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Targeting protein homeostasis with small
molecules as a strategy for the
development of pan-coronavirus
antiviral therapies
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The COVID-19 pandemic has created a global health crisis, with challenges arising from the ongoing
evolution of the SARS-CoV-2 virus, the emergence of new strains, and the long-term effects of
COVID-19. Aiming to overcome the development of viral resistance, our study here focused on
developing broad-spectrum pan-coronavirus antiviral therapies by targeting host protein quality
control mechanisms essential for viral replication. Screening an in-house compound library led to the
discovery of three candidate compounds targeting cellular proteostasis. The three compounds are (1)
the nucleotide analog cordycepin, (2) a benzothiozole analog, and (3) an acyldepsipeptide analog
initially developed as part of a campaign to target themitochondrial ClpP protease. These compounds
demonstrated dose-dependent efficacy against multiple coronaviruses, including SARS-CoV-2,
effectively inhibiting viral replication in vitro as well as in lung organoids. Notably, the compounds also
showed efficacy against SARS-CoV-2 delta and omicron strains. As part of this work, we developed a
BSL2-level cell-integrated SARS-CoV-2 replicon, which could serve as a valuable tool for high-
throughput screening and studying intracellular viral replication. Our study should aid in the
advancement of antiviral drug development efforts.

The emergence of the coronavirus disease 2019 (COVID-19) pandemic,
causedby severe-acute-respiratory-syndromecoronavirus 2 (SARS-CoV-2),
has resulted in a significant global health crisiswithmillionsof reported cases
and deathsworldwide1. The development of effective therapeutics to combat
SARS-CoV-2 infection is crucial in controlling the spread of the virus and
mitigating its impact on public health. Although vaccines limited the spread
of SARS-CoV-2 infection2, the virus still evolves to circumvent vaccine- and
antibody-induced immunity3. Small molecule therapies had moderate suc-
cess with few approved antivirals, showing low efficacy, numerous side

effects and subject to development of viral resistance4. The continuous
evolution of the virus, the emergence of new strains with altered
antigenicity and transmissibility, and the potential for the development of
viral resistance pose significant challenges in managing the pandemic3,5.
There are also newer aspects of concern such as long-COVID, with SARS-
CoV-2beingdetected forprolongedperiods in the body, aswell as long-term
effects of the illness affecting recovery of patients, especially those with
comorbid conditions6. Therefore, there is an unmet need for anti-SARS-
CoV-2 drugs that are not only effective against the current virus variants, but
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that would continue to be effective against future coronaviruses that may
emerge.

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA
virus belonging to the genus Betacoronavirus in the family Coronaviridae7.
It is also only one of several pathogenic coronaviruses that have caused
significant global or regional outbreaks in the past 20 years, namely, severe
acute respiratory syndrome coronavirus (SARS-CoV) and Middle East
respiratory syndrome coronavirus (MERS-CoV)8. Other human cor-
onaviruses, such as the alpha coronavirus HCoV-229E (229E) and the beta
coronavirus HCoV-OC43 (OC43), are endemic and circulate in the
population causing mild respiratory tract infections, resulting in common
cold symptoms7. Infection is initiated by the binding of the coronavirus
spike (S) protein to cellular entry receptors such as angiotensin-converting
enzyme (ACE2) for SARS-CoV-2. Cleavage of S protein by the trans-
membrane protease serine 2 (TMPRSS2) triggers fusion of the viral and cell
membranes. Upon entry, coronaviruses express and replicate their genomic
RNA to produce full-length copies that are subsequently incorporated into
newly produced viral particles. 5′ open reading frames, ORF1a and ORF1b,
are immediately translated from the genomic RNAand processed into non-
structural proteins forming the viral replication and transcription com-
plexes. Viral replication organelles form near the nucleus consisting of
perinuclear double-membrane vesicles (DMVs) along with other mem-
brane networks to create a protective microenvironment for viral genomic
RNA amplification and transcription of subgenomic RNAs (sgRNAs). A
nested set of viral sgRNAs are then translated into structural proteins which
translocate through the ER/Golgi network, where virion assembly is initi-
ated followed by eventual release from the infected cell9.

Due to the error-prone nature of viral RNA-dependent RNA poly-
merase, viruses are likely todevelop resistance against agents targeting virus-
encoded functions. As a result, drugs targeting host mechanisms indepen-
dent of the virus that are essential for viral replication represent attractive
targets for broad-spectrum antiviral therapy. In particular, the proteostasis
network is relied on by most viruses: the chaperones for folding and
assembling viral proteins and proteases for degrading and/or processing
viral proteins to aid in virus replication10. As an example related to thiswork,
RUVBL1/2 are two AAA+ ATPases that function in a variety of cellular
processes, especially when they are part of the R2TP chaperone complex,
such as in chromatin remodeling, ciliogenesis, assembly, andmaturation of
several large macromolecular complexes including RNA polymerases, the
box C/D small nucleolar ribonucleoprotein (snoRNP) and mTOR
complexes11. RUVBL1/2 are involved in the assembly of the Mumps Virus
(MuV) and Measles Virus (MeV) replication machineries12 and interact
with theEbolaVirus (EBOV)nucleoprotein13.Also,RUVBL2 is exploitedby
HIV-1 to regulate its viral protein expression levels for efficient virion
production14. An example of proteases influencing viral replication is the
mitochondrial ClpP protease that affects mitochondrial protein quality
control by degrading misfolded or damaged proteins15. Depletion of ClpP
was recently found to activate the type I interferon response, generating
potent antiviral phenotypes16. Hence, we undertook an effort to screen for
compounds targeting the proteostasis network in mammalian cells that
affect coronavirus replication.

We describe here our screening campaign for pan-coronavirus inhi-
bitors against 229E, OC43, and SARS-CoV-2 using an in-house library of
more than 500 proprietary compounds that target either the chaperone
complex RUVBL1/2 or themitochondrial protease ClpP alongwith general
chaperone inhibitors, including ATP analogs. As part of this effort, we also
describe the design, construction, and use of a SARS-CoV-2 replicon. The
replicon is a mammalian cell-integrated SARS-CoV-2 replicon with several
different reporters that achieved two goals: biological safety, as well as high
suitability for high throughput screen (HTS). The replicon is available for
use in biosafety level (BSL) 2 laboratories not only for screening but also to
study the molecular mechanisms of SARS-CoV-2 replication. From our
screening campaign, three hit compoundswere validatedusing cell lines, the
above-described replicon, and lung organoids.

Results
Screening of small molecules targeting host proteostasis net-
work identified three candidate compounds effective against
multiple coronaviruses
An in-house library of 546 mainly proprietary compounds, including 444
compounds targeting theClpPprotease, 93 targeting theAAA+ chaperones
RUVBL1 and/or RUVBL2, and an additional 9 targeting common cha-
perones were selected to screen for anti-coronavirus activity in Huh-7
(humanhepatocellular carcinoma) cells. ClpP targeting compounds include
Activators of Cylindrical Proteases (ACPs)17,18, Acyldepsipeptides
(ADEPs)19, as well as imipridones20. RUVBL1/2 targeting compounds
included analogs of a known RUVBL1/2 ATPase inhibitors21–24, as well as
nucleoside analogs known to interact with RUVBL1/225. Compound con-
centrations were adjusted for cytotoxicity effects using the alamarBlue
assay26. All compounds were used at a starting concentration of 10 µM. For
samples showing less than 75% of cells alive, compounds were diluted, and
cytotoxicity was remeasured to ensure minimal cytotoxicity. Compounds
were screened first using alpha coronavirus 229E and then beta coronavirus
OC43 (Fig. 1A). Compound performance in suppressing viral replication
was compared to DMSO (vehicle control) and measured by RT-qPCR of
extracellular viral RNA released using primers for the N region of the viral
genome unless otherwise indicated, as well as by immunofluorescence (IF)
analysis of intracellular viral S protein levels where indicated. A cut-off of
20% viral RNA/protein in compound treated sample compared to DMSO
was selected, and compounds passing this cut-off were moved forward in
the screening pipeline andfinally validated for efficacy against SARS-CoV-2
SB2 strain27. The SB2 strain of SARS-CoV-2 was used in all SARS-CoV-2
related experiments unless otherwise stated.

Of 546 compounds tested, 62 compounds as measured by RT-qPCR
and 31 as measured by IF were found to reduce 229E levels by more than
80% in the primary screen (Fig. 1B–D, highlighted in red). 26 compounds
(around 5% of total compounds tested) inhibited accumulation of both
229E viral extracellular RNA and intracellular protein levels. These 26
compounds were then tested against OC43, out of which 8 compoundsmet
the 20% cutoff (Fig. 1E). This set of common inhibitors of both 229E and
OC43 were then subjected to further testing against SARS-CoV-2. Three of
the compounds had desirable viral inhibition and cytotoxicity profiles (see
below): cordycepin, BTZ-1, and ADEP-42. At 30 µM, cordycepin reduced
SARS-CoV-2 RNA release by 99%, while BTZ-1 and ADEP-42 reduced
viral RNA release by 90% at 10 µM (Fig. 1F) confirming their capacity to
inhibit replication of a broad range of coronaviruses.

These three compounds represent varied chemical scaffolds (Fig. 1G).
Cordycepin, naturally derived from the fungus Cordyceps militaris (C.
militaris), is an analogof adenosine consisting of anadeninebase attached to
a sugar ring28. If incorporated into RNA, cordycepin can cause chain ter-
mination, inhibiting RNA synthesis29. It affects the circadian rhythm in
mammals by targetingRUVBL225.A crystal structure ofRUVBL1-RUVBL2
bound to cordycepin was solved showing cordycepin bound at the ATP-
binding sites of the RUVBL1/2 hexamer. A systematic literature review of
cordycepin suggested that it consistently repressed cell migration and cel-
lular inflammation, mainly by inhibiting PI3K/mTOR/Akt and activating
AMPKsignaling30. Its potential therapeutic effects in animalmodels, such as
reducing tumorigenesis, repressing inflammation, improving respiratory
andcardiac conditions, amongothers,wereproposed tobemainlymediated
through these signaling pathways30.

BTZ-1 consists of a benzothiozole attached to a phenol group. Little is
known of this compound as it was produced as an analog of an early lead
compound targeting RUVBL1/2 (Houry lab). ADEP-42 contains a mac-
rolactone core and a polyene sidechain. It is part of a class of antibiotics
largely affecting Gram-positive bacteria by dysregulating the ClpP
protease31. We had found certain analogs that dysregulate the human
mitochondrial ClpP leading to apoptosis in several cancer cell lines32. We
proposed that such ADEPs could have therapeutic potential for cancer
treatment33.

https://doi.org/10.1038/s42003-024-07143-z Article

Communications Biology |          (2024) 7:1460 2

www.nature.com/commsbio


Compound treatment results in a dose-dependent suppression
of coronavirus replication
To further verify the ability of the lead compounds to inhibit
viral replication, as well as to investigate their efficacy, dose responses
against 229E, OC43 and SARS-CoV-2 were carried out for all three
compounds with concentrations ranging from 0.03 – 100 µM
(Fig. 2A–C). Candidate compounds exhibited low μM IC50 (50% inhi-
bitory concentrations) values against the three coronaviruses, including
SARS-CoV-2 (Fig. 2D), showing broad-spectrum anti-coronavirus
potential. The 50% cytotoxicity concentrations (CC50) for the three
compounds were also measured. Cordycepin and BTZ-1 showed a
better selectivity index (SI = CC50/IC50) against 229E than the other two
viruses, at more than 70 and 150, respectively. However, moderate SIs of
more than 20 against SARS-CoV-2 were still achieved by both

compounds. ADEP-42 showed more consistent SI against all three cor-
onaviruses in the range of 35-70 (Fig. 2D). Our compounds are com-
parable to previous published host targeting compounds that inhibit
SARS-CoV-2, such as the SR kinase inhibitor harmine (IC50 = 7.5 µM,
CC50 ≥ 100 µM)34.

Impact of compounds on specific intracellular viral components
was examined in both 229E and SARS-CoV-2 models (Fig. 3). Com-
pound concentrations that resulted in >90% inhibition against extra-
cellular viral RNA release were used. For both viruses, abundance of
intracellular genomic RNA (RT-qPCR against Orf1a) and total
RNA (includes genomic and subgenomic RNA, RT-qPCR against N)
were reduced by at least 80% when treated with any of the candidate
compounds (Fig. 3A, D). This finding suggests that the compounds
impacted overall viral RNA replication and not specifically subgenomic
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Fig. 2 | Efficacy of lead compounds on 229E,OC43, and SARS-CoV-2 replication.
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Mean ± SEM shown is generated from n = 3 independent experiments, each per-
formed in triplicates. D Summary table of IC50, CC50, and selectivity index (SI)
values for indicated compounds against different coronavirus species.
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RNA production. Consistent with changes in viral RNA abundance,
coronavirus structural proteins levels, N and S protein, were significantly
reduced by compound treatment as shown by western blotting and
IF (Fig. 3B, C, E, F). It should be noted that we cannot exclude the
possibility that the antiviral effect of the compounds might be post-
replication.

Compounds are effective in lung organoid model as well as
against several SARS-CoV-2 strains
To examinewhetherour lead compoundsmaintain their antiviral activity in
a more physiological setting, we utilized a lung organoid model35. Mature
lung organoidswere infectedwith SARS-CoV-2 at amultiplicity of infection
(MOI) of 2 and then treated with the compounds or DMSO. Extracellular

0 1 2 3 4 5
0.0

0.5

1.0

1.5

dpi
0 1 2 3 4 5

0

0.5

1.0

1.5

dpi

DMSO
Cordycepin
BTZ-1
ADEP-42

Lung Organoid Infection

0 1 2 3 4 5

0

20

40

60

80

100

dpt

DMSO
Cordycepin
BTZ-1
ADEP-42

GAPDH

SARS-
CoV-2 N

D
M

SO

C
or

dy
ce

pi
n 

30
 μ

M

B
TZ

-1
 3

0 
μM

A
D

EP
-4

2 
30

 μ
M

M
oc

k 
in

fe
ct

io
n

48

35

Total 
protein

229E N

D
M

SO

C
or

dy
ce

pi
n 

30
 μ

M

C
or

dy
ce

pi
n 

50
 μ

M

B
TZ

-1
 1

0 
μM

B
TZ

-1
 3

0 
μM

A
D

EP
-4

2 
10

 μ
M

A
D

EP
-4

2 
30

 μ
M

48

48

A B

D

E

F
Mock

Infec
tio

n
DMSO

Cordyc
ep

in
30

 μM

Cordyc
ep

in
50

 μM

BTZ-1
10

 μM

BTZ-1
30

 μM

ADEP-42
10

 μM

ADEP-42
30

 μM
0

0.5

1.0

1.5

R
el

at
iv

e
in

tr
ac

el
lu

la
r

22
9E

R
N

A
le

ve
ls

to
D

M
SO Genomic RNA

Total RNA

****

Mock
Infec

tio
n

DMSO

Cordyc
ep

in
30

μM

BTZ-1
30

μM

ADEP-42
30

μM 
0

0.5

1.0

1.5

R
el

at
iv

e
in

tr
ac

el
lu

la
r

SA
RS

-C
oV

-2
R

NA
le

ve
ls

to
D

M
SO Genomic RNA Total RNA

****

G

SB2 Delta Omicron
0

0.5

1.0

1.5

SARS-CoV-2 variants

R
el

at
iv

e
ex

tr
ac

el
lu

la
r

SA
RS

-C
oV

-2
N

R
NA

DMSO
Cordycepin
BTZ-1
ADEP-42

****
********

C

H

R
el

at
iv

e
ex

tr
ac

el
lu

la
r

SA
RS

-C
oV

-2
N

R
NA

B
TZ

-1

15 μM

No virus + DMSO

229E (MOI 1) + DMSO

30 μM

Mock infection229E (MOI 1) 

C
or

dy
ce

pi
n

30 μM

A
D

EP
-4

2

15 μM

20 μm20 μm

5 μM

10 μM

D
M

SO

5 μM

SARS-CoV-2 (MOI 1)

A
D

EP
-4

2
B

TZ
-1

20 μm

C
or

dy
ce

pi
n

10 μM

30 μM

10 μM

D
M

SO

%
C

yt
ot

ox
ic

it
y

https://doi.org/10.1038/s42003-024-07143-z Article

Communications Biology |          (2024) 7:1460 5

www.nature.com/commsbio


media samples were harvested daily for four days after infection, with viral
RNA release quantified by RT-qPCR. DMSO treated samples showed
steady increases in SARS-CoV-2 viral RNA release from 1 dpi to 3 dpi, with
slight plateauing by 4 dpi indicating a successful infection with viral repli-
cation maintained in the organoids (Fig. 3G, top panel). In contrast, RNA
release remained low in compound treated samples. By 4 dpi, cordycepin
and ADEP-42 showed 100-fold differences, while BTZ-1 showed 1000-fold
differences compared to DMSO (Fig. 3G, top panel), demonstrating their
ability to inhibit SARS-CoV-2 replication or infection in lung organoids.
The cell viability of the organoids in the presence of compounds were
assessed using LDH assay36. While cytotoxicity of BTZ-1 and ADEP-42
were comparable to DMSO control for all four days of treatment, cordy-
cepin showed low levels of toxicity (below 20%) on days 3 and 4 (Fig. 3G,
bottom panel).

Since all our screening and subsequent testing of the compounds
(Figs. 1, 2, 3D–G) was done using the SB2 strain27, we also tested the
compounds for efficacy against SARS-CoV-2 variants of concern. All three
compoundswere active against both the delta and omicron variants with an
average of 80% reduction in viral RNA release (Fig. 3H). No significant
differences were observed in efficacy against different SARS-CoV-2 strains.
This observation provides evidence that targeting host protein homeostasis
is a viable pan-anticoronavirus strategy.

Compounds can act late in 229E replication to inhibit viral
infectivity
Todissect themechanisms of inhibition by these three compounds, the fast-
growing 229E was used as a model. We first characterized the kinetics of
229E replication inHuh-7 cells in the absence of any compounds.AtMOI2,
229E reached a replication plateau at 24 hpi, releasing almost 20,000-fold
more viral RNA compared to 3 hpi (Fig. 4A). Viral N protein expression
shows a significant increase at 12 hpi (also refer to ref. 37). A significant
increase in viral RNA release was also detected 12 hpi. Utilizing this
information, the addition of compounds was delayed for up to 16 hpi to
examine whether compounds inhibited viral replication even after viral
protein production and RNA release had initiated. All three candidate
compounds reduced the release of viral RNA whether added 1, 6 or 12 hpi
and samples harvested at 24 hpi (Fig. 4B) consistent with them affecting
post-entry stages of virus replication and release. While some increase in
viralRNAreleasewas seenwhencompoundswere added16hpi, subsequent
measurement of viral infectivity, using the 50% tissue culture infectious dose
(TCID50) assay, revealed that 16 hpi compound treated samples were 10-
fold less infectious compared to DMSO treated samples (Fig. 4B).

To further investigate the basis for the antiviral effects seen, we also
examined whether compound treatment affected the localization of total
and genomic viral RNA inside Huh-7 cells using fluorescent in-situ
hybridization (FISH). In these experiments, compounds were added 16 hpi
and FISH was done at 20.5 hpi. No significant differences were observed in
the distribution of total viral RNA staining (Fig. 4C). In contrast, the dis-
tribution of genomic viral RNAwas clearly altered by compound treatment

(Fig. 4D). Upon treatment with DMSO alone, genomic viral RNA was
localized in foci bundles near the nucleus. However, upon compound
treatment, genomic viral RNA became more evenly distributed within the
cytoplasm. Coronavirus RNA replication is known to take place in mem-
brane invaginations near the nucleus that form a protective micro-
environment. A lack of these perinuclear foci suggests that replication sites
were impacted by compound treatment. Furthermore, cytoplasmic dis-
tribution of genomic viral RNA suggests mislocalization of replication sites.
Subsequent analysis using automated image analysis and pattern classifi-
cation throughmachine learning inCellProlifer andCellProlifer Analyst38,39

support this conclusion. Nuclei were identified while cell boundaries and
perinuclear space were propagated based on distance from the nuclei.
Intensity and intensity distribution features were extracted from the geno-
mic viral RNA staining. This data were then coupled with support vector
machine (SVM)-based machine learning to generate a classifier capable of
distinguishing cells with genomic viral RNA primarily localized to peri-
nuclear foci from those with even distribution or cells absent of viral RNA.
Enrichment scores were calculated for each sample based on comparing the
probability of a specific phenotype against all samples. Compound treated
samples scoredmuch lower compared toDMSOcontrolwhenenriching for
perinuclear foci (Fig. 4E). We verified by RT-qPCR that, under these con-
ditions, the compoundsdidnot significantly change the overall levels of total
or genomic viral RNA (Fig. 4F), while slight reduction of the extracellular
viral RNA was observed (Fig. 4G). Taken together, this suggests that com-
pound treatment with each of the three compounds reduced the frequency
of perinuclear 229E viral replication sites under the tested conditions.

BTZ-1 andADEP-42 suppress the formation of infectious viruses
while cordycepin inhibits viral RNA release
A pre-treatment assay was performed in which DMSO, 30 µM cordycepin,
10 µMBTZ-1, or 10 µMADEP-42 were added to naïve (uninfected) Huh-7
cells for 24 hours before the compounds are then removedandwashed.Cells
were subsequently infected with 229E, media samples harvested 24 hpi and
examined by RT-qPCR. Under these conditions, only cordycepin reduced
viral RNArelease, but all three compounds reduced infectious viral particles
by 5-fold as quantified by TCID50 (Fig. 5A). These results suggest that all
three compounds had lasting effects on host mechanisms that affect virus
replication despite being removed from cells prior to virus addition.

Time of removal assays were also carried out, where compounds were
removed from the media 12 or 24 hpi, and media samples were assessed at
24 or 48 hpi of 229E viruses (Fig. 5B and Figure S1A-C). Consistent with the
pre-treatment assay, all three compounds reduced the number of infectious
particles produced, but only cordycepin reduced the level of viral RNA
released even after being removed (Fig. 5B). When compounds are not
removed, all compounds show reduction in viral replication.

To test if the compounds have a prolonged inhibitory effect on 229E
replication, time of incubation assays were performed, where compounds
were added 1 hpi and media samples were assessed at 24, 48, and 72 hpi.
Relative to the DMSO control, cordycepin treatment dramatically reduced

Fig. 3 | Effect of lead compounds on the expression of viral RNA and proteins.
A Relative intracellular 229E RNA levels in 229E (MOI 1) infected Huh-7 cells after
treatment with cordycepin, BTZ-1 and ADEP-42 at the indicated concentrations
compared toDMSO for 24 hours. Genomic RNA (blue)wasmeasured using primers
againstOrf1a, and total RNA (red) wasmeasured using primers against N, bothwere
normalized to actin mRNA. Mean ± SD shown from 2 independent experiments,
each performed in duplicates. ****p < 0.0001.BRepresentative western blot of 229E
N protein levels in samples treated as in A. Lysates were stained with anti-
coronavirus N antibody and total protein was visualized using stain-free imaging.
Molecular weight (MW) markers are given on the right in kDa. C Representative
images of 229E S protein levels in samples treated as inA. Cells were fixed, processed
for IF, and stained with anti-229E S antibody (green) and DAPI (blue). D Relative
intracellular SARS-CoV-2 RNA levels in infected Huh-7 cells after treatment with
cordycepin, BTZ-1 and ADEP-42 at 30 µM compared to DMSO for 48 hours. RNA
was extracted and processed as in (A). Mean ± SD shown from 2 independent

experiments, each performed in duplicate. ****p < 0.0001.ERepresentative western
blot of SARS-CoV-2 N protein levels in samples treated as in D. The lysates were
stained with anti-SARS-CoV-2 N antibody and GAPDH.MWmarkers are given on
the right in kDa. FRepresentative images of SARS-CoV-2 S protein in infectedHuh-
7 cells after treatment with cordycepin at 30 µM, BTZ-1 at 10 µM, and ADEP-42 at
10 µM. Samples were fixed 48 hpi, processed for IF, and stained with anti-SARS-
CoV-2 S antibody (green) and DAPI (blue). G Top: Effects of compounds on
extracellular SARS-CoV-2 N RNA levels in infected (MOI 1) 3D lung organoids
measured over days post infection (dpi). Bottom: Effects of compounds on cell
viability as measured by LDH release over days post-treatment (dpt). Cordycepin
(30 µM), BTZ-1 (10 µM) and ADEP-42 (10 µM) were compared with DMSO
treatment.H Relative extracellular SARS-CoV-2 variants N RNA levels in media of
infected Huh-7 cells after treatment with cordycepin (30 µM), BTZ-1 (10 µM) and
ADEP-42 (10 µM) compared to DMSO.
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viral RNA release in media even up to 72 hpi, whereas suppression of viral
RNA release by BTZ-1 and ADEP-42 treatment was not observed past 48
hpi (Fig. 5C). Although substantial viral RNA release was observed at 72 hpi
in BTZ-1 and ADEP-42 treated samples, subsequent quantification of

infectious particles by TCID50 revealed around 20-fold and more than 10-
fold reduction in the presence of BTZ-1 and ADEP-42, respectively
(Fig. 5C), suggesting that viral particles produced in the presence of BTZ-1
and ADEP-42 are defective. On the other hand, although cordycepin
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SD shown from 3 independent experiments, each performed in duplicates.
G Relative extracellular 229E N RNA levels in 229E (MOI 1) infected Huh-7 cells
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each performed in duplicates. ****p < 0.0001, ***p < 0.001, **p 0.01.
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strongly suppressed viral RNA release, infectivity as measured by TCID50

was around 5-fold higher than that observed for BTZ-1 and ADEP-42 at 72
hpi (Fig. 5C). Our data suggest that cordycepin affects viral replication
differently compared to BTZ-1 and ADEP-42. However, all three com-
pounds show inhibition of virus replication whether added prior to or after
infection.

Cordycepin may inhibit SARS-CoV-2 replication through AMPK
and mTOR/Akt signaling
Given the distinctive characteristics of cordycepin in the experiments of
Fig. 5 and Figure S1, this compoundwas investigated further. Cordycepin is
an adenosine analog that is converted by cell metabolism into mono-, di-,
and triphosphates40. Its triphosphate form (cordycepin-TP) has been sug-
gested to directly target the RNA dependent RNA polymerase (RdRp) of
SARS-CoV-2 in cell free assays41. However, cordycepin inhibited viral
replication despite being removed in the pre-treatment assay (Fig. 5A) and,
hence, was not directly exposed to RdRp. Thus, we initially compared
cordycepin activity with remdesivir, a nucleoside inhibitor, in our pre-
treatment assay to verify this removalwas sufficient to eliminate exposure to
the RdRp. Remdesivir has been shown to inhibit 229E to almost 100% at
concentrations higher than 0.1 µM42. Using much higher concentrations of

remdesivir at 3 µM and 10 µM, our results demonstrated little to no inhi-
bition by remdesivir in the pre-treatment assay, while cordycepin main-
tained its strong inhibition against 229E (Fig. 6A; also refer to Fig. 5A). This
suggests that cordycepin inhibits coronaviruses through mechanisms not
dependent on the direct inhibition of RdRp activity. Furthermore, treating
cellswith cordycepin-TPonlyweakly inhibited viral RNAreleasewhenused
at the same concentration as cordycepin (Fig. S2). Cordycepin-TP also did
not impact S protein expression (Figure S2), suggesting that it is not the
main active form of cordycepin affecting virus replication.

The monophosphate form, cordycepin 5′-monophosphate (cordyce-
pin-MP), activates 5′-adenosine monophosphate (AMP)-activated protein
kinase (AMPK) by mimicking the effects of its natural activator, AMP43,44.
Cordycepin can also inhibit mTOR/Akt signal transduction, which is
known to controlproliferation, cell adhesion, andprotein synthesis45–48. This
effect of cordycepin on mTOR/Akt possibly also occurs through AMPK
signaling (or other upstream targets), since AMPK is an important negative
regulator of mTOR signaling49. Most reported biological effects of cordy-
cepin, such as inhibition of cell proliferation, cell migration/invasion, and
inflammation, are correlated with its effects on mTOR and AMPK
signaling50. Its therapeutic effects in animal models are also consistent with
other AMPK activators and mTOR inhibitors30. AMPK activators such as
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metformin inhibit SARS-CoV-2 in vitro, as well as decrease COVID-19
severity and mortality clinically51. Thus, we hypothesized that cordycepin
may inhibit coronavirus replication by activating AMPK.

As cordycepin-MP is the primary functional analog in activating
AMPK, its ability to inhibit viral replication was assessed in parallel with
cordycepin. As shown in Fig. 6B, cordycepin-MP suppressed 229E viral
replication in a dose-dependent manner. The dose-response curve of
cordycepin-MP closely resembled that of cordycepin with IC50 values of
2.5 µM and 2.1 µM, respectively – the difference falling within the 95%
confidence interval. This observation suggests that cordycepin-MP may be
the main active analog in inhibiting coronavirus replication.

Next, the phosphorylation of AMPKwas examined after SARS-CoV-2
infection of Huh-7 cells and compound treatment to determine whether
cordycepin activated AMPK and affected downstream mTOR/Akt path-
ways. Cordycepin addition increased the phosphorylation level of AMPK
while the protein level of AMPK remained constant (Fig. 6C). In contrast,
we observed a large decrease in the total levels of mTOR andAkt compared
to DMSO (Fig. 6C). As a result, we cannot properly assess the phosphor-
ylation levels of these two proteins. This has been reported in some cor-
dycepin treated cells in the literature, suggesting that cordycepin mediated
effects may be cell-type specific52. Nevertheless, these results indicate that
cordycepin can affect bothAMPKaswell asmTORandAkt signaling either
through phosphorylation or protein expression level changes in the context
of SARS-CoV-2 infection of Huh-7 cells.

Other AMPK activators such as metformin have been shown to be
active against SARS-CoV-2 through a similar pathway51. To assess whether
metformin activity is conserved against other coronaviruses like that for
cordycepin, we tested various concentrations of metformin against 229E.
Metformin inhibited 229E replication in a dose-dependent manner
(Fig. 6D), suggesting thatAMPKactivity is indeed an important regulator of
coronavirus replication.

ADEP-42actspartly throughClpPprotease to inhibit coronavirus
replication
To verify that ADEP-42 inhibits virus replication by targeting mammalian
mitochondrial ClpP protease, we constructed Huh-7 CLPP KO cells using
CRISPR/Cas9. If ADEP-42 acts strictly by dysregulating ClpP, then viral
replication upon addition of the compound to CLPP KO cells should be
unaffected. KO cells were confirmed using a western blot for ClpP (Fig. 6E).
Two separate CLPP KO cell lines were used to ensure that the phenotypes
observed were not due to off-target activity of CRISPR/Cas9. We then
compared the ability of ADEP-42 to inhibit 229E, OC43, and SARS-CoV-2
replication in WT and CLPP KOs (Fig. 6F–H). As expected, ADEP-42
significantly reduced coronavirus RNA release inWT cells. The compound
partly inhibited replications of all three viruses in the CLPP KO cells. This
observation suggests that ADEP-42 may have other targets in addition to
ClpP, including the viral replication machinery, to inhibit coronavirus
replication or infection.

Design and generation of a SARS-CoV-2 replicon integrated into
human cells for use in a BSL2 lab
As part of our screening campaign, we also developed a human cell line
containing a stably integrated SARS-CoV-2 replicon usable in a BSL2 lab.
Several whole SARS-CoV-2 genome systems have recently been developed,
however, they either require a BSL3 facility and/or have not been stably
integrated into amammalian cell line53. In addition, these constructs usually
contain only one reporter at a single location in the viral genome.Thus, they
are not amenable to HTS pipelines. Therefore, we constructed a novel
human cell-integrated SARS-CoV-2 replicon with several different repor-
ters that can bemultiplexed (Fig. 7A) and that achieved two goals: biological
safety and high suitability for HTS facilities.

For scalability and ease of use, the repliconwas encoded on a bacterial
artificial chromosome (BAC) and integrated into Flp-In T-Rex HeLa cells
under the control of a tetracycline-inducible promoter using the Flp
recombination target (FRT) site. To ensure biological safety, two genes

essential for formation of infectious SARS-CoV-2 viral particles were
deleted: (1) gene encoding the S protein, essential for virus entry, and (2)
the gene encoding the envelop (E) protein, required for the production of
viral particles54. Lack of production of infectious virus was confirmed by a
variety of assays. We showed that media collected from SARS-CoV-2
infected samples induced cytopathic effects (CPE) and apoptosis when
used to infect naïve cells, while supernatant from replicon-expressing cells
did not (Fig. S3A). Transmission electron microscopy (TEM) analysis of
Hela-replicon supernatants revealedno viral particle formation compared
to SARS-CoV-2 infected samples, where the classical rounded shape
particles surrounded by S proteins can be observed (Fig. S3B). Lastly, RT-
qPCR of intracellular and extracellular samples for SARS-CoV-2 N RNA
was performed. As expected, N RNA was detected from intracellular
samples, while no N RNA was found in the extracellular media samples
(Fig. S3C). All assays established that our replicon does not produce
infectious SAR-CoV-2 particles, which led to the approval of our replicon
to be used in the BSL2 environment by the Public Health Agency of
Canada (PHAC).

Various modifications were made in the replicon to allow the
detection of various stages of replication/transcription/translation
(Fig. 7A). First, the gene for Nsp2 was replaced with one coding for the
blue fluorescent protein mCerulean3 to detect early transcription and
translation of the opening reading frame Orf1a. Second, Nsp16 (a 2’-O-
methyltransferase) was tagged on the C-terminus with the small frag-
ment of the split superfold mCherry protein (sfCherry2 1-11), allowing
detection of the subcellular localization of the transcription complex
using fluorescence imaging upon transfection with the large fragment of
sfCherry2. Third, the gene for the S protein was deleted and replaced with
HaloTag, permitting use of various fluorescent substrates for detection.
Fourth, the gene for the E protein was deleted to ensure biosafety of our
replicon. Fifth, M protein was tagged on the N-terminus with the small
fragment of the split mNeonGreen protein (mNeonGreen2 1-11). When
co-expressed with the large fragment of mNeonGreen, it allows fluor-
escent detection of viral protein production and potentially viral particle
assembly. Sixth, the nucleocapsid protein N was tagged on the 3′ end
with the sequence encoding for HiBiT, a small high-affinity fragment of
nanoLuciferase. When provided with the large fragment LgBiT and the
luciferase substrate furimazine, lysed cells generate luminescence. Of
note, all deletions retained 12-20 aa of the beginning and the end of the
viral protein to prevent any alterations to the transcription of sub-
genomic RNA. The full sequence of the replicon is provided as Supple-
mental Data File 1 in SnapGene file format.

Subsequently, the expression of the different reporter proteins was
verified by monitoring the doxycycline induction of replicon expression
using the various introduced reporters (Fig. 7B–F and Figure S3D–H). Sub-
micromolar concentrations of doxycycline induced concentration-
dependent N protein expression using media containing tetracycline-free
FBS as monitored by luminescence (Fig. 7B). However, since doxycycline-
free FBS is expensive, regular FBS was also used to ensure that our replicon
can be used economically. Addition of 3 µg/mL doxycycline in regular FBS
resulted in a significant increase in luminescence that can be quantified
using a plate reader compared to both HeLa-replicon cells without dox-
ycycline, as well as HeLa-FlpIn TRex cells without replicon integration
(Fig. S3D).

The HaloTag specific fluorophore JFX650 was used to detect
induction of HaloTag expression in HeLa-Replicon cells upon doxycy-
cline induction (Figs. 7C and S3E). The HaloTag showed diffuse cyto-
plasmic localization, similar to that of SARS-CoV-2 infected cells stained
with anti-S protein antibodies (Fig. 3F). In contrast, induction of
mCerulean3 expression resulted in variably sized foci scattered
throughout the cytoplasm (Figs. 7D and S3F). Though some studies have
reported diffuse cytoplasmic localization for Nsp2, they used transfected
plasmids to overexpress the protein in the cell55,56. The dispersed foci can
be observed in cells infected with intact SARS-CoV-2 and stained with
anti-Nsp2 antibodies57. It is interesting that the fluorescent markers
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retain the localization of SARS-CoV-2 proteins during infection when
only a small sequence of the N- and C-termini remain. Lastly, HeLa-
Replicon cells were transiently transfected with the large fragment of split
sfCherry2 or mNeonGreen2 to complement their respective small frag-
ments attached to either Nsp16 or M protein; these showed significant
red and green fluorescence, respectively (Figs. 7E, F and S3G,H).

Perinuclear foci were observed for both fluorescent markers, slightly
larger in size compared to those formed by mCerulean3. These patterns
are similar to literature-reported localizations for Nsp16 and M protein57.
While the luminescent marker can be used as a large-scale screening tool,
our set of fluorescent markers can be utilized to study the molecular
mechanism of SARS-CoV-2 infection.
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The effect of identified compound hits on the SARS-CoV-2
replicon
One of themain purposes of the replicon is to provide a tool for use in HTS
facilities to screen large chemical libraries for anti-SARS-CoV-2 activity. It
should be noted that the replicon as designed would only report on com-
pounds modulating viral replication/transcription/translation and not viral
entry or exit. We validated the efficacy of a known antiviral, remdesivir, at
inhibiting replicon activity. Remdesivir shows in vitro efficacy against
SARS-CoV-2 through inhibition of RNA-dependent RNA polymerase58.
Originally it waswidely used for seriously ill COVID-19 patients, albeit with
modest clinical success in hospital stay times but not in reduction of
mortality59. Remdesivir showed concentration-dependent inhibition of
replicon activity with IC50 of 0.4 µM (Fig. 7G), remarkably close to the
published IC50 for remdesivir efficacy against genuine SARS-CoV-2 inVero
cells60. Subsequently, we validated the efficacy of our three candidate com-
pounds in inhibiting replicon activity. BTZ-1 and ADEP-42 both showed
concentration-dependent inhibition of replicon activity as monitored by
luminescence (Fig. 7H). The IC50 for both agents were 2.4 and 11.4 µM,
respectively, similar to the IC50 obtained using in vitro assays described in
Fig. 2. On the other hand, cordycepin did not show inhibition of replicon
activity (Fig. 7H).

One possible explanation for the discrepancy for cordycepin between
experimental systems is that cordycepin mediated effects are cell-type
dependent. We observed that total mTOR and Akt protein levels were
reduced in Huh-7 cells infected with SARS-CoV-2 upon cordycepin addi-
tion (Fig. 6C), and a similar effect was observed by others in NIH3T3 cell45.
In contrast, only phosphorylation levels of mTOR and Akt were affected in
other cell types30. Thus, protein and phosphorylation levels of AMPK,
mTOR, and Akt were checked in the HeLa-replicon cells (Fig. 7I). Replicon
expression was induced by doxycycline and cells were treated with either
DMSO or cordycepin. No significant changes were observed in AMPK,
mTOR or Akt phosphorylation. Interestingly, total Akt levels did decrease,
but there were no changes in the levels of phosphorylated Akt, suggesting
that phosphorylation may have even increased in cordycepin treated sam-
ples. On the other hand, total mTOR protein levels were not affected by
cordycepin treatment. Taken together, cordycepin treatment was not
effective at inducing significant changes in mTOR/Akt signal transduction,
nor did it affect AMPK activity in our HeLa-replicon cells, presumably
contributing to the lack of inhibition of replicon expression by cordycepin.

Discussion
In this study, we focused on targeting host processes essential for viral
replication as a strategy for broad-spectrum antiviral therapy. Specifi-
cally, we targeted the chaperones RUVBL1/2 and the mitochondrial
protease ClpP, which have been shown to play crucial roles in the
replication of various viruses16. Screening an in-house library of com-
pounds identified three candidate compounds, cordycepin, BTZ-1, and
ADEP-42 (Fig. 1G), which demonstrated dose-dependent efficacy against

multiple coronaviruses, including SARS-CoV-2, with low µM IC50 values
(Fig. 2). All three compounds inhibited SARS-CoV-2 replication or
infection in lung organoids (Fig. 3G), and the compounds had activity
against SARS-CoV-2 delta and omicron strains (Fig. 3H).

It is important to note that the compounds identified in this study,
cordycepin, BTZ-1, and ADEP-42, have varying chemical scaffolds, and
their mechanisms of action likely differ. We found that cordycepin inhibits
the mTOR/Akt signaling pathway and activates AMPK signaling in the
context of SARS-CoV-2 infection in a cell-type-specific manner (Fig. 6C).
These signaling pathways play crucial roles in cell growth, metabolism,
inflammation, and immune response, and are exploited by SARS-CoV-2 to
improve its survival and replication61. Overactivation of mTOR/Akt was
correlated with severe cases of COVID-19 and in vitro SARS-CoV-2
infection can cause hyperactivation of mTOR61. This response eventually
leads to increased protein synthesis (including viral proteins), impaired
autophagy flux (preventing degradation of virions), and increased pro-
duction of inflammatory cytokines. AMPK negatively regulates mTOR
upstream61,62. Thus, it is not surprising that other mTOR inhibitors and
AMPK activators such as rapamycin and metformin, respectively, have
therapeutic potential against SARS-CoV-263. Our results suggest that cor-
dycepin can function in the same pathway. Additionally, cordycepin was
shown to inhibit inflammation in many diseases and animal models by
affecting AMPK and/ormTOR64. Furthermore,C. militaris, the fungus that
cordycepin is derived from, downregulates cytokines in human trials65.
Given that cytokine storm and inflammation are major contributors to
COVID-19 severity, cordycepin’s anti-inflammatory effects may have
therapeutic implications.

Published cell-free assays provided evidence that cordycepin-TP can
inhibit the activity of SARS-CoV-2 polymerase NSP1241, suggesting that
cordycepin’s activity against coronaviruses may also involve direct inhibi-
tion of viral replication. However, our in vitro assays suggest that
cordycepin-MP and not cordycepin-TP act as the major contributor to the
inhibition of coronavirus replication (Figs. 6B and S2). In addition, cordy-
cepin inhibited viral replication despite the lack of exposure of viral poly-
merase to the compound. For instance, cordycepin pre-treated cells (where
compounds were removed and washed prior to infection) still showed a
significant reduction of viral replication while remdesivir did not maintain
its activity in this assay (Figs. 5A, 6A). In our time of removal assays,
cordycepin was removed at 24 hpi, viral replication was still significantly
suppressed when measured at 48 hpi, again without exposure of viral
polymerase to cordycepin for 24 hours (Fig. 5B).Overall, the results support
cordycepin as a promising compound for the development of antiviral
therapies against coronaviruses, including SARS-CoV-2, without directly
targeting the viral polymerase. Further studies are needed to elucidate the
precise mechanisms of action of cordycepin against coronaviruses and to
evaluate its potential as a therapeutic agent for COVID-19.

A potential clinical caveat is the bioavailability of cordycepin in vivo.
Though cordycepin has been shown to have biological activity in animal

Fig. 7 | Generation and verification of the SARS-CoV-2 replicon. A Schematic of
the SARS-CoV-2 replicon. Viral genome expressed under tetracycline-inducible/
CMV chimeric promoter with parts of E and S proteins deleted to attenuate virus
infectivity. The replicon is stably integrated into HeLa cells through the Flp-In
recombinase system. The main modifications introduced into the SARS-CoV-2
genome are highlighted. B HeLa-replicon or WT HeLa cells were exposed to dox-
ycycline at 3 µg/mL for 24 hours, and luminescence was measured after lysis and
supplementationwith LgBiT and substrate furimazine.Mean ± SDare shown from8
replicates, *p < 0.05. C Representative confocal images of the HaloTag stained with
JFX650 dye and nucleus stained with NucSpot 470 in doxycycline-induced HeLa-
replicon. Representative confocal images of doxycycline-induced HeLa-replicon
showing expression of variousmarkers. Left: confocal single plane images, right: 3-D
rendering of z-stack. D mCerulean3 (ΔNsp2), E Nsp16-sfCherry211,
F mNeonGreen211-M were co-stained with indicated nuclear dye, which is either
NucSpot 470 or propidium iodide (PI). G Remdesivir inhibit doxycycline-induced
HeLa-Replicon activation in a concentration-dependent manner. Replicon-

containing cells were incubated with 3 µg/mL doxycycline as well as remdesivir at
indicated concentrations for 24 hours before addition of LgBiT and furimazine
(substrate) to quantify the generated luminescence (RLU refers to relative lumi-
nescence units). H Effects of compounds on doxycycline-induced HeLa-Replicon
activation in a concentration-dependent manner. Replicon-containing cells were
incubated with 3 µg/mL doxycycline as well as cordycepin, BTZ-1, and ADEP-42 at
indicated concentrations for 24 hours before addition of LgBiT and furimazine
(substrate) to quantify the generated luminescence (RLU refers to relative lumi-
nescence units). IWestern blot analysis of AMPK,mTOR and Akt in HeLa-replicon
cells treated with DMSO or cordycepin. Replicon cells were induced with 3 µg/mL
doxycycline for 24 hours and treated with either DMSO or 30 µM cordycepin.
Lysates were stained with AMPKα, phospho-AMPKα (Thr172), mTOR, phospho-
mTOR (Ser2448), Akt, phospho-Akt (Ser473), and GAPDH antibodies. The num-
bers below the blots are quantified protein levels normalized against GAPDH and
expressed relative to no doxycycline samples. MW markers are given on the
right in kDa.
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models when administrated intraperitoneally, intravenously, or orally, it is
rapidly deaminated by adenosine deaminase, forming 3′-deoxyinosine in
blood or tissue culturemedia66. Some cell types can convert 3′-deoxyinosine
back into cordycepin monophosphate through amination67. Thus, it is
possible that cordycepin targets particular tissues because of a cell-type-
dependent conversion of 3′-deoxyinosine to cordycepin triphosphate and
not due to a cell-type specificmolecular target. Thisfindingmay also explain
the lack of viral inhibition by cordycepin in HeLa cells compared to Huh-7
cells, as well as the lack of changes to the AMPK andmTOR/Akt pathways
(Figs. 6C, 7I). Therefore, it is important that biodistribution studies of
cordycepin are performed for further drug development.

BTZ-1, a benzo-thiozole compound, is an analog of a proprietary
compound targeting RUVBL1/2 and has limited available information. Its
effect on SARS-CoV-2 warrants further research.

ADEP-42, a cyclic compound with a macrolactone core, has weak
agonist activity against human ClpP protease18. Here, we show that ADEP-
42 inhibition of coronavirus replication is partially mediated through ClpP
(Fig. 6F–H). ClpP was proposed to function in mtDNA homeostasis as its
depletion led to mtDNA instability, altered nucleoid organization, and
eventual escape into the cytosol triggering anti-viral interferon responses
through the cGAS-STING pathway16. In addition, ClpP deficiency caused
increasedmitochondrial DNA (mtDNA) abundance in bothmousemodels
and patient fibroblasts68. Knocking out CLPP in Huh-7 cells did not uni-
laterally reduce SARS-CoV-2 infection or replication, suggesting that viral
immune-suppressing mechanisms may overcome antiviral interferon-
mediated innate immune response. Interestingly, SARS-CoV-2 infection
also induces mtDNA release into the cytosol, mediated by the coordinated
action ofNSP4 andORF9b69,70. However, depending on the cell type, SARS-
CoV-2-dependentmtDNAreleasemayormaynot activate cGAS-STING71.
In airway epithelial cells, mtDNA was shown to be secreted via mito-
chondrial inner membrane vesicles, escaping cytosolic DNA sensors and
thus failing to activate the interferon response; this aids in SARS-CoV-2
replication and survival69. Dysregulation of ClpP by ADEP-42 may trigger
mtDNA release independent of SARS-CoV-2 and allow activation of anti-
viral interferon responses. Recovery of SARS-CoV-2 replication in ADEP-
42 treated CLPP knockout cells is only partial, suggesting that the com-
pound has other molecular targets yet to be elucidate.

For our compound screening, we relied on coronavirus family mem-
bers that can be handled in the BSL2 environment, 229E and OC43. Our
goal was to develop anti-viral compounds that targeted multiple cor-
onaviruses. As part of this effort, we developed a first-generation SARS-
CoV-2 replicon as a tool for high-throughput screeningof chemical libraries
and for studying all aspects of intracellular viral replication inBSL2 labs. The
replicon was encoded on a bacterial artificial chromosome (BAC) and
integrated into Flp-In T-Rex HeLa cells under the control of a tetracycline-
inducible promoter (Fig. 7A). The replicon lacked genes for S andEproteins
to prevent the production of infectious viral particles (Figure S3A–C).
Variousmodifications enabled visual and biochemical detection of different
stages of replicon replication/transcription (Fig. 7B–F). The replicon
retained full functionality of SARS-CoV-2 replication and polypeptide
maturation despite modifications. Utilizing the replicon, we found that
remdesivir, BTZ-1, and ADEP-42 inhibited replicon activity in a
concentration-dependentmanner with IC50s comparable to those for intact
SARS-CoV2,while cordycepindidnot (Fig. 7G,H).Differences seenmaybe
due to cell-type specific properties. Hence, future SARS-CoV-2 replicons
will be generated in different cell types.

In summary, the development of effective antiviral compounds and
tools is crucial for controlling the COVID-19 pandemic and preparing for
future coronavirus outbreaks. The compounds identified in this study offer
promising potential as broad-spectrum anti-coronavirus agents. Their
effectiveness againstmultiple coronaviruses, including SARS-CoV-2 and its
variants, and their efficacy in a lung organoidmodel, suggests their potential
clinical relevance and validates the potential of host directed therapies.
Furthermore, our replicon shouldprovide easy access to study SARS-CoV-2

replication in a BSL2 lab, facilitating current and future antiviral drug
development efforts.

Materials and Methods
Mammalian cell cultures
Huh-7 (male), HeLa Flp-In T-REx (female) and Vero E6 (female Chlor-
ocebus sabaeus) cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% Fetal Bovine Serum and 1% Penicillin/
Streptomycin. Hepatocyte derived cellular carcinoma cell line over-
expressing ACE2 entry receptor (Huh-7-ACE2) were established and cul-
tured in the media described above with the presence of puromycin (1 μg/
mL). All cell lines were cultured in a 5% CO2 humidified atmosphere at 37
°C and were routinely tested for mycoplasma contamination. Huh-7 cells
were kindly provided by Dr. Alan Cochrane (University of Toronto), HeLa
Flp-In T-REx cells were kindly provided byDr. Liliana Attisano (University
of Toronto). Vero E6 cells were obtained from ATCC.

Virus propagation
Coronaviruses HCoV-229E (https://cedarlanelabs.com/Products/Detail/
VR-740?lob=AllProducts), HCoV-OC43 (https://www.cedarlanelabs.
com/Products/Detail/VR-1558?lob=AllProducts), SARS-CoV-2 Delta
(https://www.beiresources.org/Catalog/animalviruses/NR-55672.aspx),
and SARS-CoV-2 Omicron (https://www.beiresources.org/Catalog/
animalviruses/NR-56461.aspx) were obtained from the Toronto High
Containment Facility. The SARS-CoV-2 SB2was obtained fromDr. Samira
Mubareka (Sunnybrook Research Institute, Toronto, Canada). To generate
stocks, viruses were propagated in either Huh-7 cells for 229E and OC43 or
Vero E6 cells for SARS-CoV-2.Viral titers weremeasured byTCID50 assays
using the Spearman & Kärber method72,73. All SARS-CoV-2 work was
conducted in the BSL3 facility at the University of Toronto.

Cell viability assays
Huh-7 orVeroE6were seeded in 96-well plates at 3.0 × 105 cells/mL, 100 μL
per well, for 24 hours. Compounds or DMSO (0.5% final concentration)
were added aftermock infection for 1 hour performed as described for viral
infection below without the addition of virus and incubated for different
amounts of time tomimic infection conditions.Cell viabilitywas assessedby
using CellTox Green Cytotoxicity Assay (Promega) or alamarBlue (Ther-
moFisher Scientific) according to manufacturer’s protocol. While CellTox
Green was added at the time of addition of compounds and monitored
throughout the assay at the indicated times, alamarBlue was added at the
endpoints. Effects of compounds on cell viability were expressed relative to
cells treated with DMSO alone. Background signal was controlled by
incubation of cells with 0.1% Triton for 15min (100% death) at various
endpoints. ForHuh-7 cells, bothCellTox and alamarBlue weremeasured at
24, 48, and 72 hours post treatment mimicking infection times for 229E,
SARS-CoV-2, and OC43, respectively. For Vero E6 cells, alamarBlue was
measured at 48 h post-treatment to mimic OC43 infection in Vero E6 cells.
Measurements were taken using the EnSpire Multimode Plate Reader
(PerkinElmer), 485 nm (ex) / 590 nm (em) for CellTox Green and 560 nm
(ex)/590 nm (em) for alamarBlue.

For viability of organoids, proximal lung organoids were seeded as
single domes in 24-well plates. Either DMSO (0.5% final concentration),
30 µM cordycepin, 10 µMBTZ-1, or 10 µMADEP-42 were added on day 0
to three domes each. LDH release was measured for 4 days post-treatment
using the CyQuant LDH Cytotoxicity Assay Kit (ThermoFisher Scientific)
according to manufacturer’s instructions. Absorbances were measured at
490 and 680 nm using microplate reader VersaMax 190 (Molecular Devi-
ces), and 680 nm (background) were subtracted from 490 nm values before
calculation of cytotoxicity based on the following formula:

% Cytotoxicity ¼ compound treated LDH activity� DMSO LDH activity
maximum LDH activity � DMSO LDH activity

� �
× 100
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Maximum LDH activities were obtained by completely lysing orga-
noids at corresponding days after compound treatment.

Viral infection and inhibition assays
Cells were seeded in completemedia (DMEMwith 10%FBS,D10media) to
grow to 90-100% confluency the next day. 24 hours after seeding, cells were
washed with DMEMwithout FBS (D0 media). Viruses were diluted in D0
media to specificMOIs and added at half of the seeding volume. 1 hpi, cells
were washed with DMEM containing 2% FBS (D2) to remove remaining
virus particles in the media. Fresh D2 media-containing compounds were
then added (unless otherwise indicated) and incubated for specific times as
necessary for the assay. Media containing viruses released into the extra-
cellular space (media samples) were harvested for downstream analysis,
such as TCID50 and RT-qPCR, while infected cells were harvested for
intracellular RT-qPCR and western blotting as outlined in the sections
below. For IF analysis, cellswerefixedwith ice-coldmethanol andprocessed
as outlined in the IF section.

For drug screening assays, Huh-7 cells were seeded on 96-well plates
and infected at MOI 1 with either 229E, OC43, or SARS-CoV-2. Com-
pounds were diluted in DMSO and added at final concentration of 10 µM
(0.5% DMSO in media) if cell viability measured by alamarBlue was above
75%, otherwise, compound concentrations were reduced accordingly with
DMSO concentration kept constant. Media samples were harvested at 24
hpi for 229E infected samples, 72 hpi forOC43 infected samples, and 48 hpi
for SARS-CoV-2 infected samples as viral particle reaches maximum levels
in Huh-7 at these times when examined by RT-qPCR and/or TCID50. All
media samples were examined by RT-qPCR. 229E infected cells were also
fixed and quantified by IF.

For dose responses in Huh-7 cells, cordycepin, cordycepin mono-
phosphate, BTZ-1, andADEP-42were added at 100, 30, 10, 3, 1, 0.3, 0.1 µM
final concentration to cells seeded on 96-well plates. All viruses were used at
MOI 1. 229E infected media samples were harvested at 24 hpi, OC43 at 72
hpi, and SARS-CoV-2 at 48 hpi and analyzed by RT-qPCR.

To examine the impact of compounds on coronaviruses, Huh-7 cells
were seeded on 6-well plates and infected with either 229E or SARS-CoV-2
at MOI 1. Cell lysates were collected for both RNA and protein analysis.
RNA extraction and two-step RT-qPCR were performed to analyze intra-
cellular viral RNA, while western blots were performed to analyze impacts
on viral protein as outlined in the sections below.To investigate the effects of
compounds on SARS-CoV-2 variants, Huh-7 cells were seeded on 96-well
plates and infected by SB, delta or the omicron strain at an MOI 1, media
were harvested 48 hpi and analyzed by RT-qPCR.

For viral kinetics time of addition, time of removal, and pre-treatment
assays, Huh-7 cells were seeded on 96-well plates and infected with 229E
using MOI 2, while MOI 0.02 was used for the time of incubation assay.
Cordycepin was used at 30 μM, BTZ-1 at 10 μM, and ADEP-42 at 10 μM
where indicated. For viral kinetics, media samples were collected at 3-hour
intervals for 24 hpi and at 48hpi and analyzed byRT-qPCR,while cells were
collected at the same intervals for western blotting. For the time of addition,
compounds were added at various times post virus removal, and media
harvested at 24 hpi to assay viral RNA levels. For time of removal assays,
compoundswere removed at 12 or 24 hpi andmedia harvested at 24 and/or
48 hpi to assay viral levels both byRT-qPCRandTCID50. For pre-treatment
assays, compounds were added 24 hours pre-infection and removed at the
time of infection by washing with 1x PBS (137mM NaCl, 2.7 mM KCl,
10mMNa2HPO4, 1.8mMKH2PO4); media was then harvested 24 hpi and
analyzed by RT-qPCR as well as TCID50. For the time of incubation assay,
media sampleswere collected at 24, 48, or 72 hpi and again analyzedby both
RT-qPCR and TCID50.

Determination of viral titer by TCID50

To assess viral infectivity, TCID50 was performed by seedingHuh-7 cells on
96-well plates followedby infectionwith 10-fold serial dilutions of themedia
samples, using a total of 8 dilutionswith 6 replicates each.The inoculumwas
washed off 1 hour later and cells replenished with fresh 200 μL D2 media.

After 5-10 days, wells were examined for color change macroscopically for
cytopathic effect (CPE).Wells showing CPEweremarked, and TCID50/mL
was calculated using the Spearman & Kärber calculator72,73.

To determine infectivity of HeLa-replicon samples, Vero E6 cells were
plated at 90% confluence in 96-well plates. The next day, media were
inoculated with 10-fold serially diluted mock infected media, SARS-CoV-2
infected media or media harvested from HeLa-replicon cells after 24 hours
incubation with 3 µg/mL doxycycline. The SARS-CoV-2 inoculum was
washed off 1 hour later and cells replenished with 200 μL of D2whilemedia
only and HeLa-replicon media samples were left on cells. On days 3 and 5,
cells were examined microscopically to determined TCID50 as described
before74.

RNA analysis by RT-qPCR
To analyze the level of viral RNA release inmedia (extracellular RNA), one-
step RT-qPCR was performed directly on collected media samples. Media
samples were heat-inactivated at 95 °C for 5min, with 1 µL being added to
the RT-qPCR reaction setup using the Luna Universal One-Step RT-qPCR
Kit (New England Biolabs, NEB) as per the manufacturer’s instructions.
Briefly, each reaction included: 5 µLLunaUniversalOne-StepReactionMix
(2x), 0.5 µL LunaWarmStart RT Enzyme (20x, 0.4 µL of each forward and
reverse primers at 10 µM), and 1 µL of media (template RNA) in a total
reaction volume of 10 µL. The sequences used to quantify viral RNA in
media are provided in Table S1. RT-qPCR by the standard curve method
was performed using QuantStudio 3 Real-Time PCR System (Thermo-
Fisher Scientific) with cycling conditions as follows: reverse transcription at
55 °C for 10min and initial denaturation at 95 °C for 1min, followed by 40
cycles of denaturation at 95 °C for 10 s and extension at 60 °C for 1min. The
melting curve protocol followed with 15 s at 95 °C, 1min at 60 °C, then 15 s
each at 0.1 °C increments between 60 °C and 95 °C. Melting and standard
curves were generated by the QuantStudio Design & Analysis Software
(version 1.5.1, ThermoFisher Scientific).

To quantify intracellular viral (229E and SARS-CoV2) genomic RNA
and total RNA, cells were harvested in Total RNA Lysis Buffer (Bio-Rad),
RNA was extracted using the PureLink RNA Mini Kit (Thermo-Fisher
Scientific) and cDNAwas synthesized from the purifiedRNAwithGoScript
Reverse Transcriptase (Promega) using a combination of Oligo(dT) and
Random Primers, according to manufacturer’s protocols. cDNA reactions
(20 µL) were diluted to 100 µL and quantified for 229E genomic and total
RNA abundance by qPCR using QuantStudio 3 Real-Time PCR System
(ThermoFisher Scientific). The comparative Ct (threshold cycle) method
was used for the quantification of viral RNA levels, expressed relative to
DMSO, and normalized to the housekeeping gene ß-actin. Each reaction
was set up as follows: 5 µLof LunaUniversal qPCRMasterMix (2x), 0.25 µL
of each forward and reverse primers (10 µM), and 1 µLof diluted cDNA in a
total reaction volume of 10 µL. The sequences used to quantify intracellular
viral RNA are provided in Table S1. Cycling conditions are the same as
outlined above with the exception of holding for 1min at 95 °C at the first
step instead of reverse transcription at 55 °C. Data was analyzed using the
QuantStudio Design & Analysis Software (version 1.5.1, ThermoFisher
Scientific).

Immunofluorescence analysis
For drug screening and dose-response assays with IF analysis, cells were
seeded on black 96-well plates. At indicated endpoints of the assays, cells
were fixed and permeabilized with ice cold methanol for 10min, washed
with 1x PBS, and blocked with 3% BSA-PBST (3% BSA, 0.1% Tween-20, 1x
PBS). Cells were then stained with anti-229E S antibody (1:1000, kindly
provided by Dr. James Rini, University of Toronto) overnight at 4 °C,
washed in PBST, and incubated with anti-mouse-AF488 (1:1000, Jackson
ImmunoResearch) for 1 h at room temperature (RT). Following subsequent
washes with PBST, cells were stained with Hoechst 33342 (ThermoFisher
Scientific) according tomanufacturer’s instructions, and fluorescent signals
were quantified with EnSpire Multimode Plate Reader (PerkinElmer),
490 nm (ex)/525 nm (em) for AF488 and 358 nm (ex)/461 nm (em) for
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Hoechst signals. Viral protein signals were normalized to Hoechst
33342 signals to account for cell number variation and expressed relative
to DMSO.

To examine the impact of compounds on coronaviruses, Huh-7 cells
were seeded on coverslips in 6-well plates. After infection and treatment
with compounds, cellswere processed as above.Cellswere stainedwithanti-
229E S antibody or anti-SARS-CoV-2 S antibody (1:500, Abcam ab273433)
and incubated with anti-mouse-AlexaFluor488 (1:1000, Jackson Immu-
noResearch 111-545-144) secondary antibody. Coverslips were then
mounted with DAPI Fluoromount G (Southern Biotech) to illuminate the
nuclei. Images were taken on the Nikon 80i Fluorescence Miscroscope
(Nikon) equipped with the X-Cite Series 120Q excitation light source
(Excelitas Technologies). Image acquisition was performed with the NIS-
Elements Basic Research Software (Nikon) and analyzed using ImageJ
(open source).

Western blot analysis
For western blotting, protein extracts were prepared by cell lysis in RIPA
buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS) supplemented with Halt Phosphatase Inhibitor
(ThermoFisher Scientific). For Fig. 3B, lysates were separated on 10% TGX
acrylamide stain-free gels (Bio-Rad)or 12%SDS-PAGE. Stain-free gelswere
directly imaged on ChemiDoc MP Imager (Bio-Rad) to measure total
protein levels (served as loading control) prior to transfer to PVDF. Fol-
lowing imaging, proteins were transferred to PVDF (0.22 µM, Bio-Rad)
using Trans-blot Turbo Transfer System (Bio-Rad). For all other figures,
regular 12% SDS-PAGE gels were directly transferred to PVDFmembrane.
Immunoblotswereblocked in5%milk-TBST(5%milk, 0.1%Tween-20, 1X
TBS) for 1 hour at room temperature (RT) prior to incubation in primary
antibodies overnight at 4 °C. Blots were stained with anti-229E N (1:5000,
Novus Biologicals NB10064754), Sars-CoV-2 N (1:1000, ThermoFisher
Scientific MA5-29981), AMPKα [1:500, Cell Signaling Technology (CST)
2532S], Phospho-AMPKα (Thr172) (1:500, CST 2535S), mTOR (1:1000,
CST 2983S), Phospho-mTOR (Ser2448) (1:500, CST 5536S), Akt (pan)
(1:2000, CST 4691S), Phospho-Akt (Ser473) (1:1000, CST 4060S), and
GAPDH (1:20000, Abcam ab8245) for loading control. After incubation
with primary antibody, blots were washed 3x in 1x TBST and incubated in
appropriate HRP-conjugated secondary antibody (1:10000) for 1 h at RT.
Following subsequentwashes, blotswere developed using SuperSignalWest
Pico PLUS Chemiluminescent Substrate (ThermoFisher Scientific) and
imaged on ChemiDoc MP Imager (Bio-Rad).

Fluorescent in situ hybridization and quantification
Huh-7 cells seeded on coverslips in 12-well dish were infected with 229E
(MOI2) for anhour afterwhich the virus inoculumwaswashedoff and cells
treated with DMSO, 30 µM cordycepin, 10 µM BTZ-1, or 10 µMADEP-42
at 16 hpi. Cells were fixed with 4% paraformaldehyde in 1x PBS 4.5 h post-
compound treatment and processed for fluorescence in situ hybridization
(FISH). Fixed cells were dehydrated in 70% ethanol, then rehydrated in
hybridization buffer (10% formamide, 2X SSPE: 300mM NaCl, 20mM
NaH2PO4·H2O, 2mMEDTA, pH 7.4). Hybridization was performed using
229E genomic or total RNA oligonucleotides spanning the regions of the
virus as detailed for RT-qPCR. Following washing with 10% formamide, 2x
SSPE was used to remove unbound probe. Nuclei were DAPI stained, and
slidesweremounted on glass slides usingProLongGoldAntifadeMountant
(ThermoFisher Scientific). Images were acquired using Zeiss microscope
with AxioCamICc 5 camera at 40x oil immersion using Zen software.

Quantification of genomic viral RNA localizationwas performedusing
CellProfiler image analysis and CellProfiler Analyst following published
guidelines38,39 – pipeline is available as Supplemental Data File 2. Briefly,
DAPI-stained nuclei were identified as primary objects and cytoplasm
propagated using distance from nuclei with edge nuclei being excluded.
Perinuclear space was arbitrarily defined as a 30 pixels radius away from the
nucleus due to the accumulation of GFP signals in DMSO samples in this
area (Fig. S4A). Intensity and radial intensity distribution of genomic RNA

staining along with various associated features were measured in the peri-
nuclear space as well as cytoplasm. Ratio of intensity was calculated by
division of cytoplasmic intensity versus intensity in perinuclear space.
Classification of cells by phenotype was performed using CellProfiler
Analyst, consisting of at least 50 cells per phenotype. Three bins were cre-
ated: perinuclear foci (positive bin), diffuse distribution (negative bin) and
cells containing no virus. Following training, Random Forest Classifier was
used to make label predictions for all identified cells in three independent
experiments based on featuresmeasured with an average of 87.5% accuracy
on training set. Classification of perinuclei foci can be scored with 94%
accuracy (Fig. S4B). Enrichment scores were calculated based on prior and
posterior distributions. Prior probability was computed from Dirichlet-
Multinomial distribution from the full experiment and posterior was
computed for each group independently.

Generation of human lung organoids
For SARS-CoV-2 infection assays, human lung organoidswere generated at
the Applied Organoid Core Facility (Donnelly Centre, University of Tor-
onto) with a modified protocol35 using H9 human embryonic stem cells
(hPSCRegID: WAe009-A) provided by Dr. James A. Thomson, University
ofWisconsin-Madison to theWiCell Research Institute National StemCell
Bank, which obtained informed donor consent. The use of these cells was
approved by the Research Ethics Board at the University of Toronto,
Canada.All ethical regulations relevant tohumanresearchparticipantswere
followed. In brief, H9s were plated in V-bottom plates and differentiated
into endoderm inDMEM/F12 (Gibco), supplementedwith 20%KnockOut
Serum Replacement (KSR, Life Technologies), 2%MEM-NEAA, 55 μM β-
mercaptoethanol (Life Technologies), 50 μMY-27632 (SelleckChem)using
3mM CHIR, and 100 ng/mL Activin A. To generate anterior foregut
endoderm from H9s, cells were transferred to Serum Free media [SFM:
DMEM/F12 (HAM) (Gibco), supplemented with N2 (Gibco), B27 with
VitaminA (Gibco), ascorbic acid (Thermo Scientific Chemicals), Glutamax
(Gibco),N-acetyl-L-cysteine (ThermoScientificChemicals)] supplemented
with 300 nM LDN (Tocris) and 10 μM SB431542 (Tocris). After 24 hours,
media were replaced with SFM supplemented with 1 μM IWP-2 (Tocris)
and10 μMSB431542 (Tocris) for another 24 hours. For thenext 2days, cells
were incubated with SFM supplemented with SAG, CHIR, BMP4 and all-
trans retinoic acid to induce growth of lung progenitors. The early lung
organoids were then embedded in Matrigel in Maturation media (MM)
comprised of SFM supplemented with CHIR, FGF7, FGF10, BMP4 and all-
trans retinoic acid for 7-10 days. Media was replaced every 3 days to ensure
replenishment of nutrients and signals. Lung organoids were then excised
and maintained in Air-liquid Interface (ALI) cultures until Day 30.

SARS-CoV-2 infection and inhibition assays in organoids were similar
to those used for cell lines. Matured organoids were infected at MOI 2,
estimated for ~2 g of mass, for 1 hour. Organoids were then washed twice
with 1x PBS and incubated in media with various treatment conditions:
0.5%DMSO, 50 μMcordycepin, 30 μMBTZ-1, or 30 μMADEP-42.Media
samples were harvested daily for 4 dpi and assessed using RT-qPCR.

For organoid viability assays, human airway organoids were generated
from embryonic stem cells (ESC) using an established protocol75. In brief,
fetal lung progenitor cells were generated following a 3-stage directed dif-
ferentiation protocol in which cells are induced into definitive endoderm
using the STEMDiff definitive endoderm kit (STEMCELL Technologies;
cat. no. 05110). This is followed by the anterior ventral foregut endoderm
stage, which expresses NKX2-1 indicating lung lineages, then fetal lung
progenitors. They are then expanded in matrigel in Airway Epithelial
Spheroid (AES) expansion media. For functional assays, organoids were
plated into amatrigel dome inonewell of a 24-well plate. Eachdome (50 μL)
contained approximately 2000 organoids. Viabilities were assessed by LDH
release (see cell viability assays section) for 4 days of compound treatment.

Replicon generation
BAC encoding replicon was generated from RT-qPCR of SARS-CoV-2
genome andmodified usingmolecular cloning approaches in collaboration
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with CodexDNA (currently Telesis Bio). Full sequencing of BAC clone was
performed to verify modifications (Supplemental Data File 1). List of fea-
tures and modifications is available in Table S2.

For integration of the replicon into HeLa-FlpIn T-Rex cells, the cells
were plated at 80% confluence in 1 well of 6-well plate. After 24 hours, cells
were transfected using Lipofectamine 3000 (Thermo Scientific) with equi-
molar amounts of BAC encoding replicon and pOG44 following manu-
facturer’s instructions for the transfection reagent. After 24 hours, cells were
re-plated inT-175flasks.After additional 24 hours,HeLa cells were exposed
to hygromycin B at 200 µg/mL for two weeks, followed by 300 µg/mL for
another two weeks.

Electron microscopy imaging
Coronaviral concentration for electron microscopy was done as described
before76,77. Briefly, HeLa-replicon cells were incubated with 3 µg/mL dox-
ycycline and, after 24 hours, cells were centrifuged at 10,000 g for 20mins.
Mediawere then slowly and carefully overlayed on a cushion of 20% sucrose
in 1x PBS containing 0.01M HEPES, pH 7 followed by ultracentrifugation
in Sorvall centrifuge with SW32 rotor at 27,000 g for 90mins at 4 °C.
Supernatantwasdiscardedandpelletwas resuspended in100 µL1xPBSand
flash frozen in liquid nitrogen followed by electron microscopy imaging
using T20 Thermo transmission electron microscope housed at SickKids.

Replicon activity assays
Cells were plated at 10% confluence in 96-well black plates and, after
24 hours, exposed to doxycycline at 3 µg/mL in regular FBS. After 16-
24 hours, replicon activity was measured using Nano-Glo HiBiT Lytic
Detection kit (Promega) following manufacturer’s instructions. Briefly,
a buffer containing a mild detergent, the large nanoLuciferase fragment
termed LgBiT, which complements HiBiT-tagged nucleoprotein, and
furimazine (the nanoLuciferase substrate) were added in a volume equal
to media in 96-well plate containing HeLa-Replicon cells plated as
described above. Plates were orbitally shaken at 300 RPM for 10 mins
and then luminescence was measured using EnSpire Multimode Plate
Reader. In cases where drug assays were conducted, HeLa-FlpIn T-Rex
cells without integrated replicon were used as background control, and
compound activity at various concentrations were compared to DMSO.

For confocal images of the SARS-CoV-2 replicon markers, HeLa-
replicon cells were seeded on 24-well culture plates. The next day, for
visualization of sfCherry2 and mNeonGreen2, cells were transfected with
pSFFV_sfCherry2(1-10) and pSFFV_mNG2(11)1-1078, the respective large
fragments complement the integrated small fragments expressed from the
replicon. 24 hours after transfection, cells were reseeded on acid-washed
coverslips in 24-well culture plates at 10% confluency and induced with
3 µg/mL doxycycline or equal volume 1x PBS for another 24 hours. Cells
were thenwashed andfixedwith 4%paraformaldehyde, permeabilizedwith
0.1% Triton X-100 in 1x PBS, and stained with appropriate nuclear dye:
propidium iodide (PI) for mNeonGreen2, and NucSpot 470 for sfCherry2.
Coverslips were mounted using ProLong Gold Antifade Mountant (Ther-
moFisher Scientific) on glass slides. For visualization of mCerulean3, cells
were directly seeded on acid-washed coverslips without transfection,
induced and processed as above. For HaloTag visualization, cells were
directly seeded on acid-washed coverslips at 10% confluency and induced
with 3 µg/mLdoxycycline for 24 hours. Before fixation, cells were incubated
with 200 nM JFX650 HaloTag ligand for 15min in warm media in the
incubator at 37 °C. Fixed cells were processed as above. Images were taken
on a TCS SP8 Confocal microscope (Leica) using a 63x (1.4NA) Plan-
Apochromatic oil immersion objective and 1 AU (95.8 µm) pinhole.
Fluorophores were laser-excited sequentially using a combination of
wavelengths at 405 nm, 488 nm, and 552 nm, and emissions were collected
using PMT detectors with band-pass filters at 410–495 nm, 410–495 nm,
and 578–726 nm, respectively. Images were acquired at 2048 × 2048 reso-
lution and 400Hz scanning speed. Z-stacks were collected at 512 × 512
resolution and 400Hz scanning speed. Image analysis and z-stack

processing was performed using the LAS X software (Leica) where 3D
renderings were produced.

Statistics and Reproducibility
GraphpadPrismversion8wasused for all statistical analyses. Statistical tests
used and sample sizes are described in figure legends. Generally, all quan-
titative data were collected from three independent experiments, each done
in triplicates unless otherwise indicated. Dose responses and trend plots are
presented as means ± SEM while bar graphs are presented as means ± SD
unless otherwise indicated. ANOVA with Dunnett’s multiple comparison
test assuming equal variances was used for multi-sample comparison and
Student’s two-tailed paired or non-paired t-test assuming equal variances
was used for two-sample comparisons. Asterisks correspond to p values as
follows ****< 0.0001, ***< 0.001, **< 0.01, *< 0.05.

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

Data availability
All data supporting the findings of this study are available within the paper
and its Supplementary Information. Numerical source data for graphs and
charts are available in the supplemental excel file entitled “Supplemental
Data File 3”. Uncropped andunedited blots and gels are in the supplemental
pdf file. If required, all data are also available from the corresponding author
on reasonable request.
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