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Abstract
SARS-CoV-2 (CoV2) is the viral agent responsible for the pandemic of the coronavirus disease 2019
(COVID-19). Vaccines are being deployed all over the world with good efficacy, but there is no
approved antiviral treatment to date. This is particularly needed since the emergence of variants and
the potential immune escape may prolong pandemic spreading of the infection for much longer than
anticipated. Here, we developed a series of small molecules and identified RG10 as a potent antiviral
compound against SARS-CoV-2 in cell lines and human airway epithelia (HAE). RG10 localizes to
endoplasmic reticulum (ER) membranes, perturbing ER morphology and inducing ER stress. Yet,
RG10 does not associate with SARS-CoV-2 replication sites although preventing virus replication. To
further investigate the antiviral properties of our compound, we developed fluorescent SARS-CoV-2
viral particles allowing us to track virus arrival to ER membranes. Live cell imaging of replicationcompetent virus infection revealed that RG10 stalls the intracellular virus-ER dynamics. Finally, we
synthesized RG10b, a stable version of RG10, that showed increased potency in vitro and in HAE with
a pharmacokinetic half-life greater than 2 h. Together, our work reports on a novel fluorescent virus
model

and

innovative

antiviral

strategy

consisting

of

the

perturbation

highlighting the promising antiviral properties of RG10 and RG10b.

of

ER/virus

dynamics,
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Introduction
Since

the

beginning

of

the

COVID-19

pandemic,

thousands

of

clinical

trials

of

molecules

and

experimental therapies have been started worldwide. As of today, several vaccines based on the
induction of anti-Spike antibody generation have been approved, giving some hope to shut-down
this pandemic. However, preparedness is key, and because we are observing the emergence of
variants that escape vaccination, complementary tools, such as antiviral development, remain highly
needed.

Drug repurposing has been started at the onset of the pandemic, but this approach has not been
successful

to

date.

One

strong

candidate

for

antiviral

COVID-19

treatment

is

Remdesivir,

a

nucleoside analog inhibiting SARS-CoV-2 in vitro and in preliminary clinical reports. However, it does
not improve the condition of severe COVID-19 patients (Goldman et al., 2020), exhibits notable sideeffects, and

is

not accessible

to

non-hospitalized patients because of

the

intravenous route

of

administration. Although further clinical investigations are still needed, one can anticipate that a
direct-acting agent (DAA) targeting the viral polymerase, may not be sufficient to fight the disease in
the long run, as RNA viruses tend to rapidly evolve powerful escape strategies through punctual
mutations. As such, host-targeting agents (HTA) should also be developed. Specifically, the need for
novel

antiviral

chemical

strategies

optimization

important

to

treat

is

to

still

highly

increase

vulnerable

required

efficiency

populations,

because

against
3)

viral

1)

drug

repurposing

SARS-CoV-2,

2)

side

mutation/adaptation

may

effects
could

fail

or

may

render

need

be

too

potent

antivirals less efficient, and 4) multitherapy is an interesting strategy to prevent/limit viral escape.

The Coronaviridae family is subdivided into four genera based on phylogenetic clustering: Alpha-,
Beta-, Gamma- and Delta-coronavirus. SARS-CoV, SARS-CoV-2 (CoV2), and MERS-CoV cluster into the
beta genus, while the human Coronavirus 229E (HCoV-229E) and NL63, and the feline coronavirus
(FCoV) are from the alpha genus. The main outcome of CoV2 infection is acute respiratory distress
syndrome (85%), but other clinical disorders exist, including acute cardiac and kidney injuries (31%
and 23% respectively), secondary infection (31%), and shock (23%) (Huang et al., 2020). CoV2 is an
enveloped

positive-strand

composed

of

a

cellular

RNA

lipid

virus

bilayer

exhibiting
and

four

a

≈

30

kb

structural

genome

proteins:

enwrapped

Spike

(S),

into

a

particle

Nucleocapsid

(N),

Envelope (E), and Membrane (M).

CoV2 entry is highly dependent on the angiotensin-converting enzyme 2 (ACE2), similarly to its close
relative SARS-CoV (Hoffmann et al., 2020), and shows partial dependency for TMPRSS2 (Walls et al.,
2020).

The

virus

is

internalized

in

a

clathrin-dependent

manner

and

endosomal

acidification

is

required if the target cells do not express TMPRSS2 (Bayati et al., 2021, Ou et al., 2021). Upon fusion
with cellular membranes, the RNA genome of CoV2, protected by N, is targeted to ER membranes
where translation of replication proteins occurs (V'Kovski et al., 2021, Wolff et al., 2020).

All the early stages of CoV2 infection are fully dependent on a variety of cellular machineries, and a
better understanding of these steps is critical to devise novel antiviral strategies. Here, we present
novel

promising

antiviral activity.

Results

anti-CoV2

molecules

and

we

explore

the

molecular

mechanism

conferring

its
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Identification of RG10 as a potent SARS-CoV-2 antiviral molecule

We had synthesized a series of sulfamoyl-phenyl derived compounds designed as potential antiviral
agents.

While most of them did not prevent CoV2 replication at 2 and 10 µM, we identified the

molecule RG10, a novel small molecule of unknown target, as a potent antiviral molecule with
similar activity levels as Remdesivir (Rem; Figure 1A). RG10 did not show cytotoxicity at working
concentrations (Figure 1B) and measurement of its potency in Huh7.5.1 cells returned an EC 50 ≈ 1.5
µM (Figure 1C).

RG10 exhibited high CoV2 antiviral activity in Vero E6 cells but also in human Caco2 and Huh7.5.1
cells (Figure 1D) and retained potency at high multiplicity of infection (MOI) similar to Rem (Figure
1E). By Western blot, neosynthesized Spike protein (S) could barely be detected upon RG10 or Rem
treatment (Figure 1F). Microscopy and flow cytometry analyses confirmed that both RG10 and Rem
prevent

viral

protein

synthesis

(Figure

1G-H).

Moreover,

immunolabeling

using

an

antibody

recognizing double stranded RNA (dsRNA), specific of viral replication complexes, showed that RG10
prevents viral RNA synthesis (Figure 1G-H).

RG10 inhibits CoV2 replication

To discriminate whether RG10 inhibits virus entry or post-entry events, we performed

time-of-

addition experiments where the molecule was added for four hours and then washed-out (Pre), or
conversely, no drug was added for the first 4 h to allow early virus entry steps to occur and only then
RG10 was added to the cells (Post; Figure 2A). We found that RG10 had no antiviral activity when
incubated

only

during

virus

entry,

while

adding

RG10

post-entry

significantly

decreased

vRNA

expression levels (Figure 2B). In these conditions, comparing the amount of viral N protein and
dsRNA levels by flow cytometry confirmed that RG10 exerts strong antiviral activity post entry,
although some inhibition was also observed at the entry steps (Figure 2C-D). These results indicate
that RG10 inhibits CoV2 replication, while inhibition of virus entry is likely minimal.

RG10 localizes to the endoplasmic reticulum

To determine where RG10 acts within the cell, we generated a fluorescent version of this molecule
which was coupled to a small, cell permeable, fluorescent Rhodamine dye (Figure 3A). The RG10rhodamine (RG10-Rhod) compound retained antiviral activity, although higher doses were required
(Figure 3B). By confocal microscopy, we found that RG10-Rhod colocalizes with the endoplasmic
reticulum (ER) resident protein Calnexin (Figure 3C). In contrast, free Rhodamine clustered away
from ER structures (Figure 3C), suggesting that ER distribution of RG10-Rhod is conferred by its RG10
moiety. Using suboptimal RG10-Rhod concentrations allowing low levels of CoV2 replication, we
found

that

segregated

both

RG10-Rhod

regions

(Figure

and

3D).

virus

This

replication

suggests

that

complexes
RG10

does

localize
not

to

act

the

ER,

directly

although

onto

in

viral

RNA

and

thus

replication and is rather a host-targeting agent (HTA).

High concentration of RG10 induces sXPB-1-mediated ER stress

We

observed

that

RG10

perturbed

ER

morphology

(Figure

3E

and

Suppl

Figure

S1A)

wondered whether RG10 could exert its antiviral activity through ER stress induction. Hence, we
measured the levels of RNAs of known ER stress mediators from the IRE1-

α and PERK pathways and

found that the spliced form of XBP-1 (sXBP-1) was enriched upon 50 µM RG10 and 1 mM DTT
treatment (Supplemental Figure S1B). In contrast, 50 µM of the RG10 derivative compound RG7,
which

has

no

antiviral

activity

(Figure

1A)

did

not

significantly

increase

sXBP-1

mRNA

levels

(Supplemental Figure S1C). However, the increase of sXBP-1 RNA upon RG10 treatment was lower at
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10 µM and no difference was observed between RG10 and RG7 (Supplemental Figure S1C), and thus,
ER stress induction cannot fully explain the antiviral activity of RG10.

Generation of infectious CoV2 fluorescent particles

To gain further insights into the mode of action of RG10 antiviral activity, we generated fluorescent
infectious CoV2 using a trans-complementation approach. To this end, we generated a Vero E6 cell
line stably expressing the nucleocapsid (N) from CoV2 fused to the red fluorescent protein mRuby3.
Wild type or Vero E6 N-mRuby3 cells were infected with wild type CoV2 virus (Supplemental Figure
S2A-B) and the produced virions incorporated a subset of fluorescent N-mRuby3 proteins in trans
(not encoded by the viral genome; Figure 4A). The N-mRuby3-containing viruses were as infectious
as their non-fluorescent counterparts (Figure 4B and Supplemental Figure S2C), indicating that they
represent suitable tools to study CoV2 infection.

RG10 perturbs ER-CoV2 dynamics

Live cell imaging of CoV2 N-mRuby3 viral particles infecting cells pre-treated with ER painter, a live
fluorescent ER marker, allowed us to monitor infection dynamics in untreated and RG10-treated
cells (Figure 4C and Movie S1). Spatiotemporal tracking of viral particles showed that the virus was
stalled upon RG10 treatment (Figure 4D and Movies S2). Quantification of the mean particle speed
confirmed that RG10 slowed down virus movement to the ER (Figure 4E). Because the RG10-treated
cells

were

more

immobile,

they

were

more

reliably

tracked,

resulting

in

higher

track

duration

measurement (Figure 4F). These data indicate that RG10 perturbs intracellular virus dynamics and its
transport toward the ER.

RG10 exhibits coronavirus specific antiviral activity

Next, we aimed to determine whether RG10 had antiviral activity against another virus known to
replicate at the ER. Therefore, we compared in parallel the infection of Vero E6 cells by CoV2 or by
Zika virus (ZIKV), another enveloped positive-strand RNA virus but from the Flaviviridae

family.

Interestingly, we found that RG10 had no detectable effect on ZIKV, while in contrast, the ER stress
inducer Tunicamycin was active against both viruses (Figure 5A-B). To determine whether RG10 was
specific to CoV2 or can act against other coronaviruses, we tested its activity against the human
coronavirus 229E

(HCoV-229E)

and

observed

significant

antiviral

activity, although potency

was

lower (Figure 5C).

RG10-mediated inhibition of CoV2 in human airway epithelia

To

move

toward

effective

preclinical

assays,

we

tested

the

efficacy

of

RG10

in

human

airway

epithelia (HAE), an ex vivo model of primary cells cultured in 2D on transwells, exhibiting expected
cilia beating activity. In this model, we found that RG10 decreases viral infection using a fluorescent
mNeonGreen replication-competent virus (Xie et al., 2020), and that virus protein expression was
also altered (Figure 6A-B). Although HAE viability was similar, the actin network seemed to be
rearranged at the apical side of RG10-treated HAE (Figure 6C). Interestingly, sXBP-1 was upregulated
upon RG10 treatment (Figure 6D), indicating that RG10 mediates ER stress in this primary HAE
model. By RT-qPCR, viral RNA was decreased by RG10, although the extent of the decrease was
much lower than Remdesivir treatment (Figure 6E).

Identification of a more potent and stable RG10 derivative

The low potency of RG10 in HAE could be attributed to its weak stability and therefore, we designed
a novel RG10 derivative, which we called RG10b. This derivative harbors modifications shielding a
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molecular weakness present in RG10. RG10b was more potent than RG10 with an EC50 < 1 µM
(Figure 7A-B). To verify the stability of RG10 and RG10b in physiological conditions, we performed
pharmacokinetics analyses in mice and found that RG10b has a half-life of 2h19 in the blood, a value
more than 3-fold higher than for RG10 (Figure 7C). Innocuity assessment in mice showed that RG10b
was well supported by mice at concentrations up to 10 mg/kg (higher concentrations were not
tested; Figure 7D). Treatment of HAE cells with 10 µM of the indicated compounds confirmed that
RG10b was more potent than RG10, showing antiviral activity similar to Remdesivir in this ex vivo
model (Figure 7E).

Discussion
In this work, we have characterized a novel SARS-CoV-2 antiviral molecule and explored its mode of
action. To this end, we generated novel tools to study the spatiotemporal dynamics of the virus at
high resolution.

Numerous antiviral drugs have been considered for repurposing to treat COVID-19 (for review, see
(Indari et al., 2021)). Direct-acting antiviral agents (DAA) targeting the virus usually exhibit very good
EC50 relative to their toxicity, but RNA viruses being prone to mutations (as highlighted by the
emerging variants) suggest that this approach may not be sufficient by itself to counteract virus
dissemination and may instead favor escape mutants in monotherapies. In contrast, HTAs that target
cellular partners important for the virus life cycle is an approach of choice, that must be considered
in parallel to DAA and vaccination. Here, we chose a bottom-up approach, using a series of related
proprietary molecules that had no known functions, and started to characterize it. During this study,
we

also

generated

new

tools

to

perform

live

cell

imaging

of

SARS-CoV-2

entry,

offering

the

opportunity to learn more about the virus’ life cycle, while tailoring an antiviral molecule with
promising pharmacological properties.

Approved HTAs often have broad-spectrum antiviral activity due to the fact that viruses may exploit
similar

pathways.

For

instance,

(hydroxy)chloroquine,

ribavirin,

and

favipiravir

are

examples

of

broad-spectrum antivirals that are used in vitro at high concentrations to be effective (Driouich et
al., 2021, Maisonnasse et al., 2020, Yao et al., 2020, Zhao et al., 2021). Although favipiravir shows
very low potency in vitro (EC50 > 200 µM in Vero E6 cells), it can decrease CoV2 viral loads in
hamsters (Driouich et al., 2021). Hydroxychloroquine, which has an EC50 ≈ 2 µM in Vero E6 cells, does
not

decrease

the

viral

loads

of

infected

non-human

primates

(Maisonnasse

et

al.,

2020).

The

heterogeneity between in vitro and in vivo potency highlights the complexity to develop HTAs. RG10
is likely an HTA as it does not localize at virus replication sites to exert its antiviral activity. The
improved version of RG10, RG10b, shows EC50 below 1 µM, high stability in vivo (> 2 h), with no
toxicity observed (Figure 7). These data are promising and future work will aim at assessing the
antiviral activity of RG10 and derivatives in animal models.

At this stage, the target of RG10 is unknown but we identified that the molecule strongly affects
virus

and

ER

dynamics

(Figure

4),

suggesting

that

it

perturbs

players

involved

in

intracellular

trafficking routes. Concordantly, we showed that the actin cytoskeleton was disorganized by RG10 in
primary HAE cells (Figure 6). Preserved integrity of the actin cytoskeleton is required for SARS-CoV-2
infection (Yeung et al., 2021, Zhang et al., 2020). The FDA-approved drugs Sunitinib and BNTX inhibit
SARS-CoV-2 entry and their mode of action was correlated to the disruption of actin dynamics
(Zhang et al., 2020). Moreover, SARS-CoV-2 increases filopodia number and length, while traveling
along them, further indicating that a strong interplay exists between CoV2 and the actin network
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(Bouhaddou et al., 2020). RG10 has very low cytotoxicity compared to Latrunculin, jasplakinolide and
cytocalasin D, three well-known direct-acting actin perturbators that inhibit CoV2 infection (Yeung et
al., 2021, Zhang et al., 2020, Zhang et al., 2021). It is therefore likely that RG10 subtly impacts the
actin cytoskeleton in a direct or indirect manner that remains to be identified.

RG10 induces ER stress at high doses, but it was difficult to correlate this observation to the antiviral
effect of RG10 because at lower doses, RG10 and RG7, two closely related molecules, similarly
induced ER stress (Supplemental Figure S1) even though RG7 showed no antiviral activity (Figure 1).
Furthermore, RG10 was unable to inhibit ZIKV replication, which also occurs in the ER. We used
Tunicamycin as a potent ER stress inducer that inhibits infection by CoV2 and ZIKV (our data and
(Mufrrih et al., 2021)), further suggesting that ER stress induction may not be sufficient for RG10 to
exert an antiviral activity.

We found that RG10 is targeted to the ER and impacts ER morphology. Constant reshaping of the ER
structure is a requirement for maintaining its numerous functions, and ER membranes are often
targeted by pathogens (Ravindran et al., 2016). For instance, influenza A virus was recently shown to
impact mitochondrial morphodynamics and endoplasmic reticulum-mitochondria contact sites, and
altering mitochondrial dynamics was thus proposed as a new antiviral strategy (Pila-Castellanos et
al.,

2021).

Similarly,

one

can

hypothesize

that

ER

morphodynamics

can

represent

an

antiviral

strategy to be further explored. In this regard, atlastins play important roles in ER dynamics and
morphology and it was recently shown that atlastin-dependent misshaped ER leads to decreased
ZIKV replication (Monel et al., 2019). To our knowledge however, the importance of atlastins during
coronavirus infection has not been investigated so far. In any case, ER morphology seems to be
important

for

CoV2

infection,

and

perturbation

of

ER

dynamics

by

RG10

is

likely

to

strongly

contribute to its antiviral activity.

The study of CoV2 spatiotemporal dynamics, including virus entry, replication, assembly, and release
requires new tools to quantitatively assess it. A comprehensive list of plasmids coding for the CoV2
viral

proteins

fused

to

fluorescent

proteins

has

been

generated,

which

proved

very

useful

to

evaluate the distribution and potential function of individual viral proteins (Miserey-Lenkei et al.,
2021). Moreover, fluorescent virus-like particles (VLP) expressing Spike from CoV2 were generated,
although with modest specificity (Ma et al., 2021), but to date, fluorescent viral particles containing
the

full

wild

approach,

type

we

genome

generated

of

bright

CoV2
CoV2

has

not

been

particles

described.

which

retain

Using

a

trans-complementation

infectiveness

comparable

to

their

wildtype counterparts. Although we exploited this reagent to study CoV2 arrival to ER membranes,
fluorescent viral particles shall prove useful in a variety of assays aiming at a better understanding of
CoV2 entry.

Material & Methods
Antibodies and reagents

Mouse

anti-Spike

and

anti-GAPDH

were

purchased

from

Genetex

and

Rabbit

anti-N

from

Sino

Biological (Clinisciences). The mouse anti-dsRNA antibody (J2) was from Jena Bioscience and rabbit
anti-Calnexin

from

Elabscience.

NHS-Rhodamine

and

all

secondary

Alexa

Fluor

antibodies

were

purchased from Thermo Fisher Scientific. Phalloidin CF-633 was purchased from Biotium and the ER
Staining Kit was from Abcam. RG10 and derivatives were synthesized by AGV Discovery.
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Cell lines and primary cells

Huh7.5.1 (Zhong et al., 2005), Vero E6 (ECACC #85020206), Caco2, and HEK 293T cells were cultured
in DMEM GlutaMAX (Thermo Fisher Scientific) supplemented with 10% fetal calf serum and
penicillin-streptomycin (500 μg/ml; GIBCO). HAE cells (Epithelix) were cultured in Mucilair media at
the basal side and maintained at air-liquid interface. Apical washes were performed each 2-3 days by
temporarily adding Mucilair media for 30 minutes. All cell types were maintained at 37 °C in a 5%
CO2 atmosphere.
Plasmids

To generate a lentiviral vector containing the Nucleocapsid (N) of SARS-CoV-2 fused in C-terminus to
the gene coding for the monomeric red fluorescent protein mRuby3 (Bryce T. Bajar et al, Sci Rep,
2016), N was firstly amplified by PCR from the plasmid pLVX-EF1alpha-SARS-CoV-2-N-2xStrep-IRESPuro (addgene#141391) using the sense primer 5’ TTGCGGCCGCGCCACCATGAGCGATAACG-3’ (NotI
site underlined) and the antisense primer 5’-CGCCTGAGTAGAATCGGCT-3 (overlapped region
underlined). The Ruby-3 fragment was amplified by PCR from a gblock (Integrated DNATechnologies) using the sense primer 5’- AGCCGATTCTACTCAGGCGGGAGGTTCTGGTGGTTCTG-3’
(overlapped region underlined) and the antisense primer 5’- GAGGATCCTCACTTGTACAGCTCGTCCAT3’ (BamHI site underlined). The individual N and Ruby3 fragments were linked by overlapping PCR of
the N-CoV2 using primers 5’- TTGCGGCCGCGCCAC-3’ and 5’- GAGGATCCTCACTTGTACAGCTCGT-3’.
The resulting PCR product was ligated into the digested NotI and BamHI lentiviral plasmid pHAGE
IRES puro. The resulting plasmid pHAGE N-mRuby3 IRES puro is available on Addgene (#170466). In
parallel, a pHAGE N-mNeonGreen IRES puro was also generated (Addgene #170467).
Generation of stable cell line

HEK 293T cells were transfected with pxPAX2, VSV-G and pHAGE N-mRuby3 IRES puro using JetPrime
(Poluplus Transfection) and washed 6 h post-transfection. The supernatant was harvested 2 days
later and cleared by centrifugation at 2000 x g for 5 min at 4°C. The lentivirus-containing supernatant
was added to Vero E6 cells (ECACC #85020206) for 48 h. Selection of the positive cells was
performed using 4 µg/ml puromycin and viable cells were expanded for flow cytometry cell sorting
using a FACSMelody (BD Biosciences) equipped with a 561 nm excitation laser and 613/18 filter.
Upon sorting, the cells were tested negative for mycoplasma. Vials of the Vero E6 N-Ruby3 stable
cell line were conserved in liquid nitrogen in 10% DMSO.
Virus production and titration

The SARS-CoV-2 strain BetaCoV/France/IDF0372/2020 was supplied by the National Reference
Centre for Respiratory Viruses hosted by Institut Pasteur (Paris, France) and headed by Dr. Sylvie van
der Werf. The strain was amplified through the infection of Vero E6 cells at MOI 0.0001 in DMEM
GlutaMAX (Gibco) supplemented with 2% fetal bovine serum (FBS; Dominique Dutscher) and 1X
penicillin-streptomycin (GIBCO). At 3 days post infection (dpi), the supernatant was harvested and
cleared by centrifugation at 2000 x g for 5 min at 4°C. The cleared virus-containing supernatant was
frozen in 1 ml aliquots at -80°C. For each virus production, a vial was thawed for titration by plaque
assay in Vero E6 cells to estimate plaque-forming units per mL of virus (PFU/mL) as described in
Gaudin & Barteneva (Gaudin & Barteneva, 2015). Viral titers ranged between 3 106 and 2 107 pfu/ml.
HCoV-229E-Renilla was a gift from Volker Thiel (van den Worm et al., 2012) and was amplified for 57 days at 33°C in Huh7.5.1 cells in 5% FCS-containing DMEM. Viral stocks were harvested when cells
showed > 50% CPEs. Virus stock was titrated through TCID50 in Huh7.5.1 cells used for their
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amplification and titer was 108 TCID50/mL. Infections of 50 000 cells were performed at MOI 2 for
HCoV-229E-Renilla (as measured on Huh7.5.1 cells) and infection efficiency was analyzed one day
later by measuring Renilla activity (Renilla Luciferase Assay System, Promega).
The ZIKV strain was obtained through BEI Resources (NIAID NR-50183, strain FLR) isolated in
December 2015 from infected patient blood from Colombia. ZIKV was amplified in Vero cells for 72 h
in DMEM GlutaMAX (Gibco) supplemented with 2% fetal bovine serum (FBS; Dominique Dutscher),
10 mM HEPES (Thermo Fisher Scientific) and 1X penicillin-streptomycin (Gibco). The supernatant was
harvested and clarified by centrifugation at 2000 g RT for 10 min. The virus was stored at -80°C. The
virus titer was obtained by using standard plaque assay on Vero cells to measure plaque-forming
unit per mL of virus (PFU/mL). Viral titer was 3.8 x106 pfu/mL.
RT-qPCR

Cells were lysed and RNA immediately extracted using the Luna Cell Ready Lysis Module according to
the manufacturer’s protocol (New England Biolabs). RT-qPCR on extracted RNA was performed
using the Luna One-Step RT-qPCR Kit (New England Biolabs). The samples were analyzed using a
Lightcycler 480 instrument (Roche) using the following thermal cycle: Reverse transcription step at
55 °C for 15 min, initial denaturation at 95 °C for 2 min. Then, 40 cycles were programmed consisting
of 15 s of denaturation at 95 °C followed by 30 s of annealing/extension at 55 °. Fluorescent data
collection was performed at the end of each cycle. SARS-CoV-2 viral RNA was detected using the N1
probe that targets specifically the N protein. For normalization, primers targeting Rpl27 or GAPDH
were utilized.
ER
stress
Primers
sXBP-1
usXBP-1
tXBP-1
ATF4
CHOP
BiP
GRP94
EDEM

Forward

Reverse

5’ -CTGAGTCCGAATCAGGTGCAG- 3’
5’ -CAGCACTCAGACTACGTGCA- 3’
5’ -TGGCCGGGTCTGCTGAGTCCG- 3’
5’ -GTTCTCCAGCGACAAGGCTA- 3’
5’ -AGAACCAGGAAACGGAAACAGA- 3’
5’ -TGTTCAACCAATTATCAGCAAACTC - 3’
5’ -GAAACGGATGCCTGGTGG- 3’
5’ -CAAGTGTGGGTACGCCACG- 3’

5’ -ATCCATGGGGAGATGTTCTGG- 3’
5’ -ATCCATGGGGAGATGTTCTGG- 3’
5’ -ATCCATGGGGAGATGTTCTGG- 3’
5’ -ATCCTGCTTGCTGTTGTTGG- 3’
5’ -TCTCCTTCATGCGCTGCTTT- 3’
5’ -TTCTGCTGTATCCTCTTCACCAGT- 3’
5’ -GCCCCTTCTTCCTGGGTC- 3’
5’ -AAAGAAGCTCTCCATCCGGTC- 3’

Immunofluorescence

Cells grown on #1.5 glass coverslips were fixed with 4 % PFA for 15 min. Cells were then
permeabilized with 0.1% Triton X100 and saturated with 0.2% BSA. Then, primary antibody
incubation was performed for 1 h. After a series of PBS washes, secondary antibodies were added
for 30 min. DAPI staining was performed for 10 min to obtain nuclear staining. Coverslips were
mounted on glass slides using Mowiol mounting media. Images were acquired using a Leica SP5
confocal microscope.
Live cell imaging

Image acquisition was performed on an AxioObserver.Z1 inverted microscope (Zeiss) mounted with
a CSU-X1 spinning disk head (Yokogawa), a back-illuminated EMCCD camera (Evolve, Photometrics)
and a X100, 1.4 NA oil objective (Zeiss) controlled by MetaMoprh. The microscope chamber was
heated at 37°C and the automated multiposition stage maintained in 95% humidity at 37°C and 5%
CO2. Images were processed using Fiji (ImageJ software version 1.51h) and quantitative analyses
were performed using Bitplane Imaris x64 version 9.2. Analyses of the movies consisted of the
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segmentation of the single viral particles based on intensity and size. Then, tracking was performed
for each individual particle and mean speed and track duration were extracted.
Statistical analysis

Statistical analyses of the data were performed using two-tailed unequal variance Student t-tests (ns
p>0.05, * p<0.05, ** p<0.01, *** p<0.001) unless mentioned otherwise. The mean and standard
deviation (SD) of the mean were plotted using GraphPad Prism version 7.04. Number of independent
experiments (n) is indicated in the figure legends.
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Figure legends
Figure 1. Identification of RG10 as a potent SARS-CoV-2 antiviral. (A-B)

Vero E6 cells were treated with the

indicated RG derivatives or Remdesivir at indicated concentrations and subsequently infected with SARS-CoV-2

A) The graph shows relative SARS-CoV-2 RNA (vRNA)

at MOI 0.01 for 48 h in the presence of the compounds. (

levels measured by RT-qPCR and normalized by Rpl27 RNA expression. The bars are means +/- SD from
duplicates representative of two independent experiments. Student’s t-test ** p value < 0.01; *** p value <

B) Cytotoxicity measured by LDH release assay showed no significant differences
C) Vero E6 cells were treated with RG10 at various concentrations and subsequently
as in A. The IC50 was 1.55 µM +/- 0.11 as measured from three independent

0.005; **** p value < 0.001. (
between the compounds. (
infected

and

processed

experiments. (

D) Vero E6

(monkey kidney cells), Caco2 (human intestinal cells) or Huh7.5.1 cells (human liver

cells), were treated with 10 µM RG10 and subsequently infected with CoV2 at MOI 0.01 for 48 h in the
presence of the compounds. The graph shows relative CoV2 RNA (vRNA) levels measured by RT-qPCR and
normalized by Rpl27 RNA expression. The bars are means +/- SD from duplicates representative of two

E)

independent experiments. Student’s t-test ** p value < 0.01; *** p value < 0.005; **** p value < 0.001. (

Huh7.5.1 cells were treated with 10 µM RG10 or 10 µM Remdesivir and subsequently infected with CoV2 at
indicated MOI for 48 h. The graph shows relative vRNA levels measured by RT-qPCR and normalized by Rpl27
RNA expression. The bars are means +/- SD from duplicates representative of two independent experiments.

F

Student’s t-test * p value < 0.05 and **** p value < 0.001. ( ) Huh7.5.1 cells were treated with 10 µM RG10 or
10 µM Remdesivir and subsequently infected with SARS-CoV-2 at MOI 0.5 for 48 h. Cells were then lysed 48 h
post infection. The lysates were processed for western blotting using an anti SARS-CoV-2 Spike antibody and
an anti-GAPDH antibody as loading control. Both immunostainings were revealed using secondary antibodies

G)

coupled to HRP. (
antibody and a
complexes.

The

Cells were infected as in

J2 antibody

F

then fixed and stained using an anti SARS-CoV-2 Nucleocapsid

recognizing double

micrographs

show

the

microscope and processed using ImageJ. (

stranded RNA

individual

channels

(dsRNA) representative

that

have

been

of viral

acquired

using

replication
a

confocal

H) Samples were treated as in F and cells were detached and fixed 48

h post infection. Samples were stained and analyzed by flow cytometry. Student’s t-test * p value < 0.05.

Figure 2. RG10 inhibits SARS-CoV-2 infection at a post-entry stage. (A-D) Vero E6 cells were non-infected (NI),
or infected with CoV2 at MOI 0.1 (SARS-CoV-2). Cells were treated with 10 µM RG10 during the first 4 h of
infection and washed-out (RG10 Pre), starting at 4 h post-infection (RG10 Post), or during the whole infection

A. Cells were lysed after 48 h
B) or lysed after 24 h and processed for flow cytometry, staining for dsRNA and N

(RG10 all). A scheme representing the time-of-addition experiment is shown in
and processed for RT-qPCR (

C-D).

protein (

The bar graphs are mean

+/- SD from duplicates and

representative of two experiments.

Student’s t-test *** p value < 0.005.

Figure 3. RG10 localize to the endoplasmic reticulum, apart from SARS-CoV-2 replication sites. (A) Schematic
representation of RG10 molecule coupled to fluorescent Rhodamine (RG10-Rhod) consisting of covalently

B) Vero E6 cells were treated with indicated concentrations of RG10 or

linked RG10 and Rhodamine moieties. (
RG10-Rhod

and

subsequently

infected

with

SARS-CoV-2

at

MOI

0.01

for

compounds. The graph shows relative vRNA levels measured by RT-qPCR

48

h

in

the

presence

of

the

and normalized by Rpl27 RNA

expression. The bars are means +/- SD from duplicates representative of two independent experiments.

C) Huh7.5.1 cells were treated with 25 µM of RG10-

Student’s t-test *** p value < 0.005; **** p value < 0.001. (

Rhod or free Rhodamine for 3 h. Cells were fixed and stained using an anti-Calnexin antibody as a marker for
ER membranes (magenta) and DAPI for nuclear staining (blue). The red channel corresponds to rhodamine
fluorescence.

The

micrographs

show

the

individual

channels

and

merge

that

have

been

acquired

using

D) Vero E6 cells were treated with 1 or 5

confocal microscopy and processed using ImageJ. Scale bar = 10 µm. (

µM of RG10-Rhod and then were infected with CoV2 for 24 h in the presence of the inhibitors. Samples were

E) Huh7.5.1 cells were treated

fixed and dsRNA staining was performed to localize viral replication complexes. (
with 50 µM of RG10 for 6 h and then were processed for confocal imaging.

Figure 4. RG10 perturbs virus and ER dynamics. (A)

Vero E6 cells were infected with WT or N-mRuby3 CoV2

for 3 h at MOI 1. Cells were fixed, permeabilized and stained with DAPI (blue) and an anti-spike antibody
(green). Images are from a single z plan acquired by spinning disk confocal microscopy. Scale bar = 10 µm.
Magnified images from the dashed square highlight the co-distribution of N-mRuby3-containing virus particles

B)

(magenta) and Spike. The zoomed region is represented as single and merge images. Scale bar = 2 µm. (

Vero E6 or Vero E6 N-mRuby3 expressing cells were infected with CoV2 for 3 days. The graph shows relative

C)

supernatant vRNA levels measured by RT-qPCR and normalized by Rpl27 RNA expression. (

Huh.7.5.1 cells
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were labeled for the endoplasmic reticulum using the ER painter reagent and then infected with N-mRuby3
CoV2 at MOI 1. Cells were either incubated with DMSO or 10 µM of RG10 during infection. The micrographs
represent snapshots from Supplemental Movies S1. The white arrows highlight a single particle over time for

D-F)

each condition. Scale bar = 10 µm. (

CoV2 particles were individually segmented using the same intensity

D)

threshold for all conditions and particles were tracked using the Imaris software. (

Representative tracking

trails in DMSO or RG10-treated cells associated to Supplemental Movies S2. Particles are in red and each track
is color-coded for temporal visualization. The RG10 condition shows viral particles with barely any visible track

E) and tracking duration (F) are

because the viruses were extremely steady. Quantification of the mean speed (

shown for n = 8 movies per conditions with > 500 virus per condition. Student’s t-test *** p value < 0.005.

Figure 5. RG10 exhibits pan-coronavirus activity but does not inhibit Zika virus infection. (A-B) Vero E6

cells

were treated with 10 µM RG10 or 1 µM Tunicamycin (Tm) and infected with CoV2 at MOI 0.01 (A) or ZIKV at
MOI 0.3 (B) for 24 h in the presence of the compounds. The graph shows relative vRNA levels measured by RTqPCR and normalized by GAPDH RNA expression. The bars are means +/- SD from duplicates representative of
two independent experiments. Student’s t-test *** p value < 0.005; **** p value < 0.001. (C) Huh7.5.1 cells
were treated with 10 µM RG10 and infected with HCoV-229E-Renilla at MOI 2 for 24 h in the presence of the
compound.

Figure 6. RG10 prevents SARS-CoV-2 infection of human airway epithelia. (A-B)

HAE

cells were

either

untreated (Mock) or treated with 10 µM of RG10 and then infected with SARS-CoV-2 mNeonGreen virus at
MOI 0.1. After 4 days, cells were fixed and stained for CoV2 spike protein and actin filaments (phalloidin
staining). Z-stack images were acquired using a confocal microscope and processed using ImageJ to produce an
average intensity image for each individual channel. Scale bar = 20 µm.
from

A-B using

the Imaris software. Scale bar = 20 µm.

(D)

(C)

3D representation of the images

HAE cells were treated with 10 µM of RG10 and

Remdesivir and then infected with wild type CoV2 at MOI 0.01 for 4 days. Graphs show relative sXBP1 RNA
levels normalized with GAPDH RNA expression.

(E)

Same samples from

D

were processed to measure by RT-

qPCR, relative vRNA levels normalized by Rpl27 RNA expression. The bars are means +/- SD from two pooled
independent experiments. Student’s t-test ** p value < 0.01; *** p value < 0.005; **** p value < 0.001.

Figure 7. RG10b shows higher potency and stability than RG10 against CoV. (A)

Vero E6 cells were treated

with the indicated concentrations of RG10 or RG10b and then infected with CoV2 for 48 h. Graphs show
relative vRNA levels normalized with Rpl27 RNA expression.

(B)

Vero E6 cells were treated with RG10b at

different concentrations and subsequently infected and processed as in

(C)

A.

The IC50 of RG10b was ≈ 0.99 µM.

Table shows T1/2 of RG10 and RG10b as determined by pharmacokinetics experiments in mice.

shows weight of
condition.

mice

after treatment with various

concentrations of

RG10b. Two

mice

(D)

Graph

were used per

(E) HAE cells were treated with 10 µM of RG10, RG10b, and Remdesivir and then infected for 4 days

with CoV2 at MOI 0.01. Cells were then processed for RNA extraction and RT-qPCR experiments. Graph shows
relative vRNA levels normalized with Rpl27 RNA expression. Student’s t-test * p value < 0.05 ** p value < 0.01;
*** p value < 0.005.
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Supplemental information

Supplemental Figure S1. RG10 induces ER stress in a sXBP-1-dependent manner. (A)

Huh7.5.1 cells

were treated with 50 µM RG7 (an inactive derivative of RG10), 50 µM RG10 or 1 mM DTT for 6 h. Cells were
then fixed and stained using an anti-Calnexin antibody as a marker for ER membranes (magenta) and DAPI for
nuclear staining (blue). The micrographs show the individual channels and merge that have been acquired

B) Huh7.5.1 cells were treated as in

using confocal microscopy and processed using ImageJ. Scale bar = 10 µm. (

A. The graph shows relative RNA levels measured by RT-qPCR and normalized by GAPDH RNA expression. The
bars are means +/- SD from duplicates representative of two independent experiments. (

C)

Huh.7.5.1 cells

were treated with either 10 µM or 50 µM of RG10 or RG7 for 6 or 24 h. Exposure for 6 h to 1 mM of DTT was
used as a positive control of ER stress. The graph shows relative spliced sXBP-1 levels measured by RT-qPCR
and normalized by GAPDH RNA expression.

Supplemental Figure S2. Characterization of fluorescent SARS-CoV-2 N-mRuby3 viral particles. (A-B) Vero E6
WT cells and Vero E6 cells stably expressing N-mRuby3 were infected for 48 h at MOI 0.01 with CoV2. Cells
were fixed, permeabilized and stained with DAPI (blue) and either an anti-Spike antibody (green,
dsRNA antibody (green,

B).

A) or an anti-

N-mRuby3 is shown in magenta. Merged immunofluorescence images are from a

C)

single z plan acquired by spinning disk confocal microscopy. Scale bar = 10 µm. (

Vero E6 or Vero E6 N-

mRuby3 expressing cells were infected with CoV2 for 3 days. Supernatants were then used to perform plaque
assays on Vero E6 cells.

Supplemental Movie S1. Effect of RG10 on intracellular trafficking of fluorescent SARS-CoV-2 N-mRuby3 viral
particles. Huh7.5.1 cells were labeled with ER painter (cyan) and treated with DMSO (Mock, left) or RG10
(right) and then infected with fluorescent SARS-CoV-2 N-mRuby3 viral particles (yellow) at MOI 1 for 2 h. Cells
were imaged every 30 s for 10 min using spinning disk confocal microscopy.

Supplemental Movie S2. Single particle tracking of SARS-CoV-2 in the presence or absence of RG10.

The

movies show the tracking of SARS-CoV-2 N-mRuby3 particles (red) under DMSO-treated (Mock, left) or RG10treated (right) conditions. The color-coding of the tracks indicates the position of the particles over time. Cells
were imaged every 30 s for 10 min using spinning disk confocal microscopy.

