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Abstract

As the COVID-19 pandemic continues to fold out, ti@bidity and mortality are increasing
daily. Effective treatment for SARS-CoV-2 is urggmieeded. We recently discovered four
SARS-CoV-2 main protease V) inhibitors including boceprevir, calpain inhikigoll and X
and GC-376 with potent antiviral activity againsfteictious SARS-CoV-2 in cell culture. Despite
the weaker enzymatic inhibition of calpain inhilbi&dl and Xl against M° compared to GC-
376, calpain inhibitors Il and XII had more potestlular antiviral activity. This observation
promoted us to hypothesize that the cellular amivactivity of calpain inhibitors Il and XII

might also involve the inhibition of cathepsin Laddition to M"™. To test this hypothesis, we
tested calpain inhibitors Il and XlI in the SARSNG@ pseudovirus neutralization assay in Vero
E6 cells and found that both compounds signifigaticreased pseudoviral particle entry into
cells, indicating their role in inhibiting cathepdi. The involvement of cathepsin L was further
confirmed in the drug time-of-addition experimdntaddition, we found that these four
compounds not only inhibit SARS-CoV-2, but also $ARoV, MERS-CoV, as well as human
coronaviruses (CoVs) 229E, OC43, and NL63. The eeisim of action is through targeting the
viral MP®, which was supported by the thermal shift bindisgay and enzymatic FRET assay.
We further showed that these four compounds hagiieel antiviral effect when combined with
remdesivir. Altogether, these results suggestlibaéprevir, calpain inhibitors Il and XlI, and
GC-376 are not only promising antiviral drug camdes against existing human coronaviruses,

but also might work against future emerging CoVs.
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Coronaviruses (CoVs) are enveloped positive-stramIgA virus which infect humans and
multiple species of animals, causing a variety ighly prevalent and severe diseasésn the
last two decades, three highly pathogenic and liétinaan coronaviruses have emerged: severe
acute respiratory syndrome coronavirus (SARS-Cdkg, virus that caused the outbreak of
severe acute respiratory syndrome in human in out€hina in 2002 and killed 774 people
among 8,098 infected worldwide;MERS-CoV, which causes severe respiratory disease
outbreak in Middle East in 2012, led to 791 deaim®ng 2,229 infectetithe SARS-CoV-2, a
novel coronavirus emerged in China in December 2qQaikly spread worldwide and became a
global pandemié.As of October 28 2020, there are more than 44 million confirmedesaand
over 1.1 milion deaths worldwide and these numbease increasing daily

(https://coronavirus.jhu.edu/map.hmin addition, human coronavirus (HCoV) strains922

(HCoV-229E), NL63 (HCoV-NL63), OC43 (HCoV-OC43), KU1 (HCoV-HKU1) cause a
significant portion of annual upper and lower resfary tract infections in humans, including
common colds, bronchiolitis, and pneumohfalhere are currently no antivirals or vaccines for
either the highly pathogenic SARS-CoV-2, SARS-CMERS-CoV or the human CoVs. The
current COVID-19 pandemic is a timely reminder loé turgent need for therapeutics against
coronavirus infection. As future coronavirus outtkecannot be excluded, it is desired to
develop broad-spectrum antivirals that are not aglyve against existing CoVs, but also future
emerging CoVs.

Coronavirus genome ranges from 26 talBB, of which the 3terminal region, proximately
one-third of the genome, encodes a number of straicproteins (spike protein, envelope
protein, membrane protein, and nucleocapsid prpteimhile the 5terminal region,

approximately two-thirds of the genome, encodes fbe non-structural proteins (3-
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chymotrypsin-like protease (3CL or main proteagggpain-like protease, helicase, RNA-
dependent RNA polymerase, exoribonuclease and iodoiclease, methyl transferase), and
accessary proteifsAmong the viral proteins under investigation asivénal drug targets, the
main protease (R) appears to be a high-profile drug target for émmment of broad-spectrum
antivirals for the following reasons: 1) Thé*fplays an essential role in coronavirus replication
by cleaving the viral polyproteins at more than sites’® 2) The M™s have relatively high
sequence similarity within each CoV groti8) The M has an unique substrate preference for
glutamine at the P1 site (Leu-Gli$er,Ala,Gly)), a feature that is absent in clogelated host
proteases’ suggesting it is feasible to desigr”Minhibitors with a high selectivity; (4) The

structures of M°s from multiple members of CoV family have beenved|**®

paving the way
for rational drug design.

We recently discovered four SARS-CoV-2"Minhibitors including boceprevir, calpain
inhibitors 1l and Xll, and GC-376 (Figure ). They had single-digit micromolar to
submicromolar Ig values in the enzymatic assay, and inhibited SARS-2 viral replication
in cell culture with EG values in the single-digit micromolar to submicmar range”’ The co-
crystal structures of GC-376, calpain inhibitorsatid XII in complex with SARS-CoV-2 Rf
have been solved, providing a molecular explandiorthe tight binding of these compounds
towards M™" * |nterestingly, despite the weaker enzymatic inthi potency of calpain
inhibitors Il and XIl against M° (ICso = 0.97 uM and 0.45 uM, respectively) compared with
GC-376 (IGo = 0.03 uM), calpain inhibitors Il and XIl had mqguetent cellular antiviral activity
(ECso = 2.07 uM and 0.49 uM, respectively) than GC-3E€s( = 3.37 uM). We also found

calpain inhibitors Il and XII inhibit human cathépd. in thein vitro enzymatic assay, and

cathepsin L has been shown to play an essent@ln@ARS-CoV-2 cell entry by activating the
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viral spike protein in the late endosome or lysosohf’ These observations led us to speculate
that the potent cellular antiviral activity of calp inhibitors 1l and Xl might be a result of
inhibiting both viral M and host cathepsin L. To test the hypothesisttieatellular antiviral
activity of calpain inhibitors Il and XlI involvethe inhibition of cathepsin L, we performed
SARS-CoV-2 pseudovirus neutralization assay andlthg time-of-addition assay using HCoV-
OCA43 virus. Results from both assays indeed suppertontribution of inhibition of cathepsin

L to the cellular antiviral activity of calpain iithtors Il and XII.
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Figure 1. Chemical structures of SARS-CoV-2"finhibitors boceprevir, calpain inhibitors II

and Xll and GC-376.

To evaluate the broad-spectrum antiviral activitpaceprevir, calpain inhibitors Il and XiIl,
and GC-376, we tested them against two other hightiiogenic coronaviruses the SARS-CoV
and MERS-CoV, as well as three human coronavirbgasV-OC43, HCoV-NL63, and HCoV-
229E. The mechanism of action was studied by taartal shift binding assay and FRET-based
enzymatic assay. The combination therapy potenfidghese four compounds with remdesivir
was also quantified by the drug combination indesthad. Altogether, our work demonstrated
that boceprevir, calpain inhibitors Il and XIl, a@-376 are promising drug candidates for the

design and development of broad-spectrum antivargdsnst current and future emerging CoVs.
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RESULTSAND DISCUSSION

Calpain inhibitors Il and XII, but not GC-376 or boceprevir, blocked the entry of SARS
CoV-2 pseudoviral particles

Pseudovirus neutralization assay is an establishade! to study the mechanism of viral cell
entry and has been widely used to assess therahgigtivity of viral entry/fusion inhibitors- %
Calpain inhibitors Il and XII are potent inhibitoo§ human cathepsin L, with,land IGo values

in the nanomolar rang&.?* Cathepsin L plays an important role in SARS-CoVik2lventry by
cleaving the viral spike S protein in the endosome or lysmsti © We hypothesized that
cellular antiviral mechanism of calpain inhibitots and XII might involve inhibition of
cathepsin L besides f. To test this hypothesis, we first amplified SAR8Y-2 pseudoviral
particles in ACE2-expressing HEK293T cells (ACEBZY as previously describétWe then
performed pseudovirus entry assay in Vero E6 cellsch have been shown to have minimal
levels of TMPRSS2 expression, therefore SARS-Cad&l entry is mainly mediated through
endocytosis, which relies on cathepsin L for visplke protein activatioff. E-64d, a known
cathepsin L inhibitor, was included as a positiwatool and it was found to inhibit SARS-CoV-2
pseudovirus entry with an igvalue of 0.91 + 0.10 uM (Figure 2A). Both calpahibitors I
and Xl also showed inhibitory activity against SBfoV-2 pseudovirus entry into Vero E6
cells with G, values of 9.26 + 1.35 and 5.28 = 0.74 puM, respelti(Figures 2B and 2C).
However, neither GC-376 nor boceprevir had sigaificeffect on SARS-CoV-2 pseudovirus
entry at up to 100 uM concentration (Figures 2D 3Ryl Altogether, it can be concluded that
the cellular antiviral activity of calpain inhibi® Il and XlI involves the inhibition of cathepsin

L, while GC-376 and boceprevir had no effect omepsin L-mediated viral entry.
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Figure 2. Inhibitory activity of boceprevir, calpain inhibits Il and Xll, and GC-376 in the
SARS-CoV-2 pseudovirus neutralization assay. Effé#cE-64d (A), calpain inhibitor 1l (B),

calpain inhibitor XIl (C), GC-376 (D), and bocepire(E) on SARS-CoV-2 viral entry in the
pseudovirus assay. BCcurve fittings using log (concentration of inhdog) vs percentage of

inhibition with variable slopes were performed sk 8. Data are mean * standard deviation of

two replicates.

Drug time-of-addition experiment showed that calpain inhibitor XI1 inhibited HCoV-OC43
replication at both the early and inter mediate stages of viral replication

MP® mediates the cleavage of viral polyproteins ppigi@plab during the viral replication
process, therefore M inhibitors such as GC-376 are expected to inkibél replication in the
intermediate stage of viral replication in the drimge-of-addition experiment. In contrast,

cathepsin L plays a role in the early stage ofl Jiraion by cleaving the viral spike protein. As
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such, cathepsin L inhibitor should inhibit the gatage of viral replication. Dual inhibitors such
as calpain inhibitors 1l and Xl are expected thilit viral replication at both the early and the
intermediate stages. To test this hypothesis, vaseltalpain inhibitor XIl as a representative
example and performed the drug time-of-additioneexpent by adding inhibitor at different
time points either before, during, or after HCoV-43viral replication (Figure 3). GC-376 was
included as a control of monospecifiMinhibitor. Viruses in the supernatant were hamegst
16 hpi and the viral titers were quantified by plageduction assay. HCoV-OC43 was used for
this experiment as it enters cells via endocytasid relies on cathepsin L in late endosome for
viral spike protein cleavage and activatf@rsimilar to SARS-CoV-2. HCoV-OC43 is a BSL-2
pathogen and is frequently used as surrogate ofr8@ARS-CoV-2 for mechanistic studies. Both
viruses belong to thf-coronavirus lineage and share many similaritiebelVapplied during
viral infection and removed through washing aftenyaGC-376 showed no antiviral activity
(Figure 3), suggesting that GC-376 had no effectinrs entry. The antiviral potency of GC-376
gradually decreased when it was added at lateestafgviral replication (6 and 9 hpi) (Figure 3),
indicating that GC-376 inhibited viral replicati@ah an intermediate stage, which is in line with
its mechanism of action by targeting”f In contrast, calpain inhibitor XII inhibited bothe
early and intermediate stages of viral replicat®pecifically, compared to DMSO control, ~ 1
logio decrease in the viral tier was observed when & added during virus infection, suggesting
it inhibited the early stage of viral entry (Figu8® In addition, the antiviral potency of calpain
inhibitor XII gradually decreased when added agrla@tages of viral replication (6 and 9 hpi)
(Figure 3). Taken together, the drug time-of-additiexperiment further confirmed the dual
cellular antiviral mechanisms of action of calpihibitor Xl by targeting both host cathepsin L

and viral M.
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Figure 3. Time-of-addition profiles of GC-376 and calpainititor XII. RD cells were infected
with HCoV-OC43 virus at —1 h time point, virusesrevencubated at 37 °C for 1 h for viral
attachment and entry. At time point O h, cells weeshed with PBS buffer twice and viruses
from cell culture medium were harvested at 16 hhe titer of harvested virus was determined
by plaque assay. Arrows indicate the period in WHiO uM GC-376 or 25uM calpain inhibitor
XIl was present. # indicates no virus was detecfeterisks indicate statistically significant
difference in comparison with the DMSO control (&at's t-test, *P < 0.005). The value of

viral titer was the mean of two independent experita + standard deviation.

Boceprevir, calpain inhibitors |l and XlII, and GC-376 directly bind to MERS-CoV, SARS
CoV and HCoV-OC43 MP"°

First, we performed sequence alignment df°Mrom multiple members of coronavirus
family: HCoV-229E, HCoV-0OC43, HCoV-NL63, SARS-CoWJERS-CoV, and SARS-CoV-2

(Figure S1). Overall, the ¥s showed moderate to high similarity in primary s=tpe, and
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comparatively high sequence similarity within e&xv group (Figure S1). It is acknowledged
that 3-D structures of the s are more conserved, especially at the activé sTteerefore, we
hypothesized that boceprevir, calpain inhibitorardt XIl, and GC-376 might similarly bind to
other CoV M in addition to SARS-CoV-2 RF. To test this hypothesis, we carried out
differential scanning fluorimetry (DSF) assdySpecific binding of a ligand to a protein
typically stabilizes the target protein, resultingan increased melting temperatuig)( It was
found that boceprevir, calpain inhibitors Il and Xind GC-376 increased thg of SARS-CoV,
MERS-CoV and HCoV-OC43 Rf in a dose dependent manner (Figure 4), while reiidédnad

no effect on HCoV-OC43 KF stability at up to 200 uM. This was expected asdesivir is a
known RNA-dependent RNA polymerase (RdRp) inhibifdBC-376 significantly increased the
stability of all three M°swhen tested at 6 uM, withT,, of 17.23, 9.78, and 13.86 °C against
MERS-CoV, SARS-CoV and HCoV-OC43™) respectively (Figure 4, Table 1). Boceprevir,
calpain inhibitors Il and XIlI also stabilized aliree M™s, but were less potent than GC-376.
Boceprevir increased thB, of MERS-CoV, SARS-CoV and HCoV-OC43"Nby 2.46, 3.94,
and 1.02 °C, respectively at 60 uM (Figure 4, TdhleCalpain inhibitors Il and XllI increased
the T, of MERS-CoV, SARS-CoV and HCoV-OC43"Mby 2.53, 2.88, 3.48 °C and 0.81, 2.41,
1.54 °C, respectively at 20 uM (Figure 4, TableThjs result confirmed that boceprevir, calpain
inhibitors Il and Xll, and GC-376 had direct bindinowards SARS-CoV, MERS-CoV, and
HCoV-OC43 Ms in addition to SARS-CoV-2 RF, indicating they might be broad-spectrum

antiviral candidates.
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Figure 4. Effect of boceprevir, calpain inhibitors Il and Xédnd GC-376 on melting temperature
(Tm) of MERS-CoV M™ (A), SARS-CoV M"™ (B), and HCoV-OC43 M° (C). Data were
plotted withAT, vs logo (concentrations of compound) using Boltzmann Sigadcequation in

Prism 8. Data are mean + standard deviation ofrepbcates.

Table 1. Melting temperature shiftT.,) of MERS-CoV, SARS-CoV, and HCoV-OC43"Min
the presence of indicated concentrations of bowaprealpain inhibitors Il and Xll, and GC-
376.

MERS-CoV M™ SARS-CoV M HCoV-OC43 M"™

CREAIES (AT». °C) (AT, °C) (AT,, °C)
200 uM remdesivir N.T. N.T. 0.00£0.02
6 UM GC-376 17.23 +0.00 9.78 £ 0.07 13.86 +0.81
20 uM calpain inhibitors I 2.53+0.28 2.88+£0.21 3.48 £0.02
20 uM calpain inhibitors XlI 0.81+0.14 2.41+0.0 1.54 +0.01
60 uM boceprevir 2.46 £ 0.07 3.94+0.13 1.02 450.0

N.T. = not tested.

Boceprevir, calpain inhibitors Il and XII, and GC-376 inhibit the enzymatic activity of
MERS-CoV, SARS-CoV and HCoV-OC43 M"™°

To test whether boceprevir, calpain inhibitorsrtaXll, and GC-376 inhibit the enzymatic
activity of other CoV M™s, we performed enzyme kinetic studies of MERS-CBXRS-CoV
and HCoV-OC43 M° with different concentrations of these four compdsi (Figure 5). The

enzymatic reactions were monitored for up to 4 g the progression curves are shown in
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Figures S2. As expected, similar to SARS-CoV-2°Mall four compounds showed biphasic
progression curves at high drug concentrationschviaire typical for slow covalent binding
inhibitors. The first 90 min of the progression\es shown in Figure S2 were chosen for curve
fitting as significant substrate depletion was obsé when the proteolytic reaction proceeded
beyond 90 min. The progression curves of all th@a/ MP° in the presence of different
concentrations of GC-376 and MERS-CoV'Mn the presence of different concentrations of
boceprevir were fitted using the two-step reactieechanism as previously described (Figure
5).2 In the first step, GC-376 binds to MERS-CoV, SARS8Y and HCoV-OC43 M° with an
equilibrium dissociation constant (Kof 17.89 + 2.34, 16.80 + 2.36 and 3.63 =0.26 nM,
respectively (Table 2). After initial binding, avaent bond is formed at a slower velocity in the
second step between GC-376 and tH&dith the second rate constang)(keing 1.48, 0.87,
and 0.31 8, respectively, resulting in an overalyik, value of 82,910, 51,500 and 87,300'M

s %, respectively (Figure 5A and Table 2). Bocepréids to MERS-CoV M°with a K of 1.65

+ 0.12 pM in the first step, and a &f 448.8 & in the second step, resulting in an overalKk
value of 272 M's* (Figure 5D and Table 2). When the proteolytic pesgion curves were fitted
using the same two-step reaction mechanism, aecwedties for the second rate constant k
could not be obtained for calpain inhibitors Il aXdl against all three ¥M° as well as
boceprevir against SARS-CoV and HCoV-OC48% This is presumably due to significant
substrate depletion before reaching the equilibrnetween El and EI*, leading to very small
values of k. Therefore, only the dissociation constant walues from the first step were
determined (Figure 5). The inhibition constants JKor calpain inhibitors Il and XII with
respect to MERS-CoV, SARS-CoV and HCoV-OC48%vere 0.13 + 0.012, 0.60 +0.041, 0.23

+0.0088 uM and 1.32 £ 0.070, 0.14 + 0.012, 0.4B@.5 uM, respectively; while the Kalues
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for boceprevir with respect to SARS-CoV and HCoV43QvP° were 1.43 + 0.14, and 2.29 +
0.19 uM, respectively. Taken together, the enzymkimetic results suggest that bocepreuvir,
calpain inhibitors Il and XIl, and GC-376 have kdespectrum enzymatic inhibition against

SARS-CoV, MERS-CoV, and HCoV-OC43"M
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Figure 5. Data fittings of the proteolytic reaction progressicurves of MERS-CoV RF (left
column), SARS-CoV NI° (middle column) and HCoV-OC43 M (right column) in the
presence or the absence of GC-376 (A); calpairbrtdrill (B); calpain inhibitor Il (C); and
boceprevir (D). In the kinetic studies, 60 nM MER8&Y M, or 5 nM SARS-CoV M°or 3.3
nM HCoV-OC43 M"™ was added to a solution containing various coma@nhs of compounds
and 20 pM FRET substrate to initiate the reactiDetailed methods were described in

“Materials and methods” section. Data are mearaadsrd deviation of two replicates.

Table 2. Enzymatic inhibition of boceprevir, Calpaihibitor 1l and XlI, and GC-376 against
various CoV M"s,

Compounds SARS-CoV-2 SARS-CoV MERS-CoV HCoV-0OC43
GC-376 IC50=0.030 £ 0.008 UM  1C5,=0.079 + 0.006 pM  1C5;=0.110 £ 0.023 uM  1C5;=0.011 % 0.0012 uM
ko/K, = 40,800 M's* ko/K, =51,530 M's™* ko/K, = 82,910 M's* ko/K, =87,300 M's™*
Calpain IC50=0.97 + 0.27 pM IC50=2.04 + 0.20 pM ICs0=1.24 + 0.35 pM IC5=0.56 = 0.08 UM
inhibitor I K, =0.40 pM K, =0.60 pM K;=0.13 uM K, =0.23 pM
Calpain IC50=0.45 + 0.06 uM IC50=0.60 + 0.16 uM IC50=6.68 + 2.76 uM IC50=0.34 + 0.05 uM
Inhibitor XII K;=0.13 uM K/ =0.14 uM K/ =1.32 uM K, =0.43 pM
Boceprevir  Cs=4-13 +0.61 uM IC50=6.63 + 1.05 puM IC50=10.41 % 3.08 uM IC50=9.0% 0.9 uM
P K/ =1.18 pM K =1.43 pM koK, = 272 M*s* K, =2.29 uM

8Data from referenck.

Boceprevir, calpain inhibitors Il and XlI, and GC-376 have broad-spectrum antiviral
activity against different CoVs
Given the binding and enzymatic inhibition of boapr, calpain inhibitors Il and XlI, and

GC-376 against M° from multiple CoVs, we expect these compounds kdlte broad-spectrum
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antiviral activity against CoVs in cell culture. Rhis, cellular antiviral assays were performed
against multiple human CoVs including HCoV-229E,dNENL63, HCoV-0OC43, MERS-CoV
and SARS-CoV. Remdesivir was included as a positeetrol. It was found that all four
compounds showed potent antiviral activity agaalsthe CoVs tested in the viral cytopathic
effect (CPE) assay in a dose-dependent mannerrécg)uThe 50% effective concentrationggC
values of GC-376 range from 99 nM to 3.37 uM (Fegérand Table 3). Calpain inhibitors 1l and
X1l have comparable potency as GC-376, withsg@alues in the range of 84 nM to 5.58 uM,
and 100 nM to 1.97 uM, respectively (Figure 6 arablé& 3). In contrast, boceprevir showed
moderate antiviral activity against all the CoVstéel and the E4 values were over 10 uM in
most cases, except in the inhibition of SARS Co{E2s5=1.31 + 0.58 uM) (Figure 6 and Table
3). This result is in line with the weaker enzymainhibition of boceprevir against s

compared with GC-376, calpain inhibitors 1l and XIable 2).
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Figure 6. Cellular antiviral activity of boceprevir, calpainhibitors 1l and Xll, and GC-376
against MERS-CoV (A); SARS-CoV (B); HCoV-229E (®)CoV-NL63 (D); and HCoV-OC43
(E) in CPE assay. Remdesivir was included in HC@9E, HCoV-NL63 and HCoV-OC43 CPE
assays as a positive control. gg@urve fittings for each compound in the CPE assaye
obtained using log (concentration of inhibitors) pexycentage of CPE with variable slopes in
prism 8. The cellular cytotoxicity test for eachhgmound was included in each experiment and

the resulting curves were shown in blue. Data agam* standard deviation of three replicates.

Table 3. Broad-spectrum antiviral activity of bommpr, calpain inhibitors 1l and Xll, GC-376

against a panel of human CoVs in CPE assay.
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ACo HIcio HCOV- MERS-Cov SARS-CoV SARS-CoV-2
Compounds 220E NL63 eI e e
(EGse, UM) ~ (EGs, UM) — (EGsq, pM) o * o
remdesivir 0.03+£0.00 0.63+£0.041 0.09 £ 0.00 R.T. N.T. N.T.
GC-376 0.12 £ 0.01 0.19+0.01 0.09 £ 0.00 0.83080 2.72 +£0.42 3.37 +£1.68
calpain inhibitor Il 0.08 £0.01 1.24 + 0.04 1.82 68 5.48 £+ 0.54 5.58 +0.74 2.07 £0.76
calpain inhibitor
o 0.10+0.01 0.73+0.12 1.65 + 0.06 1.97 £0.10 1.06 +0.14 0.49 +0.18

boceprevir 14.12 + 1.50 16.90 + 5.87 16.84 + 0.52 5.04 + 0.63 54.17 +7.76 1.31 +£0.58

8Data from referenct.’N.T. = not tested

To test whether boceprevir, calpain inhibitors tidaxXIl, and GC-376 inhibit viral RNA
synthesis, we performed the viral titer reducti@say using the RT-gPCR. HCoV-NL63 was
chosen as a representative example and the vickowapsid (N) gene expression level was
detected in the absence or presence of differemterdrations of compounds. Remdesivir was
included as a positive control. All four compounoihibited HCoV-NL63 viral N gene
expression dose-dependently (Figure 7), givingoB@lues in the range of 0.96 to 19.86 uM
(Figure 7), which were comparable to thesgECalues determined in the antiviral CPE assays
(Table 3). Taken together, we have shown that kregép calpain inhibitors 1l and Xll, and GC-

376 have broad-spectrum antiviral activity agafdsYs.
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Figure 7. Dose-dependent inhibitory effect of boceprevirpeal inhibitors Il and XlI, and GC-
376 on HCoV-NL63 viral RNA synthesis in RT-gPCR assPositive control remdesivir (A);
GC-376 (B); Calpain inhibitor 1l (C); Calpain inhibr XII (D); and Boceprevir (E). The left
figures represent the normalized RNA levels of theerage of three repeats from each
concentration tested, and &Ccurve fittings using log (concentration of inhdg) vs
normalized RNA levels with variable slopes in pri8nwvere shown in the right figures. Data are

mean = standard deviation of three replicates.
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Combination therapy of boceprevir, calpain inhibitors Il and XlII, and GC-376 with
remdesivir

Combination therapy has several advantages comparadnotherapies including delayed
evolution of drug resistance, synergistic antivaficacy, and fewer side effects due to the lower
amount of drugs useéd.Combination therapy has been extensively expléoethe treatment in
oncology, parasitic, bacterial and viral infecti@mush as HIV and HC¥** The combination
treatment potentials of boceprevir, calpain inlitstll and Xll, and GC-376 with remdesivir
were explored using HCoV-OC43 antiviral CPE as€aymbination indices (ClIs) versus the
ECso values of compounds at different combination tiere plotted as previously descrifi&d.
The red line indicates additive effect; the righpar area above the red line indicates
antagonism, while the left bottom area below the Ihdicates synerg.In all combination
scenarios, the combination indices at all the coation ratios fell on the red line (Figure 8),
suggesting that boceprevir, calpain inhibitorsnidl X1l, and GC-376 displayed an additive

antiviral effect with remdesivir in the combinatitmerapy.
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Figure 8. Combination therapy of remdesivir with GC-376 (&galpain inhibitor Il (B); Calpain

inhibitor XII (C); and Boceprevir (D). Data are nmea standard deviation of three replicates.

CONCLUSION

The COVID-19 pandemic emerged in late December 20XGhina has severe impacts on
public health and global economy. It is one of Waest global pandemics in history. The high
mortality rate and infection rate of COVID-19 ispwacedented. There has been three outbreaks
of highly pathogenic and lethal human coronavirusiéthin the past two decadds,and the
current COVID-19 pandemic is a timely reminder lo¢ urgent need for therapeutics of CoVs
infection. In this work, we report the broad-speoir antiviral activity of our previously
identified SARS-CoV-2 NMI° inhibitors boceprevir, calpain inhibitors Il andlXand GC-376
against multiple CoVs including the highly pathogeSARS-CoV, MERS-CoV, and human
coronaviruses NL63, 229E, and OC43. Coupled widir thntiviral activity against SARS-CoV-
2 as reported earlier, this result suggests thasethfour compounds are promising drug
candidates for the further development of broad:spe antivirals against not only current
coronaviruses but also possibly future emergingmraviruses. Among the four compounds,
calpain inhibitors Il and XII had a novel mechanisfraction by targeting both the viral"M
and host cathepsin L. In this study, we provideditazhal evidence from the pseudovirus
neutralization assay as well as the drug time-diitamh assay to support the contribution of
cathepsin L inhibition to the potent cellular aié activity of calpain inhibitors Il and XII. We
further demonstrated the additive antiviral effecboceprevir, calpain inhibitors 1l and XII, and

GC-376 with remdesivir in the combination theragperiment.
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It is known that CoVs enter host cells through wistinct pathways: the early membrane
fusion pathway and the late endosomal pathway.tlk@rearly membrane fusion pathway, the
transmembrane protease serine 2 (TMPRSS2) is refyp@ifior the viral spike protein cleavage
and activatiori° In the late endosomal entry pathway, the cystpineease cathepsin L mediates
the cleavage of spike proteéthSeveral CoVs including SARS-CoV-2, SARS-CoV, MERSY,
HCoV-OC43, HCoV-229E, and HCoV-NL63 utilize cathieps for host cell entry? 2% 3%
which offers an opportunity to develop broad-speutrantivirals by targeting the cathepsin L
protease. Indeed, cathepsin L inhibitors have leedively explored for the development of
coronavirus antiviral&* Compared with mono-specific M inhibitors, the dual inhibitors such
as calpain inhibitors Il and XIlI that target bothPMand cathepsin L might have additional
advantages of synergistic antiviral effect and gisssibly increased genetic barrier to drug
resistance.

Although M is relatively conserved among coronaviruses andrpaviruses, not all
3CLP™ or 3" inhibitors have broad-spectrum antiviral activiBor example, the well-known
3CLP inhibitor rupintrivir inhibits the HCoV-229E witan EGy value of 0.3 pM' however it
failed to inhibit the M™ from both SARS-CoV and SARS-CoV-2"f1*"*! This might be due to
the slight differences of residues located at tive sites of M. Gratifyingly, we have shown
in this study that boceprevir, calpain inhibitorsahd XIl, and GC-376 inhibited multiple ¥fs
from different members of the coronavirus familydahad potent cellular antiviral activity
against all the coronaviruses tested. Among thesedompounds, calpain inhibitors Il and XII,
and GC-376 had single-digit to submicromolar amdivpotency with a high selectivity index,
while boceprevir had moderate antiviral activityeMdrtheless, boceprevir represents a novel

chemotype that warrants the further developmentviMpforward, continuous optimization of
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boceprevir, calpain inhibitors Il and Xll, and GC& might yield clinical candidates with
favorable pharmacokinetic properties and prouenivo antiviral efficacy in animal models.

Such studies are ongoing and will be reported vawailable.

METHODS

Cell linesand viruses.

The following reagent was obtained through BEI Reses, NIAID, NIH: Human Embryonic

Kidney Cells (HEK-293T) Expressing Human Angioten€ionverting Enzyme 2, HEK-293T-

hACE2 Cell Line, NR-52511; SARS-Related CoronavigjsNuhan-Hu-1 Spike-Pseudotyped
Lentiviral Kit, NR-52948. Human rhabdomyosarcomaD}JR Vero E6, Huh-7, HEK293T

expressing ACE2 (ACE2/293T), and HCT-8 cell linesrgvmaintained in Dulbecco’s modified
Eagle’s medium (DMEM); Caco-2 and MRC-5 cell linesre maintained in Eagle’'s Minimum
Essential Medium (EMEM). Both media were suppleraémwith 10% fetal bovine serum (FBS)
and 1% penicillin-streptomycin antibiotics. Cellene kept at 37°C incubator in a 5% £0O
atmosphere. The following reagents were obtainezufh BEI Resources, NIAID, NIH: Human
Coronavirus, OC43, NR-52725; Human Coronavirus, 3L®NR-470. HCoV-OC43 was

propagated in RD cells; HCoV-NL63 was propagatedlRC-5 cells. HCoV-229E was obtained
from Dr. Bart Tarbet (Utah State University) andpdifred in Huh-7 or MRC-5 cells; The

Urbani strain of severe acute respiratory syndroarenavirus (SARS-CoV) and the EMC/2012
strain Middle East respiratory syndrome coronavi(MERS-CoV) were obtained from the
Centers for Disease Control and Prevention. Vé&aélls were obtained from the American
Type Culture Collection.

Pseudovir us neutr alization assay
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A pseudotype HIV-1-derived lentiviral particles beg SARS-CoV-2 spike and a lentiviral
backbone plasmid encoding luciferase as reporterpmaduced in HEK293 T cells engineered
to express the SARS-CoV-2 receptor, ACE2 (ACE2/292Ils), as previously describ&dThe
pseudovirus was then used to infect Vero E6 cel@6-well plates in the presence of DMSO or
serial concentrations of E-64d, boceprevir, calpalnbitors 1l and XIl, and GC-376. At 48 hpi,
cells from each well were lysed using the Bright-Glciferase Assay System (Cat#: E2610,
Promega, Madison, WI, USA), and the cell lysatesaviansferred to 96-well Costar flat-bottom
luminometer plates. The relative luciferase unRis) in each well were detected using
Cytation 5 Cell Imaging Multi-Mode Reader (BioTéKjnooski, VT, USA).

Drug time-of-addition experiment

A time-of-addition experiment was performed as jwesly described Briefly, RD cells were
seeded at 1 x®@ells/well in 12-well plate. 10 uM GC-376 or 50 (ddipain inhibitor XII was
added at different time points, as illustratediguFe 3. RD cells were infected with HCoV-
0OC43 at MOI of 0.1 at 24 h after seeding. Virusethe supernatant were harvested at 16 hpi.
The virus titers were quantified by plaque redutassay.

Differential scanning fluorimetry (DSF)

The binding of boceprevir, calpain inhibitors lidaKIl, and GC-376 on MERS-CoV, SARS-
CoV and HCoV-OC43 M° proteins was monitored by differential scanningflmetry (DSF)
using a Thermal Fisher QuantStudic Real-Time PCR System as previously descfibeilh

minor modifications. TSA plates were prepared bying M

proteins (final concentration of 4
uM) with different concentrations of compounds (200 uM) and incubated at 30 °C for 1
hr. 1x SYPRO orange (Thermal Fisher) were addedlafluorescence signal was recorded

under a temperature gradient ranging from 20 t&®BEncremental steps of 0.05 °C/s). The
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melting temperaturel(,) was calculated as the mid-log of the transitibage from the native to
the denatured protein using a Boltzmann model atdifr Thermal Shift Software v1.3T,, was
calculated by subtracting reference melting tentpegaof proteins in the presence of DMSO
from theTy,, in the presence of compounds. Curve fitting watopmed using the Boltzmann
sigmoidal equation in Prism (v8) software.

Enzymatic assays

For the measurements K{i/Vmax and 1Go values, proteolytic reactions were carried ouhwit
100 nM MERS-CoV, SARS-CoV or HCoV-OC43°Min 100 pL of pH 6.5 reaction buffer (20
mM HEPES, pH 6.5, 120 mM NacCl, 0.4 mM EDTA, 4 mM Da&nd 20% glycerol) at 30 °C in
a Cytation 5 imaging reader (Thermo Fisher Sciepwfith filters for excitation at 360/40 nm
and emission at 460/40 nm. Reactions were monitevedy 90 s. FOKw/Vmex measurements, a
FRET substrate concentration ranging from 0 to|200was applied. The initial velocity of the
proteolytic activity was calculated by linear reggi®n for the first 15 min of the kinetic progress
curves. The initial velocity was plotted againg FRET concentration with the classic
Michaelis—Menten equation in Prism 8 software. I&3p measurements, 100 nMPNMprotein

was incubated with 0.1 to 100 uM boceprevir, calpahibitors 1l and Xll, and GC-376 at 30 °C
for 30 min in reaction buffer, then the reactiorsvitiated by adding 10 uM FRET substrate.
The reaction was monitored for 1 h, and the initelbcity was calculated for the first 15 min by
linear regression. The igwas calculated by plotting the initial velocityaagst various
concentrations of the compounds using a dose-resparrve in Prism 8 software. Kinetics
measurements of the proteolytic reaction prograsges with boceprevir, calpain inhibitor I
and Xll, and GC-376 were carried out as followdn®1 MERS-CoV M, 5 nM SARS-CoV

MP™ or 3.3 nM HCoV-OC43 M° was added to 20 uM FRET substrate with various
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concentrations of compounds in 200 pL of reactioffen at 30 °C to initiate the proteolytic
reaction. The reaction was monitored for 4 h. Tlogpess curves were fitted as previously
described! Substrate depletion was observed when protealggictions progress longer than 90
min, therefore only the first 90 min of the progresirves were used in the curve fitting. In this
study, k for boceprevir, calpain inhibitor 1l and XII, calihot be accurately determined because
of significant substrate depletion before the dsthiment of the equilibrium between El and EI*,
leading to very slow Xk In these cases, Kvas determined with Morrison equation in Prism 8.
SARS-CoV and MERS-CoV CPE assays

Antiviral activities of test compounds were detared in nearly confluent cultures of Vero 76
cells. The assays were performed in 96-well Cormmmgyoplates. Cells were infected with
approximately 30 cell culture infectious doses (B4g) of SARS-CoV or 40 CCIE)y of MERS-
CoV. The plates were incubated at 37°C with 5% @@l 50% effective concentrations @g)C
were calculated based on virus-induced cytopaffects (CPE) quantified by neutral red dye
uptake after 4 days of incubation for SARS-CoV aays of incubation for MERS-CoV. Three
microwells at each concentration of compound wefected. Two uninfected microwells served
as toxicity controls. Cells were stained for vighpifor 2 h with neutral red (0.11% final
concentration). Excess dye was rinsed from the gath phosphate-buffered saline (PBS). The
absorbed dye was eluted from the cells with 0.DfBl0% Sorensen’s citrate buffer (pH 4.2)-
50% ethanol. Plates were read for optical dengtgrthination at 540 nm. Readings were
converted to the percentage of the results fouttiefected control using an Excel spreadsheet
developed for this purpose. Evalues were determined by plotting percent CPBuslog10
inhibitor concentration. Toxicity at each concetitna was determined in uninfected wells in the

same microplates by measuring dye uptake.
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HCoV-0C43, HCoV-229E, and HCoV-NL 63 CPE assays

Antiviral activities of boceprevir, calpain inhibits Il and XIl, and GC-376 against HCoV-229E,
HCoV-NL63 and HCoV-OC43 were tested in CPE assaysraviously describétwith minor
modifications. Briefly, cell cultures near conflugnn 96-well plates were infected with 100 pL
of viruses at desired dilutions and incubated for Unabsorbed virus was removed and
different concentrations of testing compounds (0100.03, 0.1, 0.3, 1, 3, 10, 30, 100 uM) were
added. Remdesivir was included as a positive cbrithe plates were incubated for another 3 to
5 days when a significant cytopathic effect waseobesd in the wells without compound (virus
only). Cells were stained with 0.1 mg/ml neutral fer 2 h, and excess dye was rinsed from the
cells with PBS. The absorbed dye was dissolved avilaffer containing 50% ethanol and 1%
glacial acetic acid. Plates were read for optieslsity determination at 540 nm. Readings were
normalized with uninfected controls. Efvalues were determined by plotting percent CPE
versus logy compound concentrations from best-fit dose responsves with variable slope in
Prism 8. Toxicity at each concentration was deteeaiiin uninfected cells in the same
microplates by measuring neutral red dye uptake.

RNA extraction and real-time PCR

RNA extraction and RT-PCR were performed as preshioudescribed®> Total RNA was
extracted from HCoV-NL63 virus infected Caco-2 sedit a MOI of 0.05 at 48 hours post
infection using TRIzol reagents (Thermo Fisher Biifie). 2.001ug of total RNA was used to
synthesize the first strand cDNA of viral RNA andsh RNA using SuperScript Il reverse
transcriptase (Thermo Fisher Scientific) and Ranétaxamer primer. Viral RNA was amplified
on a Thermal Fisher QuantStullfo5 Real-Time PCR System (Thermo Fisher Scientif&ihg

FastStart Universal SYBR Green Master mix (carb¥xyrodamine; Roche) and HCoV-NL63
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N gene-specific primers (Forward: 5'-CTGTTACTTTGGIORAAGAACTTAGG-3'; Reverse:
5-CTCACTATCAAAGAATAACGCAGCCTG-3'). GAPDH was alsamplified to serve as a
control using human GAPDH-specific primers (GAPDH-F 5-
ACACCCACTCCTCCACCTTTG-3 and GAPDH-R: 5CACCACCCT GTTGCTGTAGCC-
3). The amplification conditions were: 98C for 100min; 40 cycles of 15s at 951°C and
60 /s at 601°C. Melting curve analysis was performed to verihe specificity of each
amplification. All experiments were repeated thigees independently.

Combination ther apy

Boceprevir, calpain inhibitors Il and XlI, and G@&was mixed with remdesivir at combination
ratio of 8:1, 4:1, 2:1, 1:1, 1:2, 1:4, and 1:8 sapay. The mixture of each compound with
remdesivir at each combination ratio was serialiyted into 7 different concentrations and
applied in HCoV-OC43 CPE assay to determingoCeach compound and remdesivir in the
combination ratio. A combination indices (Cls) phas used to depict the Efalues of each
compound and remdesivir at different combinatidiosa The red line indicates the additive

effect, and above the red line indicates the amiggg while below the red line indicates the

synergy>

Author Information
Corresponding author

Jun Wang — Department of Pharmacology and toxicology, CollegBharmacy, University of
Arizona, 1703 E. Mabel St, Tucson, AZ, 85721, UhiBtates; ORCID ID: 0000-0002-4845-

4621; Phone: +1-520-626-1366; Emailhwang@pharmacy.arizona.edu



https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Authors

Yanmei Hu — Department of Pharmacology and toxicology, CollefjEharmacy, University of

Arizona, 1703 E. Mabel St, Tucson, AZ, 85721, WhiBtates.

Chunlong Ma — Department of Pharmacology and toxicology, CollebBharmacy, University

of Arizona, 1703 E. Mabel St, Tucson, AZ, 85721 jtBh States.

Tommy Szeto — Department of Pharmacology and toxicology, CollegEharmacy, University

of Arizona, 1703 E. Mabel St, Tucson, AZ, 85721 jtEh States.

Many Ba — Department of Pharmacology and toxicology, CollehBharmacy, University of

Arizona, 1703 E. Mabel St, Tucson, AZ, 85721, UhiBtates.

Brett Hurst — Institute of Antiviral Research, Utah State Univigrs5600 Old Main Hill, Logan,

UT, 84322, United States.

Bart Tarbet — Institute of Antiviral Research, Utah State Univigrs5600 Old Main Hill,

Logan, UT, 84322, United States.

Author Contributions

Y.H., C.M., and J.W. designed the experiments. Y¢tformed the enzymatic assay, thermal
shift binding assay, time-of-addition assay, pseude neutralization assay, antiviral assays
against HCoV-0C43, HCoV-229E, and HCoV-NL63, anel tbmbination therapy experiment.

C.M. performed the enzymatic assays against SARSZMP° and MERS-CoV M°. T. S.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

expressed and purified the SARS-CoV-2, SARS-Cod,MERS-CoV M. B. H. and B. T.

performed the SARS-CoV and MERS-CoV CPE assays. and J.W. wrote the manuscript.

Acknowledgments

This research is supported by the NIH grants (ALBIQ Al144887, Al147325, and Al157046),
and the Young Investigator Award grant from thezAna Biomedical Research Centre to J.W

(ADHS18-198859).

REFERENCES

1. Corman, V. M., Lienau, J., and Witzenrath, M0X9) [Coronaviruses as the cause of
respiratory infections]internist (Berl) 60, 1136-1145.

2. Gagneur, A., Sizun, J., Vallet, S., Legr, M. @icard, B., and Talbot, P. J. (2002)
Coronavirus-related nosocomial viral respiratofgations in a neonatal and paediatric intensive
care unit: a prospective study Hosp. Infect. 51, 59-64.

3. Hilgenfeld, R., and Peiris, M. (2013) From SARSMERS: 10 years of research on highly
pathogenic human coronavirus@stiviral Res. 100, 286-295.

4. Zumla, A., Hui, D. S., and Perlman, S. (2015)8le East respiratory syndromeancet 386,
995-1007.

5. Hui, D. S, E, I. A., Madani, T. A., Ntoumi, KKock, R., Dar, O., Ippolito, G., McHugh, T.
D., Memish, Z. A., Drosten, C., Zumla, A., and Psta, E. (2020) The continuing 2019-nCoV
epidemic threat of novel coronaviruses to globalthe- The latest 2019 novel coronavirus

outbreak in Wuhan, Chinént. J. Infect. Dis. 91, 264-266.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

6. Cabeca, T. K., Granato, C., and Bellei, N. (30&EBidemiological and clinical features of
human coronavirus infections among different subswt patients.Influenza Other Respir.
Viruses 7, 1040-1047.

7. van der Hoek, L., Pyrc, K., Jebbink, M. F., Veuten-Oost, W., Berkhout, R. J., Wolthers, K.
C., Wertheim-van Dillen, P. M., Kaandorp, J., Spaaen, J., and Berkhout, B. (2004)
Identification of a new human coronaviridat. Med. 10, 368-373.

8. Woo, P. C,, Lau, S. K., Chu, C. M., Chan, K. Fgi, H. W., Huang, Y., Wong, B. H., Poon,
R. W., Cai, J. J., Luk, W. K., Poon, L. L., Wong,S, Guan, Y., Peiris, J. S., and Yuen, K. Y.
(2005) Characterization and complete genome sequeh@ novel coronavirus, coronavirus
HKU1, from patients with pneumonid. Virol. 79, 884-895.

9. Su, S., Wong, G., Shi, W., Liu, J., Lai, A. C, Ehou, J., Liu, W., Bi, Y., and Gao, G. F.
(2016) Epidemiology, Genetic Recombination, andh&ggnesis of Coronavirusesrends
Microbiol. 24, 490-502.

10. Anand, K., Ziebuhr, J., Wadhwani, P., Mestér®R., and Hilgenfeld, R. (2003) Coronavirus
main proteinase (3CLpro) structure: basis for desifjanti-SARS drugsScience 300, 1763-
1767.

11. Khan, M. I, Khan, Z. A., Baig, M. H., Ahmad, Farouk, A. E., Song, Y. G., and Dong, J. J.
(2020) Comparative genome analysis of novel corouav(SARS-CoV-2) from different
geographical locations and the effect of mutatiemsnajor target proteins: An in silico insight.
PLoS One 15, e0238344.

12. Chuck, C. P., Chow, H. F., Wan, D. C., and WaKgB. (2011) Profiling of substrate
specificities of 3C-like proteases from group 1, 2&, and 3 coronaviruse®LoS One 6,

e27228.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

13. Zhang, L., Lin, D., Sun, X., Curth, U., Drostéh, Sauerhering, L., Becker, S., Rox, K., and
Hilgenfeld, R. (2020) Crystal structure of SARS-C2Vmain protease provides a basis for
design of improved alpha-ketoamide inhibit@sence 368, 409-412.

14. Yang, H., Yang, M., Ding, Y., Liu, Y., Lou, ZZhou, Z., Sun, L., Mo, L., Ye, S., Pang, H.,
Gao, G. F., Anand, K., Bartlam, M., Hilgenfeld, Bnd Rao, Z. (2003) The crystal structures of
severe acute respiratory syndrome virus main pset@ad its complex with an inhibitdProc
Natl Acad Sci U SA 100, 13190-13195.

15. Wang, F., Chen, C., Tan, W., Yang, K., and Yang(2016) Structure of Main Protease
from Human Coronavirus NL63: Insights for Wide Spe Anti-Coronavirus Drug Design.
. Rep. 6, 22677.

16. Zhao, Q., Li, S., Xue, F., Zou, Y., Chen, Carttam, M., and Rao, Z. (2008) Structure of the
main protease from a global infectious human coroag, HCoV-HKUL1.J. Virol. 82, 8647-
8655.

17. Ma, C., Sacco, M. D., Hurst, B., Townsend, .J.Hu, Y., Szeto, T., Zhang, X., Tarbet, B.,
Marty, M. T., Chen, Y., and Wang, J. (2020) Bocepre5C-376, and calpain inhibitors 1l, XII
inhibit SARS-CoV-2 viral replication by targetinige viral main proteas€ell Res. 30, 678-692.
18. Sacco, M. D., Ma, C., Lagarias, P., Gao, Awigend, J. A., Meng, X., Dube, P., Zhang, X.,
Hu, Y., Kitamura, N., Hurst, B., Tarbet, B., Martyl. T., Kolocouris, A., Xiang, Y., Chen, Y.,
and Wang, J. (2020) Structure and inhibition of ##RS-CoV-2 main protease reveals strategy
for developing dual inhibitors against M(pro) aradrepsin LbioRxiv, 2020.2007.2027.223727.
19. Shang, J., Wan, Y., Luo, C., Ye, G., Geng,Aperbach, A., and Li, F. (2020) Cell entry

mechanisms of SARS-CoV-Proc. Natl. Acad. Sci. U. S A. 117, 11727-11734.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

20. Hoffmann, M., Kleine-Weber, H., Schroeder, &ruger, N., Herrler, T., Erichsen, S.,
Schiergens, T. S., Herrler, G., Wu, N. H., Nitsche,Muller, M. A., Drosten, C., and Pohimann,
S. (2020) SARS-CoV-2 Cell Entry Depends on ACE2 amdPRSS2 and Is Blocked by a
Clinically Proven Protease InhibitaZell 181, 271-280.

21. Crawford, K. H. D., Eguia, R., Dingens, A. Sogs, A. N., Malone, K. D., Wolf, C. R., Chu,
H. Y., Tortorici, M. A., Veesler, D., Murphy, M.,diie, D., King, N. P., Balazs, A. B., and
Bloom, J. D. (2020) Protocol and Reagents for Psgpohg Lentiviral Particles with SARS-
CoV-2 Spike Protein for Neutralization Assaystuses 12, 513.

22. Nie, J., Li, Q., Wu, J., Zhao, C., Hao, H., liu, Zhang, L., Nie, L., Qin, H., Wang, M., Lu,
Q., Li, X., Sun, Q., Liu, J., Fan, C., Huang, Wy, M., and Wang, Y. (2020) Establishment and
validation of a pseudovirus neutralization assayS8RS-CoV-2.Emerg. Microbes Infect. 9,
680-686.

23. Sasaki, T., Kishi, M., Saito, M., Tanaka, Tigtthi, N., Kominami, E., Katunuma, N., and
Murachi, T. (1990) Inhibitory effect of di- andpeptidyl aldehydes on calpains and cathepsins.
J. Enzyme Inhib. 3, 195-201.

24. Owczarek, K., Szczepanski, A., Milewska, A.sta, Z., Rajfur, Z., Sarna, M., and Pyrc, K.
(2018) Early events during human coronavirus OG#8yeo the cellSci. Rep. 8, 7124.

25. Ullrich, S., and Nitsche, C. (2020) The SARS/€bmain protease as drug targsioorg.
Med. Chem. Lett. 30, 127377.

26. Niesen, F. H., Berglund, H., and Vedadi, M. Q20 The use of differential scanning
fluorimetry to detect ligand interactions that paim protein stabilityNat. Protoc. 2, 2212-

2221.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

27. Yin, W., Mao, C., Luan, X., Shen, D. D., Shén, Su, H., Wang, X., Zhou, F., Zhao, W.,
Gao, M., Chang, S., Xie, Y. C., Tian, G., JiangW, Tao, S. C., Shen, J., Jiang, Y., Jiang, H.,
Xu, Y., Zhang, S., Zhang, Y., and Xu, H. E. (2038djuctural basis for inhibition of the RNA-
dependent RNA polymerase from SARS-CoV-2 by remuitessicience 368, 1499-1504.

28. Rodgers, A., Laba, T. L., and Jan, S. (20143l#ating the costs and benefits of using
combination therapiedled. J. Aust. 201, 447-448.

29. Hofmann, W. P., Soriano, V., and Zeuzem, S092QAntiviral combination therapy for
treatment of chronic hepatitis B, hepatitis C, dngnan immunodeficiency virus infection.
Handb. Exp. Pharmacol. 321-346.

30. Fischbach, M. A. (2011) Combination therapies ¢dombating antimicrobial resistance.
Curr. Opin. Microbiol. 14, 519-523.

31. Bayat Mokhtari, R., Homayouni, T. S., Baluch, Morgatskaya, E., Kumar, S., Das, B., and
Yeger, H. (2017) Combination therapy in combatiagaer.Oncotarget 8, 38022-38043.

32. Ma, C., Hu, Y., Zhang, J., and Wang, J. (20RBarmacological Characterization of the
Mechanism of Action of R523062, a Promising Antifor Enterovirus D68ACS Infect. Dis.

6, 2260-2270.

33. Bertram, S., Dijjkman, R., Habjan, M., Heuri¢h, Gierer, S., Glowacka, I., Welsch, K.,
Winkler, M., Schneider, H., Hofmann-Winkler, H., i€h V., and Pohlmann, S. (2013)
TMPRSS2 activates the human coronavirus 229E fibrepain-independent host cell entry and
is expressed in viral target cells in the respma@pithelium.J. Virol. 87, 6150-6160.

34. Bosch, B. J., Bartelink, W., and Rottier, P(2D08) Cathepsin L functionally cleaves the
severe acute respiratory syndrome coronavirus dldission protein upstream of rather than

adjacent to the fusion peptide.Virol. 82, 8887-8890.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

35. Kawase, M., Shirato, K., Matsuyama, S., anduthg F. (2009) Protease-mediated entry via
the endosome of human coronavirus 22BK/rol. 83, 712-721.

36. Park, J. E., Li, K, Barlan, A., Fehr, A. Rerlfhan, S., McCray, P. B., Jr., and Gallagher, T.
(2016) Proteolytic processing of Middle East resjory syndrome coronavirus spikes expands
virus tropism.Proc. Natl. Acad. Sci. U. S A. 113, 12262-12267.

37. Milewska, A., Nowak, P., Owczarek, K., SzczegpadnA., Zarebski, M., Hoang, A., Berniak,
K., Wojarski, J., Zeglen, S., Baster, Z., Rajfur, and Pyrc, K. (2018) Entry of Human
Coronavirus NL63 into the Cell. Virol. 92, e01933-17.

38. Simmons, G., Gosalia, D. N., Rennekamp, ARdeves, J. D., Diamond, S. L., and Bates, P.
(2005) Inhibitors of cathepsin L prevent severetagespiratory syndrome coronavirus entry.
Proc. Natl. Acad. Sci. U. S A. 102, 11876-11881.

39. Cannalire, R., Stefanelli, I., Cerchia, C., &8¢ A. R., Pelliccia, S., and Summa, V. (2020)
SARS-CoV-2 Entry Inhibitors: Small Molecules andoides Targeting Virus or Host Cellsit.

J. Moal. &i. 21, 5707.

40. Liu, T., Luo, S., Libby, P., and Shi, G. P. ZR) Cathepsin L-selective inhibitors: A
potentially promising treatment for COVID-19 patieriPharmacol. Ther. 213, 107587.

41. Kim, Y., Lovell, S., Tiew, K. C., Mandadapu, ., Alliston, K. R., Battaile, K. P., Groutas,
W. C., and Chang, K. O. (2012) Broad-spectrum a@maisr against 3C or 3C-like proteases of
picornaviruses, noroviruses, and coronavirudedirol. 86, 11754-11762.

42. Zhang, J., Hu, Y., Wu, N., and Wang, J. (2@&overy of Influenza Polymerase PA-PB1
Interaction Inhibitors Using an In Vitro Split-Lderase Complementation-Based AssAgS

Chem. Biol. 15, 74-82.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

43. Musharrafieh, R., Ma, C., Zhang, J., Hu, Y.eding, J. M., Marty, M. T., and Wang, J.
(2019) Validating Enterovirus D68-2A(pro) as an ikmal Drug Target and the Discovery of
Telaprevir as a Potent D68-2A(pro) InhibitdrVirol. 93, e02221-18.

44, Hu, Y., Zhang, J., Musharrafieh, R. G., Ma, idau, R., and Wang, J. (2017) Discovery of
dapivirine, a nonnucleoside HIV-1 reverse trangasp inhibitor, as a broad-spectrum antiviral
against both influenza A and B virusésttiviral Res. 145, 103-113.

45. Zhang, J., Hu, Y., Foley, C., Wang, Y., Mushfeh, R., Xu, S., Zhang, Y., Ma, C., Hulme,
C., and Wang, J. (2018) Exploring Ugi-Azide Foum@mnent Reaction Products for Broad-

Spectrum Influenza Antivirals with a High GenetiarBer to Drug Resistancg&ci. Rep. 8, 4653.


https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.30.362335; this version posted November 1, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Table of Content Graphic

am

oy et 1 nep L ‘m-rﬂ 2l a| 5 \ ik
e | il ReRp | el nepta] 58
Cathepsin L i PLee = Main protease

Dual inhibiters of cathepsin L and main protease

SARS-CoV-2 EC,= 2072076 uM
SARS-CoV  EC,=558=0.74uM
HCoV OC43
HCa\V-NLEZ
HGeV-229E

s

Fat

[
i o . SARS-Cov2 EG,, =049 £0.15 4
- s ok SARS-Ca¥  EC,=1.08 £0.14 uhl
) HCoW-OCA3  EG,, =165 £ 0.06 ubt
1 HCOUNLG3  EC,,=0.73£0.12 M

calpain inhibitor X1 HCEW-229E G, =0.10 £ 0.01 bkt
Infeclion|



https://doi.org/10.1101/2020.10.30.362335
http://creativecommons.org/licenses/by-nd/4.0/

