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ABSTRACT We have synthesized a novel and highly selective severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) main protease peptide mimetic inhibitor
mimicking the replicase Tab recognition sequence -Val-Leu-GIn- and utilizing a cysteine
selective acyloxymethyl ketone as the electrophilic warhead to target the active site
Cys145. Utilizing a constrained cyclic peptide that locks the conformation between
the P3 (Val) and P2 (Leu) residues, we identified a highly selective inhibitor that fills
the P2 pocket occupied by the leucine residue sidechain of PF-00835231 and the
dimethyl-3-azabicyclo-hexane motif in nirmatrelvir (PF-07321332). This strategy resulted
in potent and highly selective Mpro inhibitors without inhibiting essential host cathepsin
cysteine or serine proteases. The lead prototype compound 1 (MPro IC5g = 230 +
18 nM) also inhibits the replication of multiple SARS-CoV-2 variants in vitro, including
SARS-CoV-2 variants of concern, and can synergize at lower concentrations with the viral
RNA polymerase inhibitor, remdesivir, to inhibit replication. It also reduces SARS-CoV-2
replication in SARS-CoV-2 Omicron-infected Syrian golden hamsters without obvious
toxicities, demonstrating in vivo efficacy. This novel lead structure provides the basis for
optimization of improved agents targeting evolving SARS-CoV-2 drug resistance that
can selectively act on Mpro versus host proteases and are less likely to have off-target
effects due to non-specific targeting. Developing inhibitors against the active site of
the main protease (Mpro), which is highly conserved across coronaviruses, is expected
to impart a higher genetic barrier to evolving SARS-CoV-2 drug resistance. Drugs that
selectively inhibit the viral Mpro are less likely to have off-target effects warranting
efforts to improve this therapy.
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S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused a global
pandemic in 2020 which continues to inflict substantial morbidity and mortality
worldwide. As of February 2024, over 775 million SARS-CoV-2 cases, resulting in over
7.0 million deaths worldwide, were reported to the World Health Organization. Although
more than 21 distinct SARS-CoV-2 vaccines are approved globally (1), the virus continues
to evolve rapidly to generate variants of concern (VOCs) and VOC subvariants with
improved transmission and/or reduced responsiveness to current vaccine measures,
particularly after partial vaccination (2-5). VOCs contain mutations in the SARS-CoV-2
spike receptor-binding domain (6), the primary viral regulator of cell entry and the
main target of neutralizing antibody activity. These mutations, in turn, drive impaired
recognition of the virus by human antibody-mediated immunity (4, 7, 8). Furthermore,
poor vaccine accessibility in many parts of the world, combined with widespread vaccine
hesitancy in vaccine-accessible regions, increases the risk of sustained SARS-CoV-2
infections and the emergence of variants with vaccine breakthrough potential. These
ongoing events all demonstrate a necessity for additional viral countermeasures.
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Current licensed antiviral therapies include immunosuppressants, chemotherapy
against the viral RNA-dependent RNA polymerase (i.e, remdesivir; molnupiravir) (9-
11), and neutralizing antibody infusions during advanced disease, with the latter two
depending on access to in-patient infusion resources (12). In addition, Pfizer was recently
granted FDA full approval for their oral antiviral treatment Paxlovid (nirmatrelvir-ritona-
vir combination), which inhibits the SARS-CoV-2 chymotrypsin-like cysteine or main
protease (3CLpro or Mpro). The Mpro inhibitor, nirmatrelvir, is co-administered with
ritonavir, a CYP P450 3A4 inhibitor, to enhance metabolic stability (13) and thus has
the potential for both undesired drug-drug interactions and incomplete viral inhibition
(14). Thus, additional antiviral chemotherapies with improved drug-like properties such
as improved metabolic stability, avoidance of CYP P450 co-inhibitors, and minimal
drug-drug interactions remain needed for next-generation first-line treatments.

SARS-CoV-2 contains two overlapping open reading frames at the end of the 5’
terminal, which encodes for two essential polypeptides called ppla and pplab. These
polypeptides produce most of the proteins involved in the replicase-transcriptase
complex, the large majority of which are processed by Mpro at =11 viral cleavage sites
(15, 16). Thus, Mpro is responsible for the release of the mature non-structural proteins
Nsp5-16, including Mpro (Nsp5) itself. These are required for further viral replication and
transmission (15) and loss of Mpro activity by therapeutic targeting blocks progression of
SARS-CoV-2 replication. Moreover, as the active sites of Mpro are highly conserved across
coronaviruses (17), Mpro inhibitors may impart a higher genetic barrier to evolving
SARS-CoV-2 drug resistance when administrated either alone or in combination with
agents that target other aspects of viral replication. Also, since new coronaviruses are
expected to emerge, targeting an essential but structurally conserved enzyme may
provide additional therapeutic leads for future coronavirus outbreaks. Importantly, drugs
that selectively act on Mpro versus host proteases are less likely to have off-target
effects due to non-specific targeting. As no known human protease shares the same
substrate specificity as Mpro (18, 19), developing inhibitors with high Mpro selectivity
appears feasible. Selectivity for current Mpro inhibitors under development is a crucial
consideration (13, 20).

We report a novel series of SARS-CoV-2 Mpro inhibitors that use a conformation-
ally restricted peptidomimetic scaffold (21) to mimic the bioactive protease-bound
conformation (22). This strategy results in potent and highly selective Mpro inhibitors
without inhibiting essential host cathepsin cysteine proteases or serine proteases. The
lead compound 1 also inhibits replication of multiple SARS-CoV-2 variants in vitro,
including SARS-CoV-2 VOC, and can synergize at lower concentrations with the viral RNA
polymerase inhibitor remdesivir to inhibit replication. Finally, it also reduces SARS-CoV-2
replication in hamsters without obvious toxicities, demonstrating in vivo efficacy for this
class of compounds.

RESULTS
Design of a P3-P2 peptide mimetic MPro inhibitor

We took advantage of our previous experience in protease inhibitor development of
interleukin-1f converting enzyme (ICE) inhibitors (21, 23, 24) to design Mpro inhibitors.
This approach utilized an acyloxymethyl ketone electrophilic warhead (Fig. 1A). These
electrophilic warheads were designed as clinically useful halomethyl ketone analogs
to specifically react with the thiolate of an active site cysteine (24, 25). Notably, Pfizer
utilized a similar approach resulting in their acyloxymethyl ketone lead compound
reported in their 2005 patent application (W02005113580) describing example-46 (Fig.
1B), which is similar to the Pfizer hydroxymethyl ketone PF-00835231 (Fig. 1C). The
similarity between the ICE inhibitors and the Mpro inhibitors inspired the start of our
work, before we were aware of the structure of nirmatrelvir.

The acyloxymethyl ketone moiety is amenable to incorporation of various leaving
groups, allowing for control of selectivity and reactivity toward cysteine proteases (25).
Importantly, this class of inhibitors is selective toward cysteine proteases versus serine
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FIG 1 Design of cysteine protease inhibitors. (A) Tripeptide-based interleukin-13 converting enzyme inhibitor. (B) Pfizer coronavirus main protease lead
compound reported in WO2005113580. (C) The hydroxymethyl ketone Pfizer lead compound, PF-00835231.

proteases, and is relatively inert toward bio-nucleophiles such as glutathione, making
them suitable for in vivo studies (25). This class of inhibitor is not a pro-drug which would
require hydrolysis of the ester linkage for biological activity. The mechanism (Fig. 2) of
irreversible inhibition of cysteine proteases by acyloxymethyl ketones involves formation
of a reversible E-I complex (Fig. 2A) where the active site residues His164 and Cys145
exist as a thiolate/imidazolium ion pair, and where the His residue polarizes the ketone
carbonyl to initiate a thiolate attack. This results in a thiohemiketal complex (Fig. 2B),
followed by rearrangement to a thiiranium species (Fig. 2C), which in turn collapses to
form the covalent thiolate adduct (Fig. 2D).

Thus, we focused on identifying a peptidomimetic to replace the Val-Leu (P3-P2)
di-peptide portion of the -Val-Leu-GIn- recognition segment (26, 27). Using the
numerous Mpro substrate or inhibitor-bound X-ray crystal structures available for
guidance, we modeled various conformationally constrained peptide mimetics (21)
which best accommodated the pockets occupied by the P3-P2 substituents but also
retained key hydrogen bonds. We also retained the glutamine mimetic in the P1
position that was used in PF-00835231 (Fig. 1C). We hypothesized that a highly
constrained peptide mimetic that best resembled the bioactive conformation (22) of
the peptide-enzyme complex would provide exquisite selectivity. A benzoxazepine
acetic acid (21, 28, 29) constrained P3-P2 mimetic, previously used to synthesize
conformationally restricted angiotensin converting enzyme (ACE) and ICE inhibitors,
was prioritized for synthesis since this appeared to closely represent the bioactive
conformation of peptide or inhibitor-bound Mpro antagonists (30). We performed
manual overlays of the benzoxazepine motif onto the Mpro inhibitors based on their
X-ray crystal structures to suggest how this scaffold could lock the conformation
between the P3 and P2 residues (Fig. 3), and can potentially fill the P2 lipophilic
pocket with the aryl ring. Based on the structure overlays to the inhibitor complexes,
this scaffold was predicted to provide a favorable conformationally locked mimic of
the -Val (P3)-Leu (P2)- recognition segment.
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FIG 2 The mechanism of irreversible inhibition of cysteine proteases by acyloxymethyl ketones. (A) The active site His164 acts as a base to enhance the
nucleophilicity of the Cys145 thiol. (B) Nucleophilic attack of the Cys145 thiol to the ketone carbonyl generates a reversible thiohemiketal complex. (C) Attack by
the thiol leads to the thiiranium intermediate species, which collapses to form the irreversible covalent thiol adduct (D).
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FIG 3 Manual overlap of the benzoxepine scaffold on Mpro inhibitor structures. (A) Manual overlay of the benzoxazepine scaffold (light blue) to PF-00835231
using PDB 6xhl showing SARS-CoV-2 in complex with PF-00835231, aligning the carbonyl H-bond showing the potential to fill the P2 Leu pocket. (B) Manual
overlay of the benzoxazepine scaffold (light blue) to PF-07321332 using PDB 7si9 showing SARS-CoV-2 in complex with PF-07321332, aligning the carbonyl
H-bond showing the potential to fill the P2 Leu pocket. (C) The 2-D structure of PF-00835231 is highlighted to show regions of overlap. (D) The 2-D structure of
PF-07321332, nirmatrelvir, is highlighted to show regions of overlap. (E) 2-D structure of compound 1, the prototype Mpro inhibitor, is highlighted to show the
benzoxazepine motif. Modeled structures were obtained using Mol Soft, LLC.

Synthesis of Mpro inhibitors

The prototype peptidomimetic Mpro inhibitor, 1, was synthesized using the following
method shown in Fig. 4. The nucleophilic oxygen atom of N-Boc L-serine reacted with
2-fluoro-nitrobenzene under base-catalyzed conditions to form the aryl ether, 2, which

Q\Nﬁ Q\NHZ O‘Q o@ o
o @ o © % o © 0 ﬁ\r ) 0 Sﬁr o (@ o @o
G ot g o w g Bl g 0 e 1 SR e
[o)

N D NI OH
N-Boc L-serine 2 3 4 5 6
ON-NH
/& T [ 7 Ay ON-NH ON-NH
e ) oj:@ ° ? o o P 7//\0 o P ;\o o
7° 3\\ g\WN\)kN ° 4.(9) S\WN\)LN o (h), 3 S\WNJJ\N o
é\o H e} oo HoN H g O»\N X Ho 8
® 8 o © 9 cl ©ﬁ H 1 ol

FIG 4 Synthesis of compound 1. Reagents and conditions: (a) NaH, DMF, 1-fluoro-2-nitrobenzene, 0°C-40°C, 2 h. (b) 10% Pd/C, H;(g), EtOH, room temperature,
16 h. (c) 50% T3P in CH,Cl,, DIPEA, —20°C to 0°C, 1 h. (d) LIHMDS, THF, ethyl 2-bromoacetate, —78°C to room temperature, 12 h. (e) NaOH, THF: MeOH: H,0, 0°C to
room temperature, 12 h. (f) 50% T3P in CH,Cl,, DIPEA, —0°C to room temperature, 1 h. (S)-3-amino-2-oxo-4-((S)-2-oxopyrrolidin-3-yl)butyl 2,6-dichloro benzoate.
(g) 20% TFA in CH,Cl5, 0°C to room temperature, 2 h. (h) Cbz chloride, Et3N, CH,Cl,, 0°C to room temperature, 24 h.
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was then treated using Pd-catalyzed reduction conditions in the presence of H, gas
to reduce the aryl nitro group to the aniline, 3. Compound 3 was then reacted under
propane phosphonic acid anhydride (T3P) amide bond coupling-cyclization conditions
to provide the P3-mimetic, 4. Compound 4 was then treated with the strong base,
LiIHMDS, followed by ethyl bromo-acetate under N-alkylation conditions, to provide the
N-Boc protected P3-P2-mimetic as the ethyl ester, 5. Compound 5 was then treated
under aqueous basic conditions to hydrolyze the ethyl ester to form the free carboxylic
acid, 6, which was reacted with the acyloxymethyl ketone P1 glutamine mimetic, 7, in the
presence of the amide bond coupling reagent T3P. The coupled product, 8, was reacted
under acidic conditions to remove the N-Boc protecting group to provide the primary
amine, 9, which in turn was reacted with Cbz-chloride in the presence of an organic base
to form the N-Cbz derivative, to provide the fully elaborated peptide mimetic 1 (Fig. 4).

The synthesis of the important acyloxymethyl ketone P1 glutamine mimetic,
Compound 7, was accomplished using the reported synthesis starting from N-Boc
L-glutamine di-methyl ester as shown (Fig. 5) (21, 23, 31, 32). We synthesized the Pfizer
reference compound 18 reported in in their 2005 patent application (W02005113580;
example-46; Fig. 1B) (33), analogous to PF-00835231 as shown (Fig. 6), and purchased
GC-376 to use as control compounds for selectivity comparisons to our prototype
inhibitor, 1. Synthesis of the amides 19 and 20 was accomplished starting from inter-
mediate 8 (Fig. 4), which was deprotected under mild acidic conditions to provide the
primary amine, 9, and then coupled with the corresponding carboxylic acids (Table 1).
We also synthesized an analog of 1, compound 21, which replaced the di-chloro-ben-
zoate leaving group with a 1-(4-fluorophenyl)-3-(trifluoromethyl)-1H-pyrazol-5-ol leaving
group, that was successful in the design of interleukin-13 converting enzyme inhibitors
(23) (Fig. S1).

Biological evaluation

To assess biological activity, we first developed a continuous, fluorescence-based Mpro
enzymatic assay that monitors the cleavage of the fluorescently quenched substrate
DABCYL-Lys-HCoV-SARS replicase polyprotein 1ab (3235-3246)-Glu-EDANS (34, 35).
Upon cleavage of the substrate, an increase in fluorescence of EDANS is observed at
355/490 nm, which in turn can be inhibited with co-incubation with Mpro inhibitors.
Limits of protein and time linearity, substrate K, and Vi tolerance of 1% dimethyl
sulfoxide (DMSO), reproducibility of screening, and titrations of reference compounds
were conducted for assay validation (see Materials and Methods). The K, for the
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FIG 5 Synthesis of intermediate 7. Reagents and conditions: (a) 2-bromoacetonitrile, Lithium bis(trimethylsilyl)lamide solution 1.0 M in THF, THF, —=78°C to room
temperature, 2 h. (b) (i) Hy(g), Pt,0, MeOH, room temperature, 24 h. (i) MeOH, room temperature, 24 h. (c) 20% aq NaOH in MeOH: THF: H,O (5:5:1), rt, 4 h.
(d) Isobutyl chloroformate, THF, Et3N, —30°C to 10°C, 1 h then CH5N, in Et;0, 0°C to room temperature, 16 h. (€) 33% HBr in H,O, THF, —20°C. (f) Cesium fluoride,
2,6-dichlorobenzoic acid, THF. (g) 20% TFA in CH,Cl5, 0°C to room temperature, 2 h.
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rt, 5 h. (c) 50% T3P in DMF, DIPEA, 0°C to room temperature, 1 h.

substrate was observed to be 30 uM. At 6 uM substrate, the reaction was linear for 30 min
with up to 100 nM Mpro. Based on these observations, we chose 5 uM substrate and
50 nM Mpro concentrations for compound assessment. We also tested the effect of 1%
DMSO on Mpro activity and found no adverse effects on the assay. However, compounds
with high fluorescence backgrounds interfere in the assay; therefore, background
fluorescence was tested separately (Z' score = 0.83). GC-376 was tested as a positive
control and was shown to have a half-maximal inhibitory concentration (IC5q) of 18 +
1.5 nM, consistent with reported values (Table 1) (34, 35). Using this assay, we then
assessed our inhibitors and confirmed that 1 exhibited a dose-dependent inhibition of
Mpro with an ICsq of 230 + 18 nM (Table 1). While derivatives 19 and 20 have comparable
efficacies (ICsp = 620 + 48 and 580 + 40 nM, respectively), compound 21 was the
weakest, with more than 10-fold less activity compared to 1. Notably, all derivatives
exhibited at least 20-fold lower activities than control compound 18 (Pfizer lead example
—46; Fig. 1) (ICsg = 11 £ 0.7 nM; Table 1). Interestingly, 1 and derivatives required a
1- to 2-h incubation time to achieve maximum inhibition, suggesting that the highly
constrained conformation required longer incubation times for binding to the substrate
pocket in contrast to 18 or GC-376 which achieved maximum inhibition within 10 min
(36). Moreover, compound 18 also potently inhibited the enzymatic activity of cysteine
proteases cathepsin Band L (IC5g =24 + 7.5 and 1.8 + 0.27 nM, respectively). Importantly,
no substantial inhibition of these proteases was observed by 1 (IC5g >15 uM; Table 1),
confirming Mpro selectivity for our prototype inhibitor. We also observed no activity
against the serine protease, thrombin (IC5g >32 uM; Table 1). These data strongly indicate
high selectivity of 1 for Mpro, even though the prototype, 1, is ~20-fold less potent than
the Pfizer lead, compound 18. As these host proteases are essential for processing host
peptides (18) into their mature forms, our prototype compound 1 and derivatives are
suggested to have a more attractive biological activity profile since they would have
less effect on host protease activities, host protease-mediated cellular homeostasis, and
overall safety.

To confirm cellular antiviral activity, we used a cytopathic effect (CPE)-based assay
with infectious SARS-CoV-2 in Vero-E6 cells as described previously (35). Briefly, Vero-E6
cells were treated with compounds for 2 h in threefold replicates in 96-well format
before infection with 150x median tissue culture infectious dose (TCIDsq) of SARS-CoV-2
(USA-WA1/2020 variant). Cells were then incubated for 4 days, at which point, cell
viability was assessed using a resazurin stain before fixation with paraformaldehyde.
Using this assay, we observed widespread CPE in cells following infection for 4 days
corresponding to an average of 59.7 + 7.4% reduced viability compared to uninfected
cells (Fig. 7A). This loss of viability, in turn, was restored with dose-dependence using
control SARS-CoV-2 inhibitors like GC-376 and compound 18, which respectively had
calculated half-maximal effective concentrations (ECsg) of 1.8 £ 0.4 and 3.4 = 1.4 uM
(Fig. 7B; Table 2). We also observed comparable activity with the nucleoside analog
remdesivir (EC5g = 2.7 £ 0.5 uM; Fig. 7B; Table 2) (37), and observed good inhibition with
all test compounds. For example, we obtained an ECgq of 7.5 + 2.0 uM for our prototype
compound 1 (Fig. 7B; Table 2), which is only 4.1-fold and 2.2-fold reduced in activity
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TABLE 1 ICsq values® of 1, analogs, and controls for enzyme activity against cysteine and serine proteases

Structure Compound ID MPro CatB CatL Thrombin
1C50, nM 1C50, nM 1C50, nM 1C509, nM
O, NH 1 23018 18,000 = 9,100 >32,000 >32,000
;J\ '
&\ N N o}
o} H o] H 0
e °'
\ 18 11+0.7 24+7.5 1.8 >10,000
NH
|
P
o / o
~ °
GC-376 18+£1.5 37+15 0.05 >10,000
NH
H - +
O N SO3 Na
DR
0] / OH
HsC
CHs
NH 19 620 + 48 13,000 = 3,600 >32,000 > 32,000
;\jL °
N
(0]
H o} cl
580 + 40 1,800 + 260 23,058 > 32,000

\H 20
§i |
"G G
N~" H o o 4
Y
NH 21 3,100 £ 770 27,000 + 11,000 >32,000 >32,000
Fa
8 O i
o) )
. Ny 0" N
H o

N
0O H O
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9Enzyme assay. Values were calculated from at least 10-point dose-response curves performed in duplicate.

compared to GC-376 and 18, respectively (Fig. 7B; Table 2). No cytotoxicity was observed
with up to 100 uM of any compound, as measured by resazurin staining following 4-day
treatment in uninfected Vero-E6 cells.

We next tested the ability of prototype 1 and control GC-376 to inhibit virus
replication due to wild-type and SARS-CoV-2 VOC including Beta (B.1.351), Delta
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FIG 7 Effects of compounds on CPE in Vero-E6 cells following SARS-CoV-2 infection. (A) Representative brightfield images of uninfected and SARS-CoV-2
USA-WA1/2020 variant-infected Vero-E6 cells following 4-day incubation in the absence or presence of representative compounds. Scale bars = 100 pm.
(B) Dose-response curves of Mpro inhibitors and remdesivir on viral replication in Vero-E6 cells after 4-day infection. Data are presented as percent virus
inhibition, with 0% denoting the viability of infected cells without drug and 100% denoting the viability of uninfected cells.

(B.1.617), and Omicron (B.1.1.529) using a previously described high-content imaging
assay approach (Fig. 8A) (35). Briefly, Vero-E6 cells were treated with compounds for 2 h
in threefold replicates in 384-well format before infection with 50x TCID of virus. After 48
h, cells were fixed and immunostained for cellular SARS-CoV-2 nucleocapsid expression.
Cell nuclei were counterstained with Hoechst, and high-content imaging was used to
count total live and infected cells across each well. This approach detected widespread
nucleocapsid-positive (i.e., infected) cells inhibited by both GC-376 and 1 (Fig. 8A). Both
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TABLE 2 ECsq values of 1, analogs, and controls in viral CPE assays

ECs50 (UM) GC-376 18 19 20 1 21 Remdesivir
USA-WA1/2020 1.8+04 34%14 250+50 445+74 75+20 735%x124 27+05

compounds also maintained antiviral activities similar to those observed in cells infected
with the USA-WA1/2020 variant (Fig. 8B; Table 3). For example, GC-376 inhibited Beta,
Delta, and Omicron variants in this assay with ECsg of 0.3 + 0.5, 0.6 £ 0.2, and 0.4 +
0.5 uM, respectively, compared to 0.3 + 0.5 uM against the initial USA-WA1/2020 variant
(Fig. 8B; Table 3). Similarly, 1 exhibited EC5q of 3.1 £ 11.0, 3.0 £ 2.4, and 0.9 £ 0.9 uyM
against Beta, Delta, and Omicron variants, compared to 2.1 + 2.1 uM vs USA-WA1/2020
(Fig. 8B; Table 3).

Combinations support synergistic effects

Mpro processes the viral polypeptide pplab which encodes for essential non-structural
proteins important in viral replication and transcription, including the RNA-dependent
RNA polymerase (15), which is the viral target of remdesivir. Therefore, we used the
CPE assay to evaluate 1 at sub-optimal antiviral doses (0.1 to 5 uM) in combination
with sub-optimal antiviral doses of remdesivir (0.1 to 3 pM) in USA-WA1/2020 variant
SARS-CoV-2-infected Vero-E6 cells to evaluate potential synergistic effects when applied
in combination (Fig. 9). Notably, enhanced CPE inhibition, as measured by resazurin
stain after 96 h of infection, was observed when either 3 or 5 uM of 1 was combined
with 1 or 3 uM of remdesivir, none of which were effective at inhibiting CPE alone
(Fig. 9A). For example, when assessed across three independent experiments, single
treatments of either 5 uM of 1 or 1 uM of remdesivir inhibited CPE in infected cells by
only an average of 19.5 £ 13.7% and 3.6 + 3.1%, respectively. In contrast, co-incubation
with both 5 uM of 1 and 1 uM of remdesivir inhibited SARS-CoV-2 replication by 76.7
+ 8.4% (Fig. 9B; asterisk), resulting in a 3.3-fold increased inhibition relative to what
would be expected if 1 and remdesivir acted by strictly additive effects (i.e., 23.1%
inhibition). This level of synergism was statistically significant (P = 0.017; Student’s paired
t-test) as measured by the Bliss independence model of evaluating drug combination
activities (38). Similarly, enhancement was also observed when 1 uM remdesivir was
paired with 1 uM 1 or when 3 uM of remdesivir and 1 were paired (Fig. 9B), although
these did not reach statistical significance. These results indicate that low doses of 1 and
remdesivir, which are ineffective on their own, can combine synergistically to inhibit
SARS-CoV-2 replication, which may further potentially minimize potential off-target
effects of individual compounds when applied as monotherapy. In contrast, no apparent
changes in inhibition were observed when remdesivir was added to concentrations of 1
below 3 uM (Fig. 9B). Addition of less than 1 uM of remdesivir also did not improve the
antiviral activity of 1 at any concentration (data not shown).

Absorption, distribution, metabolism, and excretion (ADME)/pharmacoki-
netic (PK) evaluation

Compounds 1, 9, 18, 19, and 20 were next evaluated for metabolic stability (ChemPart-
ner) by incubation in mouse liver microsomes. Unfortunately, all these analogs show
poor stability in this assay with a half-life (Ty,) of less than 2 min. The electrophilic
ketone is suspected to be the key metabolic liability. Compound 1 was also evaluated
in a male hamster pharmacokinetic study (ChemPartner) to determine plasma and
lung concentration levels over time. Compound 1 was administered as a single dose
at 10 mg/kg via intraperitoneal (i.p.) injection formulated in 10% DMSO/10% Solutol
HS15/phosphate buffered saline (PBS) at 2 mg/mL (Fig. 10). There were no abnormal
clinical symptoms observed during the in-life phase. Interestingly, the concentration of
compound 1 in the lung was 320% higher than plasma (AUC|yng/AUCpjasma)s achieving
a concentration of about 8 uM at 10 mg/kg, suggesting that doses 5x more, or at least
50 mg/kg, may provide compound levels close to those showing efficacy in the CPE
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FIG 8 Effects of compounds on viral nucleocapsid protein expression in Vero-E6 cells infected with SARS-CoV-2 VOC. (A) Respective immunostaining images of
Vero-E6 cells infected with USA-WA1/2020 virus following 2-day incubation in the absence or presence of compounds. Red denotes viral nucleocapsid protein
expression, and blue denotes cell nuclei. Scale bar, 100 um. (B) Dose-response curves of GC-376 and 1 on viral nucleocapsid expression in Vero-E6 cells after 48-h
infection with SARS-CoV-2 VOC, as measured by high-content imaging. Data are presented as percent virus inhibition relative to infected cells without drug.

assay. We used 100 mg/kg in this first study since it was tolerated and to increase our
chances of showing efficacy with this early-stage compound with modest pharmacoki-
netic exposure.
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TABLE 3 ECsq values of GC-376 and 1 in viral high-content imaging assays

ECs0 (M) GC-376 1
WT (WA1/2020) 03+05 21£2.1
Beta (B.1.351) 03+05 31£11.0
Delta (B.1.617) 0.6+22 3.0+24
Omicron (B.1.1.529) 04+05 09+09

Compound 1 provides partial protection of SARS-CoV-2 infections in
hamsters

To evaluate the efficacy of 1 in vivo, we used the experimental schema shown in Fig.
11. Briefly, 10 Syrian golden hamsters (SGHs) were first treated prophylactically with an
i.p. injection of compound 1 (100 mg/kg), positive control Mpro inhibitor PF-07321332
(nirmatrelvir; PF-332; 50 mg/kg), or vehicle control. After 2 h, SGHs were infected
intranasally with 500 plaque forming units (PFU) of SARS-CoV-2 (B.1.1.529/Omicron).
Additional i.p. injections of 1 (100 mg/kg), PF-332 (50 mg/kg), or vehicle control were
performed twice daily for 4 days, after which SGHs were euthanized. Hamsters observed
no obvious toxicities or behavioral abnormalities during dosing. The gross pathology of
SGH lung tissue was evaluated by hematoxylin and eosin (H&E) staining. Lung tissue
was also assessed for SARS-CoV-2 genomic RNA, as measured by real-time quantitative
PCR (RT-gPCR), and for infectious viral titer. When assessed by H&E staining, we did
not observe any significant difference in the histopathology scores of 1-treated SGH
compared to vehicle-treated SGH (Fig. 12). H&E images from two representative animals
treated with vehicle control and Mpro-treated animals are shown (Fig. 12A through H).
However, we did observe a modest but clear reduction of SARS-CoV-2 genomic RNA from
lung tissue of SGH treated with 1 when compared to controls, where a mean 0.5 log
reduction in genomic RNA (E gene; P = 0.54; Fig. 12I) and a mean 2.0 log reduction in
SARS-CoV-2 sub-genomic RNA (N gene; P = 0.002; Fig. 12J) were observed. These results
indicate that compound 1 can limit SARS-CoV-2 replication in the lungs of infected SGH.
In contrast, SGH treated with nirmatrelvir (PF-332) positive control exhibited 3.0 log and
5.2-fold reductions in E genomic RNA and N sub-genomic RNA, respectively (Fig. 121
and J; P values = 8 * 107 and 2 * 1073, respectively; Fig. 121 and J). We also observed
a statistically significant 32.6% reduction in SARS-CoV-2 viral titer from lung tissue from
1-treated SGH compared to controls (P = 0.03; Fig. 12K). These data indicate that 1
can reduce both viral load and live virus titer in the lungs of Omicron variant-infected
SGH, although not to the level of positive control nirmatrelvir (PF-332). Presumably,
optimized derivatives of 1 would have more efficacy while retaining selectivity against
host proteases, in vivo stability, and no significant toxicities.

Conclusion

In summary, we have identified a highly selective prototype Mpro inhibitor, compound
1, through the use of a conformationally restricted peptidomimetic. The prototype,
compound 1, is highly selective over host cysteine and serine proteases compared
to the Pfizer lead, compound 18 and GC-376. Nirmatrelvir was not evaluated in our
selectivity assay due to compound availability when we started the study. However,
it was subsequently made commercially available and was then used as a positive
control for in vivo studies (13). Compound 1 also inhibits in vitro SARS-CoV-2 replication,
including across three VOC, namely Beta, Delta, and Omicron, and can synergize with
remdesivir to impede the virus at sub-optimal monotherapy concentrations. Compound
1 also limited SARS-CoV-2 production in the lungs of Omicron variant-infected hamsters,
demonstrating proof of concept for further optimized compounds for in vivo use. We
initially used a high dose of 100 mg/kg (i.p.) since it was predicted to provide in vivo
exposures similar to effective doses in the CPE assay. We realize that compound 1 has
modest pharmacokinetic properties, most likely due to its modest metabolic stability.
This is probably due to the electrophilic acyloxymethyl ketone motif. Thus, as we
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FIG 9 Effects of 1 in combination with remdesivir in Vero-E6 cells following 4-day infection with SARS-CoV-2 (USA-WA1/2020 variant). Assays were performed
as described in Fig. 7. (A) Representative brightfield images of infected cells following 4-day incubation in the absence or presence of remdesivir and/or 1. Scale
bars = 100 um. (B) Dose-response curves of compound 1 (x-axis) in the presence of 1 or 3 uM remdesivir. Treatment with 5 pM of 1 plus 1 uM of remdesivir
significantly inhibits SARS-CoV-2-induced CPE relative (asterisk), as measured using the Bliss independence model, when compared to cells treated with 1 alone
(triangles) or remdesivir alone (left-most values). Data are presented as percent virus inhibition, with 0% denoting the viability of infected cells without drug and
100% denoting the viability of uninfected cells.

optimize the series, we will focus on incorporation of electrophilic traps for the catalytic
cysteine that improve on metabolic stability. Additionally, we will attempt to develop a
competitive inhibitor so we can remove this suspected metabolic liability, as was done
for S-217622 (39). The hamster PK study was done by i.p. administration (10 mg/kg

October 2024 Volume 68 Issue 10 10.1128/aac.00562-24 12


https://doi.org/10.1128/aac.00562-24

Full-Length Text

Antimicrobial Agents and Chemotherapy

In-Life plasma parameters of 1 after single
IP dose at 10 mg/kg in male Hamster

Estimated Value
0.250
ng/mL 990
0.734
hr*ng/mL 1821
hr*ng/mL 1830

In-Life lung parameters of 1 after single
IP dose at 10 mg/kg in male Hamster

Estimated Value

100000

5 PK t
S -o-IP-10 mg/kg, plasma  =a=IP-10 mg/kg, lung DosamTere
5 10000 Toes
_] Cmax
..g, Tz
5 1000 AUCIast
E AUCwr
—
ju 100
=
Q
8 PK parameters
o
e 10
c
@
@
=

1

0 4 P 3 4 5 6
Time (hr) AUClung’Aucplasma

hr*nglg 5818
hr*nglg 5854

0.500
3623
0.810

320

FIG 10 Mouse pharmacokinetics of 1. Mean plasma and lung concentration-time profiles of compound 1 after single i.p. dose at 10 mg/kg in male hamster (N =

3/time point). In-life parameters of compound 1 are provided for plasma and lung.

with a dosing volume of 5 mL/kg) and a formulation of 10% DMSO, 10% Solutol HS
15, plus 80% PBS. For the in vivo efficacy study, we used similar dosing volumes but
reduced the percentage of DMSO, since we were concerned it would have an effect,
and compared it to a vehicle control. We chose to administer nirmatrelvir by the i.p.
route of administration versus oral administration to save on drug costs and to avoid
the complications due to oral dosing, and we found that the 50 mg/kg dose worked
effectively as a positive control to reduce SARS-CoV-2 viral load and live virus titer in
SARS-CoV-2 Omicron-infected SGH. As the active site of Mpro is highly conserved across
coronaviruses, targeting this protease is also anticipated to provide a high barrier to
resistance when administered either as a monotherapy or in combination with other
SARS-CoV-2 antivirals, although this hypothesis requires further exploration. Our focus
is to develop a highly selective Mpro inhibitor that does not have off-target effects
on host proteases. The majority of SARS-CoV-2 Mpro inhibitors are peptidomimetic
covalent inhibitors which utilize an electrophilic warhead to target the catalytic cysteine
residue to provide potent Mpro inhibition, but they can also lead to off-target effects at

E 8ID BID
SARS-CoV-2 h.S Mpro/VHC Mpro/VHC
4 (Omicron; 500 PFU)

\..fehicle(n=5) -
SARS-CoV-2 '\
(Omicron; 500 PFU)

e

AN

= -

-2 hour Day 0 Day 1 Day 2
1 (n=10; 100 mg/kg)
or PF-332 (n=10; 50 mg/kg)

FIG 11 Experimental scheme outlining Mpro inhibitor treatment in SGH.
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FIG 12 Compound 1 reduces SARS-CoV-2 viral load and live virus titer in SARS-CoV-2 Omicron-infected SGH. (A-H) Representative H&E staining of lung tissue
of SARS-CoV-2 Omicron-infected SGH treated with vehicle (A-B, E-F) or compound 1 (C-D, G-H). Images are from two representative SGHs per condition, with
magnification at 1x (A-D) and 20x (E-H). (I) RT-gPCR of genomic RNA (E gene) from lung tissue from vehicle (VHC), 1, and PF-332-treated SGH. (J) RT-qPCR of
sub-genomic RNA (N gene) from VHC, 1, and PF-332-treated SGH. (K) SARS-CoV-2 viral titer in lung tissue of VHC and 1-treated SGH.

other cysteine proteases, such as cathepsin L and others. However, it may be beneficial
to inhibit the lysosomal cysteine protease, cathepsin L, or calpain under pathogenic
conditions, and this has been investigated as a therapeutic approach (40, 41). In some
instances, targeting host proteases not essential for normal functioning of healthy cells
may be tolerated, but the potential risks and side effects due to prolonged inhibition of
proteases involved in the turn-over of key cellular proteins should be carefully evaluated
(42). Therefore, optimization of the lead compound 1 is expected to provide highly
selective candidates with improved potency and suitable pharmacokinetic profiles for
advancement as potential anti-coronaviral therapy.

MATERIALS AND METHODS

Compound synthesis

Detailed synthetic procedures and spectral characterization are provided in the

supplemental material.
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In vitro biological evaluation studies
Cells, viruses, and reagents

Vero-E6 cells were obtained from the American Tissue Culture Collection and cultured
in Dulbecco’s Modified Eagle Medium with 4.5 g/L glucose and L-glutamine (Gibco,
Gaithersburg, MD), 10% fetal bovine serum (Gemini Bio Products, West Sacramento, CA,
USA), 100 U of penicillin/mL, and 100 pg of streptomycin/mL (Sigma Aldrich, St. Louis,
MO) (D10+ medium) at 37°C and 5% CO,. The following reagent was deposited by
the Centers for Disease Control and Prevention and obtained through BEI Resources,
NIAID, NIH: SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-52281. The following
reagents were obtained through BEI Resources, NIAID, NIH: SARS-Related Coronavirus
2, Isolate hCoV-19/England/204820464/2020, NR-54000, contributed by Bassam Hallis,
and SARS-Related Coronavirus 2, Isolate hCoV-19/South Africa/KRISP-K005325/2020,
NR-54009, contributed by Alex Sigal and Tulio de Oliveria. Remdesivir was purchased
from Sigma-Aldrich. GC-376 was purchased from Selleckchem (Houston, TX, USA).

Expression of recombinant Mpro

A codon-optimized gene fragment of Orfla (encoding residues 3255-3558) was
synthesized by IDT DNA Technologies and cloned into a modified pETDuet vector to
express a 6xHis-SUMO-Mpro fusion protein in bacteria. After expression using autoinduc-
tion, cells were resuspended and lysed in a buffer containing 50 mM Tris pH 8.5, 300 mM
NaCl, 20 mM imidazole, and 5 mM 2-mercaptoethanol. In addition, T mM phenylmethy-
sulfonyl fluoride, 0.5 mg/mL lysozyme, and 1% Tween-20 were added before sonication
and cell lysate was clarified by centrifugation at 32,500 x g for 45 min. The lysate was
applied to a Ni-NTA superflow column (QIAGEN), washed, and eluted using a buffer
containing 25 mM Tris pH 8.5, 300 mM NacCl, 300 mM imidazole, and 5 mM 2-mercaptoe-
thanol. The fusion protein was concentrated and applied to a Superdex 75 prep grade
(Cytiva) size exclusion column equilibrated with lysis buffer. Fractions containing the
fusion protein were pooled and digested overnight with ULP1 Sumo protease (purified in
house). The following day, 6xHis-SUMO, ULP1, and undigested impurities were removed
by reverse Ni-NTA chromatography. Mpro protein was then concentrated and applied
to Superdex 75 prep grade equilibrated with 20 mM HEPES pH 7.5, 50 mM NadCl, and
2 mM DTT. The purity of the Mpro was confirmed using SDS-PAGE (>95%). Fractions were
aliquoted, flash frozen, and stored at —80°C.

Mpro enzymatic assay

Recombinant Mpro was obtained and Mpro enzymatic assays were performed as
previously described (34). Briefly, 5 uL of 25 nM recombinant Mpro protein was diluted in
25 mM HEPES (pH 7.4), 150 mM NacCl, 5 mM DTT, and 0.005% Tween was dispensed into
black 384-well plates. Test compounds were serially diluted into 100% DMSO, and 100 nL
was added to Mpro dilutions using a Janus MDT Nanohead (PerkinElmer). Wells were
then treated with 5 L of 5 uM fluorogenic substrate ([DABCYL]-Lys -Thr-Ser-Ala-Val-Leu-
GIn-Ser-Gly-Phe-Arg-Lys-Met-Glu-(EDANS)-NH2; Bachem, Vista, CA, USA) and monitored
for fluorescence at 355 nm excitation and 460 nm emission every 5 min for up to 120
min using an Envision plate reader (PerkinElmer). The rate of substrate cleavage was
determined using linear regression of the raw data values obtained during the time
course. Slopes of these progress curves were then normalized to percent inhibition,
where 100% is equal to the rate in the absence of Mpro and 0% is equal to the cleavage
rate in the presence of Mpro and 0.1% DMSO.

Cathepsin L enzymatic assay

The assays contained 25 pM cathepsin L (RD Systems: 952-CY-010), 5 uM LR-AMC, 100 nL
of test compound in 100% DMSO, in a total of 10 pL of 20 mM potassium phosphate,
pH 6.0, 150 mM Nacl, 0.005% Tween20, and 5 mM DTT in black low volume 384-well
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plates. The production of AMC was followed at 5-min intervals with excitation at 355 nm
and emission at 460 nm using an Envision microplate reader (PerkinElmer). Reaction
rates were determined by linear regression of the resulting progress curves. Rates were
normalized to % inhibition, where 0% is equal to the rate in the presence enzyme, and
100% is equal to the rate in the absence of enzyme. Nonlinear regression fits of the data
to a one-site dose-response curve were performed using XLFit (IDBS).

Cathepsin B enzymatic assay

Assays contained 0.6 nM cathepsin B (RD Systems: 953-CY-010), 25 uM Z-LR-AMC, and
100 nL of test compound in 100% DMSO in a total of 10 uL of 50 mM MES, pH 5.0,
150 mM Nacl, 0.05% CHAPS, and 5 mM DTT in black low volume 384-well plates. The
production of AMC was followed at 5-min intervals at 355 nm excitation and 460 nm
emission in an Envision microplate reader (PerkinElmer). Reaction rates were determined
by linear regression of the resulting progress curves. Rates were normalized to percent
inhibition, where 0% is equal to the rate in the presence enzyme, and 100% is equal to
the rate in the absence of enzyme. Nonlinear regression fits of the data to a one-site
dose-response curve were performed using XLFit (IDBS).

Thrombin enzymatic assay

Assays contained 25 pM thrombin (RD Systems: 1473-SE-010), 25 pM BOC-PVR-AMC,
and 100 nL of test compound in 100% DMSO, in a total of 10 pL of 50 mM Tris, pH
7.0, 100 mM NaCl, 10 mM CaCl,, and 0.005% Tween20 in black low volume 384-well
plates. The production of AMC was followed at 5-min intervals at 355 nm excitation and
460 nm emission in an Envision microplate reader (PerkinElmer). Reaction rates were
determined by linear regression of the resulting progress curves. Rates were normalized
to % inhibition, where 0% is equal to the rate in the presence of enzyme, and 100% is
equal to the rate in the absence of enzyme. Nonlinear regression fits of the data to a
one-site dose-response curve were performed using XLFit (IDBS).

Resazurin-based cell viability assay

2 * 10" Vero-E6 cells were plated per well in 96-well plates and incubated before
addition of compounds in duplicate, followed by further incubation for an additional
96 h. Resazurin (Sigma Aldrich) was then added to a final concentration of 20 pg/mL,
and cells were incubated for an additional 4 h. Resazurin-induced fluorescence was then
measured using a ClarioStar plate reader (BMG Labtech). Background fluorescence was
subtracted from wells containing resazurin and media but no cells and normalized to
cells treated with 0.1% DMSO.

Virus generation

3 * 10° Vero-E6 cells were incubated in 15 mL of media for 24 h, replaced with 10 mL
fresh media, and incubated with virus at a multiplicity of infection of 0.001. Cells were
incubated for 5-7 days until clear CPE was observed throughout the flask. Media was
harvested and stored at —80°C. To determine virus titers, Vero-E6 cells were plated
in 96-well format at 20,000 cells per well, incubated for 24 h, and then washed and
incubated in fresh media containing fivefold serial dilutions of thawed virus aliquot,
followed by an additional 4-day incubation. Wells were then scored visually for the
presence of CPE. TCIDsg were then calculated using the Reed-Muench method.

Live virus cell viability assay

Vero-E6 cells were plated in D10+ at 2 * 10* cells per well in 96-well format, and
compounds were added to cells in triplicate at stated concentrations. After 2 h of
incubation, cells were infected with 50x TCIDsq of virus (USA-WA1/2020) and incubated
for 96 h. Cells were then treated with resazurin to a final concentration of 20 ug/mL
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and incubated for an additional 4 h. Cells were fixed with paraformaldehyde to a final
concentration of 4% and incubated at room temperature for at least 30 min to inactivate
virus. Resazurin-induced fluorescence was then monitored as described above.

Live virus high-content imaging assay

Vero-E6 cells were plated in D10+ to 5,000 cells per well in 384-well format, and
compounds were added to cells in triplicate at stated concentrations. After 2 h of
incubation, cells were infected with 150x TCIDsq of the virus and incubated for 48 h
before being fixed with paraformaldehyde to a final concentration of 4% to inactivate the
virus. Immunostaining was then performed using primary anti-SARS-CoV-2 nucleocapsid
primary antibody (HL344; GeneTex, Irvine, CA) at 1:1,000 dilution and goat anti-rabbit
IgG Alexa Fluor 555 secondary antibody at 1:2,000 dilution (Thermo Fisher, Waltham,
MA). Cells were also counterstained with 1 pg/mL Hoechst. High-content imaging was
performed across nine nonoverlapping images per well using a Nikon Eclipse Ti inverted
microscope and Nikon NIS Elements AR software v.5.30.02 (Nikon Americas, Inc. Melville,
NY). For each image, cell nuclei and nucleocapsid-positive cells were counted, with
nucleocapsid-positive cells reported as the percentage of total nuclei in each image.

Data analysis

ECso were calculated using nonlinear regression of a one-side binding model using
GraphPad Prism v.9.1.2 (GraphPad, San Diego, CA, USA). All data are presented as
the mean + SEM from at least three independent experiments. Synergism from
drug combinations was determined using the Bliss independence model as described
previously (39). Statistical significance for synergy was determined using Student'’s paired
t-test, where a two-sided P-value of 0.05 was considered significant.

Mouse liver microsome stability assay

Test compounds (0.5 uM) were incubated with liver microsomes (0.5 pg/mL) and an
NADPH-regenerating system (cofactor solution), and samples were taken at various time
points, quenched with an acetonitrile solution containing an internal standard, and then
analyzed by liquid chromatography with tandem mass spectrometry (LC-MS/MS). These
data provide the half-life of parent remaining and intrinsic clearance (CLint) determined
from the first-order elimination constant by nonlinear regression. Thirty microliters of
1.5 UM spiking solution containing 0.75 mg/mL microsomes solution was dispensed into
the assay plates designated for different time points (0, 5, 15, 30, 45 min) on ice. For
the 0-min time point, 135 pL of acetonitrile (ACN) containing internal standard (IS) was
added to the wells of a 0-min plate, followed by the addition of 15 pyL of NADPH stock
solution (6 mM). All other plates were pre-incubated at 37°C for 5 min. Fifteen microliters
of NADPH stock solution (6 mM) was then added to the plates to start the reaction and
timing. At 5 min, 15 min, 30 min, and 45 min, 135 pL of ACN containing IS was added
to the wells of corresponding plates, respectively, to stop the reaction. After quenching,
plates were shaken with a vibrator (MTS 2/4 digital microtiter shaker, IKA, Wilmington,
NC, USA) for 10 min (600 rpm/min) and then centrifuged at 5,594 g for 15 min. Fifty
microliters of supernatant was then transferred from each well into a 96-well sample
plate containing 50 uL of ultra-pure water for LC/MS analysis.

Hamster pharmacokinetics

To monitor pharmacokinetics of compound 1 following single intraperitoneal adminis-
tration to male hamsters, compound 1 was prepared prior to use in 10% DMSO, 10%
Solutol HS 15, plus 80% PBS in a concentration of 2 mg/mL by weighing 19.65 mg of
compound 1 into a new vial and then adding 0.982 mL DMSO into the vial containing
the compound and vortexing the vial for 2 min. In addition, 0.982 mL Solutol HS 15 was
then added into the vial containing the compound, and the vial was vortexed for 2 min.
Also, 7.860 mL of PBS was then added into the vial which was further vortexed for 3 min
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and sonicated for 0.5 min. Male hamsters weighing 89 g-104 g (N = 18) were purchased
from Beijing Weitong Lihua Laboratory Animal Co. Ltd. Hamsters were fasted overnight
and fed at 4 h post-dosing. The compound was administered 10 mg/kg (5 mL/kg) via
intraperitoneal injection. Sampling was done at 0.25, 0.5, 1, 2, 4, and 6 h post dose, six
time points, by terminal bleeding for plasma and lung at each time point. Approximately
150 pL blood/time point was collected into the K2EDTA tube via the jugular vein. The
blood sample was put on wet ice and centrifuged to obtain a plasma sample (2,000 g,
5 min under 4°C) within 15 min. Lung collection was performed by making a mid-line
incision in the animals’ chest and abdomen, the skin was retracted, and the lung was
exposed after cutting off the ribs and removing other organs using surgical scissors and
forceps. The lung was removed using surgical scissors and then rinsed with cold saline.
The lung was placed in screw-top tubes and then stored under —70°C until analysis. Lung
tissue was homogenized for 2 min with two volumes (vol/wt) of PBS (pH 7.4) immediately
before analysis by LC-MS/MS.

In vivo biological studies
SARS-CoV-2 viral stocks

SARS-related coronavirus 2, lIsolate hCoV-19/USA/GA-EHC-2811C/2021 (Lineage
B.1.1.529; Omicron variant; # NR-56481) was obtained through BEI Resources. The virus
was propagated in Calu-3 cells and used to titer the viral stock on Vero cells, as described
by us previously (43). The viral stocks used in animal studies were generated in passages
1-2 of the initial stock obtained from BEI Resources.

Drug and vehicle

Initially, 1.5 g of compound 1 was dissolved in 1.875 mL of DMSO. Using this solution, we
prepared a working formulation of 28 mg/mL of compound 1 having a final concentra-
tion of 3.5% DMSO, 20% of Solutol, and 76.5% PBS respectively. We inject 0.5 mL of
this drug formulation (14 mg of compound 1) twice daily to each hamster (140 g body
weight).

Hamster study

Twenty-five male SGHs (Mesocricetus auratus) were obtained from Charles River
Laboratories at 8-10 weeks of age. For 4 days, the animals were acclimated or quaran-
tined at the UNMC Animal Facility, Comparative Medicine. After 4 days, the hamsters
were moved to an animal biosafety level 3 (ABSL-3) facility. Hamsters were divided into
three groups [group | (n = 10), group Il (n = 10), and group Il (n = 5)]. Group | was
treated with the vehicle having 3.5% DMSO, 20% of Solutol, and 76.5% PBS (b.i.d.); group
Il was treated with compound 1 (100 mg/kg b.i.d.), and group Ill was treated with PF-332
(50 mg/kg b.i.d.) intraperitoneally. Two hours after the first treatment, animals were
infected intranasally with SARS-CoV-2 Omicron at 0.5 * 10° PFU (100 uL). Body weight
and temperature were measured every day up to day 4 post-infection. All animals were
necropsied on day 4 post-infection, and lung tissues were collected in 10% formalin,
frozen on snap-frozen ice, and archived at —80°C for downstream experiments.

RNA isolation and qRT-PCR

Frozen lung tissues were homogenized in RLT tissue lysis buffer using Tissuelyser LT
(QIAGEN, USA), and RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to
manufacturer specifications. One-step qRT-PCR was performed to quantify viral (E gene
and N gene) RNA from lung tissues using specific primer and probes and QuantStudio3
real-time PCR system (Applied Biosystems) per manufacturer’s specifications. SARS-
CoV-2 E gene-specific primers and probe are as follows: E_Sarbeco_F1: 5-ACAGG-
TACGTTAATAGTTAATAGCGT-3’, E_Sarbeco_R2: 5-ATATTGCAGCAGTACGCACACA-3; and
E_Sarbeco_P1: 5- FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1-3". Viral RNA copies in
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oral swabs and lungs were quantitated using dilutions of SARS-CoV-2 standards with a
known concentration of RNA copies.

H&E staining

Lung tissues were fixed in 10% neutral buffered formalin for at least 3 days. Tissues
were placed in cassettes and processed in an STP 120 (Thermo Scientific) tissue
processor using a graded series of ethanol, xylene, and paraffin wax. Formalin-fixed
paraffin-embedded (FFPE) tissue blocks were cut into 5 pM sections and mounted on
slides. The tissue sections were deparaffinized and stained with hematoxylin and eosin
Y. Dehydrated tissues were mounted with coverslips, and images were captured under
a microscope. The slides were blinded and were assessed by a qualified pathologist for
gross pathological changes and clinical features.

Infectious virus titer estimation

Infectious virus titer estimation was performed as described previously (2). Frozen lung
tissues were homogenized in 500 yL DMEM with bead disruption using TissueLyser
LT (QIAGEN). The homogenized samples were clarified at low-speed centrifugation
(6,000 g for 10 min), and the supernatant was collected and stored at —80°C. Vero-E6
cells were seeded in 96-well plates at 2.5 x 10* cells per well and cultured in DMEM
with 10% FBS overnight. The cells were treated with a dilution series of clarified lung
tissue homogenates and incubated for an hour at 37°C with 5% CO,. Then, the virus
inoculum was removed, and the cells were overlaid with 100 pL of prewarmed 0.85%
methylcellulose (Sigma-Aldrich, #M0512-250G). The plates were incubated at 37°C for
72 h, and the overlaid methylcellulose was removed and washed five times with PBS.
The cells were fixed with 4% paraformaldehyde in PBS for 30 min, and washed three
times with PBS, and 100 pL of permeabilization buffer containing 0.1% bovine serum
albumin (BSA) (VWR, #0332) and 0.1% of TritonX-100 (Sigma-Aldrich) in PBS was added
to permeabilize cells for 20 min at room temperature. After permeabilization, cells were
incubated with 1:1,000 dilution of rabbit anti-SARS-CoV-2 spike (S1) primary antibody
(Sino Biological) overnight at 4°C on a shaker. The next day, cells were washed three
times with PBS, and 50 pL of 1:2,000 horseradish peroxidase (HRP)-conjugated goat
anti-rabbit secondary antibody (Jackson ImmunoResearch) was added and incubated
for 2 h at room temperature. After incubation, the cells were washed three times with
PBS, and 100 pL of 3,3",5,5-tetramethylbenzidine substrate solution was added and
incubated for 15-30 min. The plates were washed with PBS, and foci were visualized on
a CTL Analyzer-ImmunoSpot for virus foci and counted in drug-treated vs untreated lung
samples, and virus titers were calculated using the following formula: PFU/gram of lung
tissue = (average number of foci / volumes of virus added) x the dilution factor.

Statistics

Statistical analysis was performed in GraphPad prism 8. The difference in the infectious
virus titer between the study groups was assessed by the Mann-Whitney t-test. P-values
of less than 0.05 were considered statistically significant.
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