrations for 15min at room temperature in the assay buffer (24mM
HEPES (pH6.5), 120mMNaCl, 0.012%TX-100, 1.2 mMBSA, and 1.2mM
DTT). The peptide substrate (final concentration 20 μM)was then added to
the mixture, which was incubated for 3 h at room temperature before
quenching with 70mM citric acid. The % activity was calculated based on
controlwells containing no compound (0% inhibition/100%activity) and a
control compound (GC-376, 100 % inhibition/0 % activity).

RTCA-based antiviral assay
RTCA E-Plate View 96-well plates (Agilent) were seeded with VeroE6/
TMPRSS2 cells at 10,000 cells/well in DMEM media, or Calu-3 cells at
60,000 cells perwell inDMEM/F12media, and cultured in the xCELLigence
RTCA eSight instrument (Agilent) at 37 °C, 5% CO2. At 24 h post-seed,
duplicate wells were pre-treated with compounds at indicated doses for 2 h
prior to addition of SARS-CoV-2 ancestral strain (SARS-CoV-2/Australia/
Vic/01/20) at MOI 1. At 2 h post-inoculation, cell culture supernatant was
aspirated and replaced with fresh media containing compounds at the
indicated doses. For antiviral experiments performed in VeroE6/TMPRSS2
cells,mediawas supplementedwith efflux inhibitorCP-100356 (2 μM).Cell
impedance was measured every 15min and cells photographed every
40min over a 120 h timeframe. Cell impedance values of cells treated with
fixed dose TPD versus NDMI controls were used to compare antiviral
efficacy. Time-dependant IC50 valueswere calculated based on standardised
cell impedance data taken at fixed timepoints, using Graphpad Prism
software. The time to reach 50% reduction in cell impedance (CIT50) was
determined from normalised cell index data. Images taken by the RTCA
eSight instrument were used to visually confirm the presence of viral CPE.

Yield-based antiviral assay
Calu-3 or VeroE6/TMPRSS2 cultures were pre-treated with compounds
at the indicated doses for 2 h prior to infection with Omicron strain
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SARS-CoV-2/Australia/Vic/61194 (BA.5) atMOI0.01 at 37 °C for 1 h.Viral
inoculumwas aspiratedand cellswerewashed four timeswith culturemedia
before replenishment with media containing each compound at the indi-
cated doses, and continuing incubation at 37 °C, 5% CO2. VeroE6/
TMPRSS2 cells were also supplemented with efflux inhibitor CP-100356
(2 μM). At 24 h post-infection, cell culture supernatants were collected,
clarified (6000 x g, 10min, 4 °C) and stored at −80 °C. Infectious titer of
each supernatant was determined by serial 1:2 dilution of 8 replicates onto
VeroE6/TMPRSS2 cells in 96-well plates, and cultured at 37 °C, 5%CO2 for
five days. The presence of cytopathic effect was evaluated using light
microscopy, and tissue culture infectious dose 50% (TCID50) was calculated
using the Spearman-Kärber method. Each experiment was performed in
duplicate, on separate occasions. Viral yield data was adjusted relative to
DMSO control and used to calculate IC50 dose via non-linear regression
using TableCurve 2D software (Symantec).

Quantitative RT-PCR
RNA was extracted from clarified (6000 x g, 10min, 4 °C) cell culture
supernatant using the QIAamp Viral RNA Mini Kit (Qiagen, Hilden,
Germany), and reverse transcription performed using the BioLine Sensi-
FAST cDNA kit (Bioline, London, United Kingdom)22, alongside serially
diluted cell culture supernatant to be used as a standard curve. A real-time
PCR assay targeting the SARS-CoV-2 RNA-dependent RNA polymerase
(RdRp)/helicase genes was then performed using Precision FAST qPCR
Master Mix with LowRox (Primer Design Ltd), forward primer
5′- CGCATACAGTCTTRCAGGCT-3′, reverse primer 5′-GTGTGATGT
TGAWATGACATGGTC-3′, and probe 5′- FAM-TTAAGATGTGGTGC
TTGCATACGTAGAC-3.Amplificationwas performedusing anABI 7500
FAST real-time PCR machine (Applied Biosystems) at: 95 °C for 2min,
followed by 45 PCR cycles of 95 °C for 5 sec and 55 °C for 30 sec23. Samples
were tested in duplicate with the mean cycle threshold (Ct) value reported.
Relative change in viral copies for each sample was extrapolated from the
standard curve included in the assay by linear regression, adjusted relative to
DMSO control, and IC50 calculated using TableCurve 2D software
(Symantec).

Nirmatrelvir resistant antiviral assay
Susceptibility of a nirmatrelvir-resistant SARS-CoV-2delta strain toBP-198
and BP-206 was determined using a focus reduction assay in VeroE6/
TMPRSS2 cells (JCRB)9, with the inclusion of efflux inhibitor CP-100356
(2 μM) in cell culture supernatant.

VeroE6/TMPRSS2 cells in 96-well plates were infected with SARS-
CoV-2 Delta (B.1.617.2) wildtype strain, or SARS-CoV-2 Delta (E166V/
L50F) at approximately 400 focus-forming units per well, at 37 °C for 1 h.
Inoculum was removed and replaced with culture medium containing serial
dilutions of each compound in 1 %Methyl Cellulose (FUJIFILMWako Pure
Chemical Corporation), cells incubated for a further 18 h prior to formalin
fixation, staining with a SARS-CoV-2 nucleoprotein antibody at 0.2 ug/mL
(clone N45, TAUNS Laboratories, Inc., Japan) and detection using an HRP-
labelled goat anti-mouse antibody at 1:1000 (Jackson ImmunoResearch
Laboratories Inc.) and TrueBlue substrate (SeraCare Life Sciences). Focus
number was quantified using an Immunospot S6 Analyzer (Cellular Tech-
nology), and IC50 calculated using GraphPad Prism 9.3.0 software.

Statistics and reproducibility
GraphPad Prism (v10.1.2) was used for all data processing and statistical
analysis if required.Thedetails of the typeof statistical test deployed,P-value
of significance obtained and the number of independent replicates analysed
for each set of data in this study are documented in each relevant section. A
one-way ANOVA with Tukey’s post multi-comparison test and single
pooled variance was used to analyse pairwise data whereas a two-way
ANOVAwithTukey’smulti-parametric test and single pooled variancewas
used to compare differences between time-points and treatment groups. A
non-linear regression model was used to fit response curves on all viral
titration data. A P < 0.05 was considered significant for all analyses.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Results
Synthesis and identification of Mpro targeted TPDs based on
nirmatrelvir modification
A variety of substrate-mimetic Mpro inhibitors have been co-crystallised
withMpro including PF-00835231 (PDB: 6XHM)5, GC376 (PDB: 6WTJ)24,
UAWJ248 (PDB: 6XBI)25, and most-recently nirmatrelvir (PDB: 7RFW)6.
When superimposed it is apparent that they have a close topographic
alignment associatedwith P1 and P2pocket binding but that they diverge in
terms of chemical structure and importantly for TPD design, in the likely
projected vectors for linker attachment and conjugation to E3 ligase
ligands (Fig. 1a).

We prepared an initial suite of 33 potential TPDs, with variations in
Mpro-binding pharmacophores, chemical linkers and E3 ligase targeting
ligands (cereblon, VHL and IAP) (Supplementary Fig. 2, Supplementary
Table 1). The compoundswere then tested asMpro inhibitors using a FRET
assay5 to confirm that the binary interaction was conserved. The parental
compounds PF-00835231 and nirmatrelvir were shown to exhibit IC50

values of 4.4 nM and 7.3 nM, respectively, which is comparable to values
reported in the literature5,6. The nirmatrelvir-based TPDs were all highly
potent Mpro binders with all compounds inhibiting Mpro activity in the
very low nM range, indicating the tert-butyl moiety of nirmatrelvir was an
ideal conjugationpoint26.Other combinations ofMpro ligand, linker andE3
ligase ligand gave diverse impacts upon binary interactions (Supplementary
Table 1). For other compounds, the nitrile-containing analogues suffered a
considerable loss in affinities with IC50 values in the µM range (Supple-
mentary Table 1).

To screen the Mpro degradation activity of each candidate, we devel-
oped a quantitative reporter assay based upondoxycycline (DOX) inducible
Mpro-HiBiT tag fusion in HEK293T cells where Mpro-HiBiT could be
quantitatedwithin cell lysates using luminescence-based detection (Fig. 1b).
Western blot verification of the protein produced after DOX induction
demonstrated a single clean 38 kDabandwhichwas reactivewithMpro and
HiBiT tag antibodies (Fig. 1b, Supplementary Fig. 3, confirming correct and
stable expression of HiBiT-tagged Mpro protein. Screening assays were
conducted over 24 h with test compound titration from 20 µM to 500 nM
followed by luminescent detection ofMpro-HiBiTprotein.Most candidates
showed moderate reduction of Mpro-HiBiT signal (Supplementary
Table 1); however, three candidates stood out in reducing Mpro-HiBiT
levels in a concentration-dependent manner – BP-172, BP-174 and BP-198
(Fig. 1c). The compounds all included the nirmatrelvir pharmacophore and
BP-172 utilised the VH10119 recruitment motif whilst BP-174 and BP-198
utilised the IAP LCL-16120 recruitment motif. BP-172 and BP-174 con-
tained a PEG2 based triazolyl linker whilst BP-198 contained a shorter alkyl
linker (Fig. 1d). It was apparent that the linker selection was important as
BP-198 analogues with longer PEG linkers had poor activity and it was
notable that BP-155 and BP-181, both pomalidomide-derived cereblon
targeting ligands, and VH032-derived VHL recruiters BP-142, 177 and
178 showed poor activity by comparison (Supplementary Table 1).

BP-172, BP-174 and BP-198 degrade Mpro in a time
dependent manner
A more detailed evaluation of the three best compounds at a fixed dose of
20 µM confirmed significant degradation of Mpro-HiBiT (P < 0.0001 vs
DMSO controls) with amaximum reduction of 72% over 24 h observed for
the best candidate BP-198 (Fig. 2a). This reductionwas not due to loss of cell
viability as testing of parallel assays using Vialight technology showed no
loss of cell number following drug administration (Supplementary Fig. 4a).
Western blot assays performed in parallel showed that the degree of Mpro-
HiBiT reduction mirrored that of the HiBiT luminescence assay results
compared to DMSO controls (Fig. 2b, Supplementary Fig. 3). As bona-fide
TPDs are capable of cumulative degradation of target over time, we sought
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to confirm loss of target over increasing times of treatment. At 20 µM, each
TPD registered an initial loss of Mpro-HiBiT protein at 2 h post treatment
followed by a steady decline up to 24 h post treatment suggestive of a linear
kinetic pattern of degradation, whereas cells treated with unmodified nir-
matrelvir demonstrated a steady increase in Mpro-HiBiT, indicating that
unmodified nirmatrelvir may stabilise Mpro at high concentrations
(Fig. 2c). Together, these results confirm that BP-172, BP-174 and BP-198
are capable of significant and specific reduction of Mpro-HiBiT protein
levels in a time dependent manner.

BP-172,BP-174andBP-198specifically engageMproand recruit
ubiquitin ligase machinery in order to degrade Mpro
TPDs rely on the ubiquitin proteasome system for target protein degrada-
tion. Using immunoprecipitation of Mpro-HiBiT following inhibition of
the proteasomebyMG132after 4 hofBP-172, BP-174orBP-198 treatment,
we observed evidence of ubiquitination ofMpro-HiBiT following treatment
with the more effective TPDs BP-174 and BP-198 (Supplementary Fig. 4b).
However, when we attempted to interrogate this mechanism further using
standard administration of MG132 or TAK-243 (to inhibit the ubiquitin
activating enzyme to prevent ubiquitination of the target) along with TPD
for a longer 24 h time, we found these drugs negatively interferedwith either
the transgene expression and/or cell viability at the projected effective dose
for these agents (Supplementary Fig. 4c). Therefore, their use in inter-
rogating the mechanism of TPD action was unsuitable in our reporter
system.

Toovercome this limitation,weutilisednon-degradingMpro inhibitor
(NDMI) controls which are pharmacologically altered variants of eachTPD
candidate, where the E3 ligase recruitment motif was precisely modified to
prevent binding to their E3-ligases, controlling for molecule size and
membranepermeability,whilst retaining activity of thenirmatrelvir binding
ligand. For BP-172, we introduced a cis-hydroxyl group into the VH101
motif known to disrupt engagement with the VHL E3-ligase preventing
ubiquitination27. For BP-174 and BP-198 we introduced an N-methyl
“bump” R-group in the LCL-161 ligand known to inhibit binding and
recruitment of the IAP E3-ligases20 (Fig. 2d). If our TPDs were utilising E3-
ligases to degrade Mpro-HiBiT, the use of these NDMI controls should
rescue Mpro-HiBiT protein vs our TPDs alone. After 24 h of treatment
(Fig. 2e), we confirmed that the NDMI variants of our TPDs resulted in a
significant rescue of Mpro-HiBiT protein (BP-172 vs BP-200, 66% vs 89%
P < 0.001;BP-174vsBP-202, 45%vs69%,P < 0.0001andBP-198vsBP-206,
28% vs 62%, P < 0.0001). Again, we confirmed this result by western blot
where we observed a strong rebound of Mpro-HiBiT protein expression to
levels similar to the DMSO control in all NDMI compounds vs their TPD
counterparts (Fig. 2f, Supplementary Fig. 3).

Next, in order to prove that BP-172, BP-174 and BP-198 specifically
bind to Mpro, resulting in its ubiquitination and degradation, we con-
ducted competition experiments with equimolar amounts of free
unmodified nirmatrelvir to compete for the Mpro binding site. Such a
competition assay should enable rescue of Mpro-HiBiT levels compared
to treatment with our TPDs alone. As shown in Fig. 2g, after 24 h of

Fig. 1 | Targeted protein degrader (TPD) design, screening assay design and
candidate hit identification. aCrystal structure of nirmatrelvir in congress with the
Mpro catalytic pocket (generatedwith PyMOL software using publicly available data
PDB: 7RFW6). The solvent accessible P3 motif for linker conjugation is indicated by
the red arrow. The schematic below outlines the attachment strategy for linker and
recruitment motif to the P3 motif of the substrate-mimetic class of Mpro inhibitors.
b Schematic forMpro-HiBiT doxycycline (DOX) inducible reporter cell-based assay

construction and verification used in this study (components of this figure were
created with BioRender.com). c HiBiT reporter assay results for screening of mul-
tiple nirmatrelvir-based TPD candidates byHEK293T LVXMpro-HiBiT assay after
24 h of treatment. Data is presented as the % luminescence reads of the matched
DMSO control at each concentration. d Structures of the TPD candidates identified
from the nirmatrelvir-based HiBiT screen in (c). All experiments were completed to
at least n = 2.
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competition, we observed a significant rescue of Mpro-HiBiT levels by
HiBiT assay for all TPD candidates when free unmodified nirmatrelvir
was added (63% vs 79% for BP-172, P < 0.0001; 40% vs 72% for BP-174,
P < 0.0001 and 26% vs 52% for BP-198, P < 0.0001). Western blots to
verify these results demonstrated marked rescue of Mpro-HiBiT protein
following competition of the TPDs with free unmodified nirmatrelvir for
all candidates (Fig. 2h, Supplementary Fig. 3). Hence, BP-172, BP-174
and BP-198 all specifically engage Mpro-HiBiT target in the cell in order
to initiate its degradation.

To further confirmVHL-dependency of BP-172 activity, we generated
ageneticVHLknockout (KO)HEKMpro-HiBiT reporter cell line to test the
utilisation of VHL recruitment for BP-172 action. Our analysis shows that
when BP-172 and BP-174 (which does not utilise VHL) were administered
in the wildtype HEK background, both were capable of degrading Mpro-
HiBiT as expected by HiBiT assay (Supplementary Fig. 4d) and western
blots (Supplementary Fig. 4e). However, when tested in the VHL KO cel-
lular background, the ability of BP-172 to degradeMpro-HiBiT was almost
completely abolished (wt HEK 51% vs VHL KO HEK 81%, P < 0.0001)
whereas the activity of BP-174 was unaffected (wt HEK 49% vs VHL KO
HEK 47%, n.s.) (Supplementary Fig. 4d, e), confirming that degradation
activity of BP-172 is dependent on VHL. Due to the numerous redundant

IAP family members capable of actioning BP-174 and BP-198 activity, we
did not attempt to generate a genetic IAP KO cell line for confirmatory
studies.

Overall, these results provide evidence that our TPD candidates spe-
cifically engage Mpro and recruit the intended VHL or IAP E3-ligases to
ubiquitinate and degrade Mpro-HiBiT protein.

BP-174 and BP-198 are effective antivirals with enhanced anti-
viral effects against SARS-CoV-2 in vitro
Antiviral activity of TPDs and their NDMI controls were compared to
distinguish effects related toMprodegradation from the inherent enzymatic
inhibition of Mpro present in both molecules. Initial screens were per-
formedusing real time cell analysis (RTCA)of parental strain SARS-CoV-2/
Australia/Vic/01/2022 (for simplicity, this strain will be referred to as SARS-
CoV-2 (VIC-01)). SARS-CoV-2 (VIC-01)-infectedVeroE6/TMPRSS2 cells
were treated with either TPDorNDMI at equivalent doses and cultured for
up to120 h.Treatment of infected cellswith lead candidatesBP-198andBP-
172 at 10 µM, 5 µM and 2.5 µM doses resulted in reduced viral cytopathic
effect (CPE), measurable as a higher cell index, than their NDMI controls
over the course of the assay (Fig. 3a, b) with no detectable cytotoxicity
(Supplementary Fig. 5a), the presence of CPE confirmed via visual

Fig. 2 | TPDs are capable of degrading wt Mpro by binding Mpro and recruiting
the ubiquitin ligase machinery for Mpro degradation. a HiBiT detection results
and (b) western blot verification results for singular TPD candidate testing at 20 μM
for 24 h in the HEK293T LVXMpro-HiBiT reporter cells. cHiBiT detection results
for TPD treatedHEK293TMpro-HiBiT reporter cells overmultiple time points post
20 μMdrug addition. **** indicates P < 0.0001 vs nirmatrelvir by multi-parametric
two-way ANOVA (d) chemical structures of the non-degrading Mpro inhibitors
(NDMIs) BP-200, BP-202 and BP-206 to compare to BP-172, BP-174 and BP-198 in
this study, respectively. The chemical modifications which inactive the ubiquitin-
ligase recruiter ligand domain are highlighted in red. e HiBiT detection results and

(f) corresponding western blot results for testing of TPD compared to NDMI
controls at 20 μMfor 24 h in theHEK293T LVXMpro-HiBiT reporter cells. gHiBiT
detection results and (h) western blot results for singular TPD testing at 20 μMalone
or in competition with 20 μM nirmatrelvir for 24 h in the HEK293T LVX Mpro-
HiBiT reporter cells. All HiBiT assay results in (a, e, g) are presented as % lumi-
nescence vs DMSO controls ± S.E.M. *** indicates P < 0.0001, ** indicates
P < 0.001 significant difference to DMSO controls by one-way ANOVA. All
experiments were completed to at leastn = 2with experiments completed ton = 3 for
statistical analysis.
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inspection of RTCA cell images taken across the course of the experiment
(Supplementary Fig. 5b). At 1.25 µM and lower doses, the TPDs exhibited
comparable antiviral profiles as their NDMI controls (Fig. 3a, b), agreeing
with a concentration window where degradation of Mpro begins to take
effect (Fig. 1c). To confirm these results in human cells, RTCA analysis was
performed in Calu-3 cells infected with SARS-CoV-2 (VIC-01) and treated
with 10 μMof eachTPD andNDMI control. A higher overall cell index and
increase in CIT50was observed for both BP-174 vs BP-202 (Fig. 3c) and BP-
198 vs BP-206 (Fig. 3d). The data was supported by visualisation of CPE
(Supplementary Fig. 5c), confirming findings in the VeroE6/TMPRSS2 cell
line that the TPDs provide enhanced antiviral effects over their NDMI
controls.

As a kinetic measure of antiviral potency, time-dependent IC50 was
calculated based on standardised cell impedance data, taken every 15min
across the course of each experiment shown in Fig. 3a, b. The complete data
set is provided (Supplementary Fig. 5d) but, for clarity, IC50 calculated at 10
hourly intervals, as well as the fold reduction in IC50, or potency gain,

observed between each TPD and their NDMI counterpart are described in
Tables 1, 2. Both TPDs have comparable potency as their NDMI counter-
parts when measured up to 30 hpi, which progressively increases up to 70
hpi, when BP-174 and BP-198 reach 1.6- and 2.6-fold higher potency than

Fig. 3 | Enhanced real time antiviral activity is observed for TPDs compared to
NDMI controls in multiple SARS-CoV-2 cellular infection systems.
a xCELLigence real time cellular response profiles of VeroE6/TMPRSS2 cell model
of SARS-CoV-2 infection in the presence of titrated TPD BP-174 vs BP-202 control
or (b) BP-198 vs BP-206 control. Dashed lines indicate the TPD and solid lines
indicate the matched NDMI control drug. The tables underneath each profile
document the time-dependent IC50 in μM± S.E.M for each drug calculated at several
time points post infection. The fold difference in IC50 is the TPD compared to its
NDMI control. c xCELLigence real time cellular response profiles of Calu-3 cell
model of SARS-CoV-2 infection in the presence of 10 μM TPD BP-174 vs BP-202
control or (d) BP-198 vs BP-206 control. Dashed lines indicate the TPD and solid
lines indicate the matched NDMI control. Profiles of uninfected cells treated with

each compound at 10 μM are included, confirming lack of toxicity of these com-
pounds. e Analysis of xCELLigence profiles to determine the time taken to reach a
half cellular index (CIT50) for each drug at each concentration in VeroE6/TMPRSS2
cell line. Data is graphed as CIT50 for each drug. f Analysis of the titer of progeny
Omicron BA.5 virus within supernatants after 24 h of treatment with serial dilutions
of TPDBP-198 or BP-206 control. Data is graphed as the viral titer as a percentage of
the DMSO control. For each drug response, the 50% tissue culture infectious dose
(TCID50) was calculated ± S.E.M. gQuantitative RT-PCR detection of the Omicron
BA.5 viral genome copy number through detection of the RdRp/helicase genes. Data
is presented as the amount of viral copies as a % of the DMSO control. All experi-
ments were completed to at least n = 2.

Table 1 | Time-dependent IC50 (μM) for TPD BP-174 and NDMI
BP-202 calculated at several time points post infection,
including the fold change in IC50 for BP-174 relative to BP-202

Time post infection (hours)

30 40 50 60 70

Drug IC50 (uM)

BP-174 0.41 1.54 4.2 6.16 8.3

BP-202 0.41 1.69 5.76 8.73 13.47

Fold reduction in IC50 1 1.1 1.4 1.4 1.6
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their NDMI counterparts, respectively. This suggests that the TPDs may
have a longer-lasting antiviral effect. Another quantitative measure specific
for RTCA analysis, is the time taken to reach a 50% reduction in cell index
(CIT50)

28,29, a longer CIT50 representing enhanced antiviral activity. This
analysis showed that both BP-174 and BP-198 had a progressively
increasing CIT50 up to the highest 10 µMconcentrationwhichwas superior
to that observed for their NDMI counterparts (Fig. 3e), further confirming
enhanced antiviral efficacy of TPD over NDMI control.

We then assessed our best TPD candidate, BP-198, and its matched
NDMI control, BP-206, for their effects on viral yield of a more recent and
widely circulating Omicron lineage SARS-CoV-2/VIC/61194 (BA.5) (this
strain will be described as SARS-CoV-2 Omicron BA.5) in human Calu-3
cells. Cells were infected at MOI 0.001 after which the virus was removed
and culture continued in the presence of BP-198 or BP-206 at multiple
titrated doses. After 24 h, the infectious titer of progeny virus within
supernatants was measured by endpoint dilution and calculation of 50%
tissue culture infectious dose (TCID50) using the Spearman-Kärber
method30, and standardised viral titer used to determine IC50. No toxicity
was detected inCalu-3 cells at the dose range tested (Supplementary Fig. 5e).

In thismodel, BP-198 had a 2.1-fold higher potency than BP-206 (IC50

11.8 μM vs 24.6 μM respectively) (Fig. 3f) against SARS-CoV-2 Omicron
BA.5 which was similar to the advantage observed against the SARS-CoV-2
(VIC-01) parental strain from our RTCA analyses shown in Fig. 3b. Con-
firmation of enhanced antiviral activity of BP-198 over BP-206 came from
quantitative RT-PCR detection of released viral genomes (Fig. 3g) where
BP-198 again had a higher potency in reducing viral genome number
compared toBP-206 (IC50 11.4 μMvs>20 μMrespectively), correlatingwell
with the infectious titer results shown in Fig. 3f. Similar to the RTCA
findings, the enhanced activity of BP-198 occurred at the doses where
effective degradation is observed in ourMpro-HiBiTmodel (Fig. 1c), and is
invariably higher or equivalent to BP-206, never lower.

Together, these findings show that our TPDs have enhanced antiviral
activity than their NDMI counterparts, against both SARS-CoV-2 parental
and Omicron BA.5 strains confirming that the additional degradation of
Mpro confers greater antiviral activity than enzymatic inhibition of
Mpro alone.

TPDs are effective in degrading Mpro harbouring nirmatrelvir
resistance mutations
One of the predicted powers of TPD-based antivirals over traditional
antivirals is the ability to overcome antiviral resistance, as TPDs do not
require high affinity binding for efficacy. To determine if our TPD panel
could degradenirmatrelvir-resistantMpro,we introduced several published
nirmatrelvir-resistant mutations E166V, E166V+ T21I and
E166V+ L50F8, into our Mpro-HiBiT expression system, and generated
reporter cell lines harbouring thesemutated proteins. Titration of TPDsBP-
172, BP-174 and BP-198 vs these three nirmatrelvir-resistant Mpro forms
confirmed the TPDs were still capable of degrading mutant Mpro-HiBiT
target, shown using HiBiT assay (Fig. 4a) and western blotting (Fig. 4b,
Supplementary Fig. 3). The loss of activity for the TPDs was less than a
2-fold reduction in capability for all TPDs at the 20 µM dose compared to
the 100-218-fold loss of binding activity published for nirmatrelvir7. Hence,

TPDs of Mpro are capable of effectively degrading nirmatrelvir-resistant
forms of Mpro.

BP-198 is effective against nirmatrelvir-resistant SARS-CoV-2
in vitro
Next, we examined antiviral activity against a nirmatrelvir-resistant
recombinant virus in an infection model, where a wildtype SARS-CoV-2
delta (B.1.617.2) clone (henceforth described as SARS-CoV-2 Delta (WT))
wasmodified using aBAC-based reverse genetics system to introduceMpro
mutations L50F/E166V. This clone (SARS-CoV-2_Delta (L50F/E166V))
was previously confirmed topossess a high level of resistance to nirmatrelvir
in vitro, associated with reduced viral fitness9.

To determinewhetherTPDsmaintain activity against this nirmatrelvir
resistant virus, our best TPD candidate BP-198 and NDMI control BP-206
were evaluated for activity against SARS-CoV-2 Delta (WT), and SARS-
CoV-2 Delta (L50F/E166V) infection in VeroE6/TMPRSS2 cells using a
focus reduction assay9.

No significant difference in antiviral activity was detected between BP-
198 and BP-206 against SARS-CoV-2 Delta (WT) (Fig. 4c); however, when
antiviral activity was assessed against the nirmatrelvir-resistant (L50F/
E166V) strain, BP-198 again exhibited 2.7-fold higher potency than BP-206
(IC50 12.7 μM vs 34.6 μM respectively, P = 0.0019) (Fig. 4d). We next
assessed the degree of resistance to each compound conferred by the L50F/
E166V strainby comparing activities of each compoundagainst theWTand
L50F/E166V strains.

Under these conditions, SARS-CoV-2Delta (L50F/E166V) exhibited a
261-fold reduction in susceptibility to unmodifiednirmatrelvir compared to
wild type SARS-CoV-2 Delta (IC50 18.3 μM vs 0.07 μM, respectively)
(Supplementary Fig. 6) confirming the high level of resistance conferred by
these mutations. In comparison, BP-198 only had a 25-fold reduction in
activity (0.5 µM vs 12.7 µM, respectively), much lower than the 261-fold
reduction in activity observed for unmodified nirmatrelvir, and 75-fold
reduction observed for the NDMI control BP-206. These findings confirm
that BP-198 has enhanced antiviral activity over NDMI control against
nirmatrelvir resistant virus.

Discussion
This study provides important confirmation that inhibitors of SARS-CoV-2
Mpro can be adapted into TPDs leading to antiviral effects that go beyond
that shown by enzymatic inhibition alone, and importantly are effective
against mutant forms of target which are highly resistant to the parental
inhibitor.

The development of the robust quantitative cell-based assay for
recombinantly expressed Mpro described here was a critical component of
the screening cascade todiscover theseTPDs.Wewere able to rapidly screen
test compounds againstminimallymodifiedMproproteinwith the addition
of short 11 amino acid HiBiT tag, providing a quantitative luminescence-
based data set which closely matched western blot data and with low
associated cell toxicity. This ensured any degradation activity we observed
was against protein which was as close as possible to natively produced
viral Mpro.

In our study, we deliberately andwithout bias synthesised awide range
of potential TPDs. A range of Mpro inhibitor pharmacophores, covalent
reversible (nitrile, hydroxymethyl ketone) and irreversible (chloromethyl
ketone)warheads, polar andnon-polar linkers of variable length anddiverse
target E3 ligase motifs were all included. These all inhibited Mpro enzyme
activity in a cell-free FRET assay; however, binary potency did not translate
into TPD potency, with most compounds showing marginal effects in
lowering Mpro protein in the initial cell-based screen.

Nonetheless, a few compounds stood out with robust dose and time-
dependent reductions inMpro. The most potent three compounds were all
derived from nirmatrelvir - BP-172, a VH101 derived VHL based recruiter,
as well as BP-174 and BP-198, both LCL-161 derived IAP-targeting
recruiters (so called specific andnon-genetic IAP-dependent protein erasers
or SNIPERs31), with TPD efficiency at 24 h seemingly dependent upon

Table 2 | Time-dependent IC50 (μM) for TPD BP-198 and NDMI
BP-206 calculated at several time points post infection,
including the fold change in IC50 for BP-198 relative to BP-206

Time post infection (hours)

30 40 50 60 70

Drug IC50 (uM)

BP-198 0.78 2.09 3.7 5.8 6.93

BP-206 0.7 2.38 7.03 12.75 17.81

Fold reduction in IC50 0.9 1.1 1.9 2.2 2.6
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either permeability, the competition between binary and ternary complexes
and/or productivity of ternary complex formation. Our experiments con-
firmed that these nirmatrelvir-based TPDs functioned in a genuine het-
erobifunctional manner, with engagement of Mpro and recruitment of the
ubiquitin ligase machinery and proteasomal degradation crucial to elim-
inating the target. Toour knowledge, ourwork here is thefirst description of

SNIPER-based TPDs that successfully degrade viral proteins, confirming
that these classes of ubiquitin ligases can be harnessed to expand the
repertoire capable of degrading viral proteins. Sang et al recently reported a
cereblon-targeting molecule also built off a nirmatrelvir-like scaffold,
HP21120632. Interestingly, HP211206 reduced Mpro in transfected-HEK
cells but with a quite slow 48 h onset of action. Additionally, another GC-
376-based pomalidomide conjugate, PROTAC 1, induced a modest
reduction of recombinantMpro atmicromolar doses after 24 h33. However,
the mechanism of target loss was not confirmed in either of these studies,
and their antiviral effects not verified.Whilst this paper was under review, a
cereblon-recruiting Mpro degrader, MPD2, and the VHL-based degraders
P2 and P3 were reported which degraded recombinant Mpro by the Ub-
proteasome system,with some preliminary data suggesting antiviral activity
against SARS-CoV-2 wildtype virus34,35 and an eGFP-labelled E166VMpro
variant virus34. However, antiviral data were lacking a matched NDMI
control to discriminate inherent enzymatic inhibition of the parental
molecule, and phenotypic nirmatrelvir resistance of the eGFP - E166V
variant was not confirmed.

Nirmatrelvir is a much smaller, highly effective, optimized enzymatic
inhibitor with a superior pharmacokinetic profile for cellular permeability
and solubility thanour leadTPD. For this reason, a direct comparison of our
much larger TPDagainst unmodified nirmatrelvir, which does not factor in
these pharmacokinetic profile limitations and differences, would not offer a
precise determination of differences between the two for our virological
studies.However, convertingnirmatrelvir into thepreciselymatchedNDMI
controls to account for these extenuating factors such as molecule size and
membrane permeability whilst retaining the full target engagement cap-
abilities of the nirmatrelvir pharmacophore, enabled a direct comparison
between enzymatic inhibition alone (BP-206) and inhibition plus target
degradation (BP-198). This approach was central in our study to confirm
that conversion of existing potent enzymatic inhibitors to TPDs to degrade
Mpro resulted in a 2.1–2.6-fold enhanced antiviral potency over enzymatic
inhibition alone. Importantly, this enhanced activity was only detectable in
the dose range at which degradation of Mpro was also observed in our
reporter assays, strengthening the association between degradation of the
target and additional effectiveness.

Interestingly, upon further testing, we observed a possible strain-
specific enhancement of the TPD’s antiviral effect. Although we could
demonstrate enhanced antiviral activity of BP-198 over BP-206 in both
SARS-CoV-2 (VIC-01) and Omicron BA.5 strains, under the conditions
used here, BP-198 and BP-206 were found to have equivocal effects against
SARS-CoV-2DeltaWT. There aremultiple reasons thismay have occurred
-including the focus-formation assay used in the Delta study measures
single foci of infection and cells were not pre-treated with compounds prior
to infection. In contrast, the antiviral assays used to examine VIC-01 and
OmicronBA.5 can incorporate ongoing rounds of replicationover 24 h, and
cells were pre-treated with compound prior to infection. In addition to this,
theDelta strain is generallymore cytopathic that the ancestral andOmicron
BA.5 strains used here, and has higher replication rates thanOmicronwhen

Fig. 4 | Enhanced antiviral activity is observed for TPDs compared to NDMI
controls in nirmatrelvir-resistant SARS-CoV-2 variants harbouring Mpro
mutations. a HiBiT detection results and (b) western blot verification results for
singular TPD testing at 20 μM for 24 h in the HEK293T LVXMpro-HiBiT reporter
cells harbouring either wtMpro ormutated variants ofMpro (E166V, E166V+ T21I
and E166V+ L50F). HiBiT assay results are presented as % luminescence vs DMSO
controls. c, d Focus reduction assays in Calu-3 cells infected with SARS-CoV-2Delta
variant harbouring either wildtype Mpro (c) or Mpro containing nirmatrelvir-
resistant mutations E166V+ L50F (d) and treated with increasing doses of either
nirmatrelvir, the TPDBP-198 or the NDMI BP-206 control. Data is presented as the
number of foci per dose of drug as a % of the DMSO control. The IC50 dose response
for each drug was quantitated by linear regression analysis ± 95% CI. ** indicates a
P = 0.0019 significant difference between BP-198 and BP-206 by multi-parametric
two-way ANOVA. n.s = not significant. All experiments were completed to at least
n = 2 with experiments completed to n = 3 for statistical analysis.
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compared in bothVero/TMPRSS2 andCalu-3 cell lines36. It follows that the
high replicative Delta model used in the resistance study may have higher
intracellular Mpro levels, potentially altering the kinetics at which ideal
ternary complex formation and detectable enhanced antiviral activity occur.
Further optimisation of viral MOI and experimental conditions are war-
ranted to better resolve this.

Nonetheless, the equivocal findings for BP-198 and BP-206 against
SARS-CoV-2 Delta WT set the stage for comparison of these two drugs
against the comparator Delta strain precisely modified to encode nirma-
trelvir resistant mutations E166V/L50F. Consistent with previous
studies37,38, we found these mutations conferred a high level of resistance to
unmodified nirmatrelvir (261-fold reduced potency compared to WT). In
contrast, despite still resulting in a roughly equipotent IC50 to unmodified
nirmatrelvir, BP-198 only had a 25-fold reduced potency when tested
against this nirmatrelvir-resistant strain, andmaintained a 2.7-fold increase
in potency compared to BP-206, confirming that our TPD confers high
antiviral potency against nirmatrelvir-resistant virus infection compared to
size matched NDMI controls and retains a greater ability to maintain
potency against the virus. Again, this occurred in the precise concentration
windowwhere degradation ofMprowas observed in our expressionmodel.

The E166V Mpro mutation alone decreases the binding efficacy of
nirmatrelvir but comes at a cost to viral fitness, reducing protease activity
and viral replication rates7,8. Evolutionary compensation can occur through
selectionof theT21I and/or L50Fmutations8. The dual E166V/L50Fmutant
virus used in this study has been selected clinically39, is capable of out-
competing wildtype virus in the presence of nirmatrelvir. Although clinical
resistance to nirmatrelvir does not appear to be a major problem, it was
important to test our TPDs for activity against nirmatrelvir resistant Mpro
and replicating virus, their maintained activity providing valuable evidence
that antiviralTPDsmaybeable to circumvent emergenceof clinical antiviral
resistance, as has been described for oncology TPD therapeutics40. Further
support for the utility of TPDs in circumventing antiviral resistance comes
from a study where the hepatitis C virus (HCV) NS3 protease inhibitor
telaprevir was converted into a TPD41 and found to have a 3-fold loss in
activity against anHCVvariant that conferred 10-fold loss in activity against
telaprevir. In that study a comparison with the matched non-degrading
control was not performed.

Whilst this paper was under revision, two other antiviral TPD papers
targeting dengue virus envelope protein and the human immunodeficiency
virus Nef-1 protein were published34,42, highlighting the burgeoning
importance of this class of therapeutic as an approach for antiviral therapy.
Of note, thedengueTPDstudydemonstrated that, as the envelopeprotein is
conserved amongst the family Flaviviridae, the TPDwas capable of 1.1–7.6-
fold enhanced antiviral effect against other flavivirus members such as Zika
virus, Japanese encephalitis virus and West Nile virus compared to non-
degrading controls; however, a loss of activitywas found against yellow fever
virus34. Therefore, TPDs might be capable of enhanced therapeutic effect
against multiple viral familymembers. Preliminary evidence of this has also
been observed for the TPD P2 and P3 against other coronaviruses HCoV-
229E and HCoV-OC43 although the effect on viral yield was not
confirmed35. The mechanism by which TPDs may confer activity against
broad families may resemble the same mechanism by which TPDs may be
able to overcome antiviral resistance; they are able to maintain selectivity
and potency even with the sub-optimal target binding that can occur due to
selection of resistance or evolutionary variation. Further work on these
promising aspects of TPD technology is therefore warranted.

Antiviral TPDs is an emergingfield,with few studies employing theuse
of pharmacologically matched non-degrading controls. The recent paper
published on a dengue virus-targeting TPD derived from a parental drug
with much lower inherent antiviral activity than nirmatrelvir, has shown
using non-degrading controls an increased antiviral activity of between 4
and 6-fold40 for the TPD compared to matched non-degrading controls
which is quite similar to our study here. The non-degrading controls used in
that study had very similar antiviral activity as the parental molecule in
isolation, whereas in our study both TPD and non-degrading control have

less antiviral activity than unmodified nirmatrelvir against wildtype viral
strains, despite having comparable Mpro binding activity to nirmatrelvir in
a cell-free FRET system,which points to cellular permeability of our current
molecules being an issue.

Whilst the potency of BP-198 is in line with, or superior to, other
Mpro TPD candidates, we don’t precisely know why the TPD has a
modest 2.1-2.7 fold potency over the NDMI in our viral assays. We can
speculate that the nirmatrelvir warhead present on both BP-198 and BP-
206 is already very good at inhibiting most of the primary functions of
Mpro to inhibit viral replication. However, the additional effects of BP-
198 rely on degradation of Mpro, which only occur at a higher 10 µM
onward concentration of drug. Hence, for viral therapy, we believe that
target selection, the capability of the parental drug to inhibit the primary
function of that target, the extent of any additional auxiliary functions
outside of the primary inhibited function which contribute to viral
replication and subsequent drug pharmacokinetic optimisation may be
crucial considerations to determine the magnitude of any benefit of
parental drug to TPD conversion.

It is important to take note of the limited efficacy of the lead BP-198
compound compared to unmodified nirmatrelvir against wildtype virus
whichwe attribute to poor cellular permeability of the larger TPD, as binary
affinity for Mpro was retained when tested in a cell-free Mpro inhibition
assay. This potentially would also manifest as limited oral bioavailability of
the compound (a potentially impediment to their use against viral infection)
such that along with further optimization of ternary complex driven ubi-
quitination physicochemical properties will need to be addressed. In TPD
development, the target protein ligand and ubiquitin ligase recruiter are
often fixed; linker optimization can potentially improve the pharmacoki-
netic profile of our lead TPD candidate BP-198. For example, linker rigi-
dification could stabilise the ternary complex and minimise the loss of
entropy upon binding, whereas the incorporation of tertiary aliphatic
nitrogen could improve solubility43,44. These linker properties are key to
bioavailability and are often found in numerous TPDs currently in clinical
trials13. Interestingly, efficacy compared to unmodified nirmatrelvir was
comparable against nirmatrelvir-resistantmutants suggesting that either the
binding affinity of the TPDs formodifiedMpro formwas conserved or that
the TPD activity was less dependent upon the binary affinity (as has been
proposed for HCV TPDs41). Hence, the TPDs developed here will require
optimisation to improve permeability, ternary complex stability and pro-
ductivity (ubiquitination) before they could be developed into pre-clinical
candidate.

Overall, this study represents an important step amongst other first-
line studies in discovering the advantages of TPDs for broader antiviral
therapy. The initial findings we describe here show an ability to further
enhance antiviral effect, and importantly possess activity against clinically
relevant Mpro mutations that confer resistance to the parental inhibitor
nirmatrelvir. Altogether further optimisation of BP-198, while requiring
enhancement on several fronts, offers the opportunity to create a new
modality in treating SARS-CoV-2 infection. Further application of this
technology in the virologyfield iswarranted andmayyet yieldmore effective
therapies for the future.

Data availability
Source data for all figures are accessible within the Supplementary Data file.
For eachfigure, the corresponding source data has been labelled as thefigure
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