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ARTICLE INFO ABSTRACT

Keywords: Coronaviruses (CoV), zoonotic viruses periodically emerging worldwide, represent a constant potential threat to
Antiviral humans. To date, seven human coronaviruses (HCoV) have been identified: HCoV-229E, HCoV-NL63, HCoV-
Cyclooxygenase-2 0C43 and HCoV-HKU1, globally circulating in the human population (seasonal coronaviruses, sHCoV), and
ggit\x/_ 220F three highly-pathogenic coronaviruses, SARS-CoV, MERS-CoV and SARS-CoV-2. Although sHCoV generally cause
HCoV-0C43 only mild respiratory diseases, severe complications may occur in specific populations, highlighting the need for

broad-spectrum anti-coronavirus drugs. Herein we show that indomethacin (INDO), a non-steroidal anti-in-
flammatory drug widely used in the clinic for its potent anti-inflammatory and analgesic properties, effectively
inhibits the replication of Alpha-coronavirus HCoV-229E and Beta-coronavirus HCoV-OC43 in human lung-
derived cells. Indomethacin does not interfere with HCoV binding or entry into target cells, but acts at late
stages of the virus life cycle, inhibiting viral RNA synthesis and infectious viral particles production. Although
INDO anti-inflammatory action is mediated by blocking cyclooxygenase-1 and -2 (COX-1/2) enzymatic activity,
the antiviral effect appears to be cyclooxygenase-independent and is not mimicked by the potent COX-1/2 in-
hibitor aspirin. Interestingly we found that both seasonal HCoVs markedly (>100 fold) induce the expression of
the pro-inflammatory mediator COX-2 in lung cells; notably, INDO-treatment was found to effectively inhibit
virus-induced COX-2 expression at the transcriptional level, revealing an additional mechanism to prevent COX-
2-mediated inflammatory reactions in HCoV-infected lung cells, besides COX activity inhibition. Altogether the
results indicate that indomethacin, possessing both potent anti-inflammatory properties and a direct antiviral
activity against HCoV, could be effective in the treatment of Alpha- and Beta-coronavirus infections.

1. Introduction

Coronaviruses (CoV), members of the family Coronaviridae, comprise
a large number of enveloped, single-stranded positive-sense RNA viruses
circulating among different natural hosts and causing respiratory,
enteric, neurological and hepatic diseases of varying severity.? Coro-
naviruses have the largest identified RNA genomes (typically ranging
from 27 to 32 kb); the 5'-cap structure, along with a 3"-poly(A) tail, al-
lows the CoV genome to act as an mRNA that can be translated by the
host machinery.® Despite their variety, CoVs share similarities in the
organization of their genome: at the 5 end, two large open reading
frames (ORF, ORFla and ORF1b) encode 15-16 non-structural proteins
(nsp), of which 15 compose the viral replication and transcription
complex containing RNA-processing and -modifying enzymes as well as
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an RNA proofreading function. ORFs that encode structural proteins
[spike (S), envelope (E), membrane (M), nucleocapsid (N) and, in some
CoV, hemagglutinin-esterase (HE)] and interspersed ORFs that encode
accessory proteins are transcribed from the 3’ one-third of the genome.®
On the basis of their phylogenetic relationships and genomic structures,
CoV are subdivided into four genera: Alpha-, Beta-, Gamma- and Del-
ta-coronavirus; among these Alpha- and Beta-CoVs infect only mammals,
whereas Gamma- and Delta-CoVs infect birds, and only occasionally can
infect mammals."” To date, seven human coronaviruses (HCoV) have
been identified: HCoV-229E, HCoV-NL63, HCoV-OC43 and
HCoV-HKU1, globally circulating in the human population (seasonal
coronaviruses, sHCoV), and three highly pathogenic coronaviruses
(HP-HCoV), SARS-CoV (Severe Acute Respiratory Syndrome-CoV),
MERS-CoV (Middle-East Respiratory Syndrome-CoV) and the recently
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identified SARS-CoV-2."* HP-HCoV infections can result in acute res-
piratory distress syndrome (ARDS), which may lead to long-term
reduction in lung function and death®®; in particular COVID-19, the
disease associated with SARS-CoV-2, has caused over 775 million
confirmed cases and 7 million deaths reported worldwide as of May 5,
2024 (https://covid19.who.int/).

The sHCoV generally cause mild respiratory tract infections and are
estimated to contribute to 15-30 % of cases of common cold in
humans.®’ Although diseases are generally self-limiting, sHCoV can
sometimes cause severe, life-threatening lower respiratory infections in
a subset of patients, including elderly people, infants and immuno-
compromised patients.®”'® Interestingly, whereas HCoV-229E was sug-
gested to be involved in the development of Kawasaki disease, a rare
condition that causes blood vessels inﬂarnrnation,l(”17 HCoV-0C43 has
been shown to have neuroinvasive properties and to cause encephalitis
in animal models.'®'° Moreover, both HCoV-OC43 and HCoV-229E
were shown to establish persistent infections in cell cultures,?®?!
while the presence of HCoV-OC43 RNA was detected in human brain
autopsy samples from multiple sclerosis patients.®'® These observa-
tions, together with the knowledge that HCoV infection does not induce
long-lasting  protective immunity,””> highlight the need for
broad-spectrum anti-coronavirus drugs. So far, for SARS-CoV-2, two
different RNA-dependent RNA polymerase inhibitors remdesivir*® and
molnupiravir,”* and a viral protease inhibitor, Paxlovid (SARS-CoV-2
3CL protease inhibitor nirmatrelvir co-packaged with ritonavir), have
been approved by health authorities in different countries.” No specific
antiviral drug or vaccine is presently available for seasonal coronavirus
infections.

Indomethacin (INDO) is a non-steroidal anti-inflammatory drug
(NSAID) widely used in the clinic for its potent anti-inflammatory and
analgesic properties.”>?” INDO acts as a nonselective inhibitor of the
bifunctional enzymes cyclooxygenase 1 and 2 (COX-1 and COX-2) that
carry out two sequential reactions essential for the synthesis of prosta-
glandins and thromboxane.?® COX-1 is the constitutively expressed
isoform; COX-2, although constitutively expressed in some tissues (e.g.,
brain and kidney), is primarily an inducible enzyme, whose expression is
activated in response to cytokines, mitogens, endotoxin and hyper-
thermia in a variety of cell types.?**’

In addition to the anti-inflammatory/analgesic action, INDO has
been known for several decades to also possess antiviral properties.
Since the initial discovery,®! in-vitro and in-vivo studies have confirmed
the antiviral activity of indomethacin against several human viral
pathogens, including rotavirus, > hepatitis B,* herpesvirus,34 rhabdo-
virus®® and human immunodeficiency virus (HIV).***” We have previ-
ously shown that INDO is also effective against canine coronaviruses and
the human coronavirus SARS-CoV;® in addition, antiviral effects of
INDO have been recently shown against SARS-CoV-2 in in-vitro
models,>>*° as well as in clinical trials for the treatment of COVID-19
patients.”! Indomethacin ability to inhibit the replication of several
unrelated DNA and RNA viruses points out to a host-mediated antiviral
mechanism, rather than an effect on virus-specific enzymes. INDO was
shown to selectively activate the double-stranded RNA-dependent pro-
tein kinase PKR, an interferon-induced serine-threonine protein kinase
that plays an essential role in innate immunity response to viral in-
fections, rapidly inducing the phosphorylation of the a-subunit of the
eukaryotic initiation factor 2 (eIF2)*? and inhibiting viral protein syn-
thesis.>® However, the mechanism at the basis of the antiviral activity of
INDO remains largely unknown.

Herein we show that INDO effectively inhibits the replication of the
Alpha-coronavirus HCoV-229E and the Beta-coronavirus HCoV-OC43 in
human lung-derived cells, acting at late stages of the virus life cycle.
Interestingly we found that both sHCoVs markedly induce the expres-
sion of the pro-inflammatory mediator COX-2 in lung cells, and that this
effect is prevented by INDO treatment.
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2. Materials and methods
2.1. Cell culture and treatments

Human normal lung MRC-5 fibroblasts (American Type Culture
Collection, ATCC, CCL-171), embryonic kidney HEK293T cells (ATCC),
and Caco-2 hACE2 cells, stably expressing the human angiotensin-
converting enzyme 2 (hACE2) receptor, were grown at 37 °Cina 5 %
CO, atmosphere in EMEM (ATCC, MRC-5 cells) or DMEM (Euroclone,
HEK293T and Caco-2 hACE2 cells) medium, supplemented with 10 %
fetal calf serum (FCS), 2 mM glutamine and antibiotics. Generation of
Caco-2 hACE2 cells has been described previously.** Indomethacin and
aspirin (ASA) were purchased from Sigma and dissolved into ethanol
stock solutions. Compounds were diluted in culture medium, added to
infected cells after the virus adsorption period and maintained in the
medium for the duration of the experiment, unless differently specified.
Controls received equal amounts of vehicle, which did not affect cell
viability or virus replication. Cell viability was determined by the 3-(4,
5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) to
MTT formazan conversion assay (Sigma-Aldrich), as described.** The
50 % lethal dose (LDsp) was calculated using Prism 8.0 software
(Graph-Pad Software Inc.). Microscopical examination of mock-infected
or virus-infected cells was performed using a Leica DM-IL microscope
and images were captured on a Leica DC 300 camera using Leica
Image-Manager500 software.

2.2. Coronavirus infection and titration

Human coronaviruses HCoV-229E (ATCC) and HCoV-OC43 (ATCC)
were used for this study. For virus infection, confluent MRC-5 cell
monolayers were infected with HCoV for 1 h at 33 °C at a multiplicity of
infection (MOI) of 0.01, 0.1 or 1 TCIDs( (50 % tissue culture infectious
dose)/cell. After the adsorption period, the viral inoculum was removed,
and cell monolayers were washed three times with phosphate-buffered
saline (PBS). Cells were maintained at 33 °C in growth medium con-
taining 2 % FCS. Virus yield was determined at different times after
infection by TCIDsy infectivity assay, as described previously.*® The 50
% inhibitory concentration (ICsg) of the compound tested was calculated
using Prism 8.0 software.

2.3. Generation of SARS-CoV-2 S-pseudoviruses

SARS-CoV-2 S-pseudotyped lentiviral particles carrying a firefly
luciferase reporter gene were generated as previously described.*®
Briefly, HEK293T cells were co-transfected using Lipofectamine 2000
(Invitrogen, Thermo Scientific) with the pCAGGS-SARS2-S-G614
plasmid (Addgene plasmid #156421) encoding the SARS-CoV-2 spike
carrying the D614G mutation, which increases virion spike infectivity, a
gift from Hyeryun Choe and Michael Farzan,”” pCMVR 8.74 lentiviral
packaging plasmid (a kind gift from R. Piva, University of Turin, Italy)
and pLenti CMV Puro LUC plasmid (Addgene plasmid #17477), a gift
from Eric Campeau and Paul Kaufman.® At 48h after transfection, su-
pernatants containing the viral particles were collected, titrated as
described,*® and frozen at —80 °C until use.

2.4. Pseudovirus entry assay

Caco-2 hACE2 cells were plated at a density of 3 x 10* cells/well in
white clear-bottom 96-well plates (Costar). After 24h, cells were infec-
ted with the pseudovirus suspension (50 pl: 5 x 10° RNA copies/well) for
4h. Luciferase activity (Relative Luciferase Units, RLU) was detected at
72h post-infection using Bright-Glo Luciferase Assay System Kit
(Promega) in a Microplate Luminometer (Wallac-Perkin Elmer). All
experiments were performed in triplicates.


https://covid19.who.int/

C. Tramontozzi et al.
2.5. Protein analysis and western blot

For analysis of proteins, whole-cell extracts (WCE) were prepared
after lysis in High Salt Buffer (HSB) as described.*® For Western blot
analysis, cell extracts (15 pg/sample) were separated by SDS-PAGE
under reducing conditions and blotted to a nitrocellulose membrane.
After blocking with 5 % skim milk solution, membranes were incubated
with the selected antibodies, followed by incubation with
peroxidase-labeled anti-rabbit or anti-mouse antibodies. Primary and
secondary antibodies used are listed in Supplementary Table S1.
Quantitative evaluation of proteins was determined as described.>>>°
All results shown are representative of at least three independent
experiments.

2.6. RNA extraction and real-time PCR analysis

Measurement of sHCoV genomic RNA was performed by quantitative
Real-Time reverse-transcription PCR (qRT-PCR) analysis, as
described.”’ Briefly, total intracellular RNA from mock-infected or
HCoV-infected cells was prepared using ReliaPrep RNA Cell Miniprep
System (Promega) and reverse transcription was performed with Pri-
meScript RT Reagent Kit (Takara) according to the manufacturer’s
protocol. Extracellular viral RNA was extracted from 200 pl of the su-
pernatant of sHCoV-infected cell cultures with Viral Nucleic Acid
Extraction Kit II (Geneaid) and 10 pl aliquots were subjected to reverse
transcription using SuperScript™ VILO™ cDNA Synthesis Kit (Life
Technologies).”> qRT-PCR analysis was performed using specific
primers listed in Supplementary Table S2, using SensiFAST SYBR® kit
(Bioline) in a CFX96 Real-Time System (Bio-Rad). Primers specific for
the membrane protein gene of HCoV-OC43 and HCoV-229E were pre-
viously described.”® Relative quantities of selected mRNAs were
normalized to ribosomal L34 RNA levels in the same sample.’” All re-
actions were made in triplicate using samples derived from at least three
biological repeats.

2.7. HCoV genomic RNA transfection

For HCoV genomic RNA transfection experiments, MRC-5 cell
monolayers were infected with HCoV-229E or HCoV-OC43 for 1h at 33
°C at a MOI of 0.1 TCIDs¢/cell and HCoV genomic RNA was extracted
from the supernatants at 24h p.i. using TRIzol-LS reagent (Life Tech-
nologies), as described in the manufacturer’s protocol. MRC-5 cells
monolayers were mock-transfected or transfected with HCoV genomic
RNA (1 pg/ml) using TransITmRNA Transfection Kit (Mirus Bio) at
33°C.%% After 4h, transfection medium was removed, and cells were
treated with INDO or vehicle and maintained at 33 °C in growth medium
containing 2 % FCS. After 48h, culture supernatants were collected for
virus progeny titer determination, and cell monolayers were processed
by Western blot analysis.

2.8. Immunofluorescence microscopy

MRC-5 cells grown in 8-well chamber slides (LabTek II) were infec-
ted with HCoV-229E or HCoV-OC43 and, after the adsorption period,
were treated with INDO or vehicle for 24h. Cells were fixed, per-
meabilized and processed for immunofluorescence as described*® using
selected antibodies, followed by decoration with Alexa Fluor 555- or
488-conjugated antibodies (Molecular Probes, Invitrogen). Primary and
secondary antibodies used are listed in Supplementary Table S1. Nuclei
were stained with Hoechst 33342 (Molecular Probes, Invitrogen). Im-
ages were captured using a ZEISS Axio Observer 7 inverted microscope
with Apotome III and analyzed using ZEN 3.1 (blue edition) software.
Images shown in all figures are representative of at least three random
fields (scale-bars are indicated).
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2.9. Statistical analysis

Statistical analyses were performed using Prism 8.0 software
(GraphPad Software). Comparisons between two groups were made
using Student’s t-test; comparisons among groups were performed by
one-way ANOVA with Bonferroni adjustments. p values < 0.05 were
considered significant. Data are expressed as the means + standard
deviations (S.D.) of results from duplicate or triplicate samples. Each
experiment (in duplicate) was repeated at least twice.

3. Results and discussion

3.1. The non-steroidal anti-inflammatory drug indomethacin inhibits the
replication of human seasonal coronaviruses HCoV-229E and HCoV-
0C43 in in-vitro models

In order to investigate the antiviral activity of indomethacin (INDO,
Fig. 1A) against sHCoV, MRC-5 cells derived from normal human lung
tissue were infected with the Alpha-coronavirus HCoV-229E or the Beta-
coronavirus HCoV-OC43 (Fig. 1B) at a MOI of 0.1 TCID5p/cell and, after
the 1h adsorption period, cells were treated with different concentra-
tions of the drug. Controls received equal amounts of vehicle. At 24h
post infection (p.i.), viral titers were determined in the supernatant of
infected cells by TCIDs infectivity assay; in parallel, the effect of INDO
on the viability of mock-infected MRC-5 cells was determined by MTT
assay. INDO was found to possess a remarkable antiviral activity against
HCoV-229E, reducing virus yield dose-dependently with an ICsq value of
45 puM (Fig. 1C and D), which is similar to the ICsq previously reported
for INDO in SARS-CoV-infected cells.>® A greater than 99 % decrease in
virus yield was detected at non-toxic concentrations (Fig. 1C and D).
Similar results were obtained in MRC-5 cells infected with HCoV-OC43
(Fig. 1E and F). In addition to not being cytotoxic in MRC-5 cells at the
effective antiviral concentrations with a CCso > 800 pM (Fig. 1C and E),
INDO (100 pM) was found to partially protect lung cells from the
cytopathic effect caused by HCoV-229E and HCoV-OC43 infection for a
period of 24h (Fig. 1G and H).

Next, to determine whether INDO antiviral activity is affected by the
number of HCoV infectious particles, MRC-5 cells were infected with
HCoV-229E or HCoV-0C43 at different MOI (0.01, 0.1 or 1 TCID5¢/cell),
and treated with 100 pM INDO or vehicle after the adsorption period;
virus yield was determined at 24h p.i. by TCIDs infectivity assay. The
results, shown in Fig. S1, demonstrate that INDO was effective under all
conditions used, indicating that the drug inhibits sHCoV replication
independently of the MOIL.

As described in the Introduction, indomethacin exerts its anti-
inflammatory  effect by inhibiting cyclooxygenase-1  and
cyclooxygenase-2 activity.”” We then investigated the effect of the
potent COX-1/COX-2 inhibitor aspirin (ASA, Fig. S2A) on HCoV repli-
cation in human lung cells. MRC-5 cells were infected with HCoV-229E
or HCoV-0OC43 (0.1 TCIDsg/cell) and, after the adsorption period, were
treated with different concentrations of ASA (1 pM-1 mM) or control
vehicle. In parallel, ASA cytotoxicity was determined by MTT assay in
mock-infected cells. At 24h p.i., HCoV-229E and HCoV-OC43 yields
were determined by TCIDs infectivity assay. As previously shown in the
case of different viruses,>>>® no antiviral activity against HCoV-229E or
HCoV-0OC43 was detected in ASA-treated cells up to concentrations as
high as 1 mM (Fig. S2), suggesting that the anticoronavirus effect of
INDO is independent of cyclooxygenase activity.

3.2. Indomethacin acts at post-entry level

To determine the effect of treatment of lung cells with indomethacin
before coronavirus infection, MRC-5 cells were treated with INDO (100
uM) or vehicle for 6h and the drug was removed before infection with
HCoV-229E or HCoV-OC43 (0.1 TCIDsg/cell). In parallel, MRC-5 cells
were infected with HCoV-229E or HCoV-OC43 in the absence of the drug
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Fig. 1. The non-steroidal anti-inflammatory drug indomethacin inhibits HCoV replication in human lung MRC-5 cells. (A) Structure of indomethacin
(INDO). (B) Schematic representation of genome structure and classification of the human coronaviruses HCoV-229E and HCoV-OC43. ORFla and ORF1b are
represented as light green boxes; genes encoding structural proteins spike (S), nucleocapsid (N), envelope (E), membrane (M), and hemagglutinin-esterase (HE) and
genes encoding accessory proteins are shown. (C-F) MRC-5 cell monolayers infected with HCoV-229E (C, D) or HCoV-OC43 (E, F) at an MOI of 0.1 TCIDso/cell were
treated with different concentrations of INDO or vehicle (0) after the adsorption period. Virus yield (O, red line) was determined at 24h p.i. by TCIDs infectivity
assay. Data, expressed as percentage of control (C, E), represent the mean + S.D. of triplicate samples. Data, expressed as TCIDso/ml (D, F), represent the mean + S.D.
of duplicate samples from a representative experiment of three with similar results. * = p < 0.05; ** = p < 0.01; ANOVA test. In parallel, cell viability (C, E, ¢, blue
line) was determined by MTT assay in mock-infected cells. Absorbance (O.D.) of converted dye was measured at A = 570 nm. Data, expressed as percentage of
control, represent the mean + S.D. of triplicate samples. (G, H) Cytoprotective effect of INDO (100 pM) in MRC-5 cells infected with HCoV-229E (G) or HCoV-OC43
(H) (0.1 TCIDso/cell) at 24h p.i. (magnification: 100x). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)

and treated with INDO starting immediately after the 1h adsorption
period for the duration of the experiment; alternatively, MRC-5 cells
were treated for 6h before infection, and treatment was continued
during and after the adsorption period. Finally to investigate whether
INDO treatment affects HCoV receptor-binding or entry into host cells,
MRC-5 cells were infected with HCoV-229E or HCoV-OC43 and treated
with INDO or vehicle only during the 1h adsorption period, after which

time the drug was removed. At 24h p.i. viral titers were determined in
the supernatant of infected cells by TCIDs infectivity assay. As shown in
Fig. 2A and B, INDO pretreatment did not affect sHCoV replication when
the drug was removed before infection; treatment with the drug only
during the virus adsorption period was also ineffective. On the other
hand, treatment started after infection remarkably inhibited both HCoV-
229E or HCoV-0OC43 infectious particles production (Fig. 2A and B),
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Fig. 2. Indomethacin acts at post-entry level. (A, B) MRC-5 cells infected with HCoV-229E (A) or HCoV-OC43 (B) (0.1 TCIDso/cell) were treated with 100 pM
INDO or vehicle (Control) at 6h before infection (PRE), only during the adsorption period (ADS) or immediately after the adsorption period in the absence (POST) or
the presence of 6h pre-treatment (PRE + POST). Virus yield was determined at 24h p.i. by TCIDs, infectivity assay. Data, expressed as percentage of control,
represent the mean + S.D. of duplicate samples from a representative experiment of two with similar results. * = p < 0.05; ** = p < 0.01; *** = p < 0.001; ANOVA
test. (C) Schematic representation of HCoV genomic RNA (gRNA) transfection. Created with BioRender.com. (D-G) MRC-5 cells were mock-transfected (-gRNA) or
transfected with HCoV-229E (D, F) or HCoV-OC43 (E, G) gRNA for 4h and treated with 100 pM INDO (+) or vehicle (—) for 48h. Virus yield was determined at 48h
after treatment by TCIDs assay (D, E, upper panels); in parallel, viral extracellular RNA levels were determined by qRT-PCR (D, E, lower panels). Data, expressed as
TCIDso/ml (D, E, upper panels) or percentage of control (D, E, lower panels) represent the mean + S.D. of duplicate samples from a representative experiment of two
with similar results. * = p < 0.05; Student’s t-test (D, E). In parallel samples levels of viral spike (S), viral nucleocapsid (N) and GAPDH proteins were determined by
immunoblot analysis (IB) in HCoV-229E (F) or HCoV-OC43 (G) gRNA-transfected cells.

suggesting that INDO acts at post-entry level.

In order to rule out any effect of INDO on coronavirus adsorption,
entry or uncoating, HCoV-229E or HCoV-OC43 genomic RNA was
extracted from infectious virions and transfected into MRC-5 cell
monolayers, as described in Materials and Methods, and schematically
represented in Fig. 2C. After 4h, the transfection medium was removed
and cells were treated with INDO (100 pM) or vehicle for 48h. At this

time, viral titers were determined by TCIDso infectivity assay and
extracellular HCoV genomic RNA levels were determined by qRT-PCR
analysis in the supernatant of transfected cells; in parallel, levels of
HCoV-229E and HCoV-OC43 spike (S) and nucleocapsid (N) proteins in
transfected cells were analyzed in cell extracts by immunoblot. Both
HCoV-229E or HCoV-OC43 genomic RNA transfection resulted in the
production of infectious viral progeny at 48h after transfection (Fig. 2D
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and E). INDO treatment was found to greatly reduce the production of
HCoV infectious particles and genomic extracellular RNA levels (Fig. 2D
and E), as well as viral structural S and N proteins levels (Fig. 2F and G)
in transfected cells. These results demonstrate that INDO does not
interfere with the binding, entry or uncoating of HCoV-229E or HCoV-
0C43 in target cells.

HCoV-229E and HCoV-OC43 are genetically dissimilar belonging to
two distinct taxonomic genera (Alpha and Beta), and use different re-
ceptors: HCoV-229E has adopted the cell surface enzyme
aminopeptidase-N (APN) as receptor, while HCoV-OC43 uses 9-O-acet-
ylated sialic acid"?; the angiotensin-converting enzyme 2 (ACE2) is
instead the receptor for HCoV-NL63, SARS-CoV-1 and SARS-CoV-2.:*
To investigate whether indomethacin could interfere with SARS-CoV-2
entry into host cells, we engineered pseudotyped third-generation len-
tiviral particles to express the full-length SARS-CoV-2 S protein together
with a luciferase (LUC) reporter to monitor infection. SARS-CoV-2
S-pseudotyped particles were generated in producer HEK293T cells
and used to infect human colon Caco-2 cells stably expressing the human
ACE2 receptor (Caco-2 hACE2)"*® as described in Materials and Methods,
and schematically represented in Fig. S3A. Caco-2 hACE2 cells were
treated with INDO (100 pM) or vehicle for 2h and the drug was removed
before infection with LUC-expressing SARS-CoV-2 S-pseudoviruses;
alternatively, Caco-2 hACE2 cells were infected with SARS-CoV-2
S-pseudotyped particles and treated with 100 pM INDO or vehicle
only during the 4h adsorption period, after which time the drug was
removed. Pseudovirus entry was analyzed by measuring LUC activities
72h post-infection. Results in Fig. S3B show that drug treatment before
or during adsorption had no effect on SARS-CoV-2 S-pseudoviruses
infection, confirming that INDO does not affect SARS-CoV-2
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S-pseudotyped particles entry.

Altogether, these results demonstrate that indomethacin does not
interfere with the binding or entry of human coronaviruses into target
cells, but acts at post-entry level.

3.3. Indomethacin acts at the late stages of the HCoV replication cycle

To investigate whether INDO affects an early step of the virus life
cycle, MRC-5 cells were infected with HCoV-229E or HCoV-0OC43 (0.1
TCIDso/cell) and treated with 100 pM INDO starting immediately after
the adsorption period or at different times after infection. At 24h p.i.,
virus yield was determined in the supernatant of infected cells by TCIDs,
infectivity assay. Interestingly, INDO treatment initiated between 0 and
6h after infection was equally effective in inhibiting HCoV replication,
and it was still effective, although to a lesser extent, when treatment was
started at 9h p.i.; the antiviral activity was instead impaired when
treatment was started as late as 16h p.i. (Fig. S4). These results suggest
that INDO does not affect early stages of the HCoV replication cycle.

We have previously shown that INDO causes a dysregulation of RNA
and protein synthesis in cells infected with different viruses®>%: INDO
was found to inhibit coronavirus RNA expression in a model of canine
coronavirus (CCoV) infection%; on the other hand, we found that during
infection with the negative-strand RNA virus VSV (Vesicular Stomatitis
virus) INDO acts at the translational level, by rapidly inducing eIF2a
phosphorylation via activation of the double-stranded RNA-activated
protein kinase (PKR), and causing a block of viral protein
expression.%’42

We therefore investigated the effect of the drug on viral RNA and
structural protein expression during sHCoV infection. MRC-5 cells were
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Fig. 3. Dose-dependent inhibition of HCoV-229E RNA and structural proteins expression by indomethacin. (A-C) MRC-5 cells mock-infected or infected with
HCoV-229E (0.1 TCIDs/cell) were treated with different concentrations of INDO or vehicle (0) after the adsorption period. Intracellular HCoV-229E RNA levels were
determined by qRT-PCR at 24h p.i. (A). Relative quantities of HCoV-229E RNA were normalized to L34 RNA levels in the same sample. Data, expressed as percentage
of untreated control, represent the mean + S.D. of triplicate samples. * = p < 0.05; *** = p < 0.001; ANOVA test. In parallel, levels of viral spike (S), viral
nucleocapsid (N), and GAPDH proteins in HCoV-229E infected or mock-infected (M) cells were determined at 24h p.i. by IB (B). Relative amounts of S and N proteins
were determined by densitometric analysis using ImageJ software, normalized to GAPDH in the same sample, and expressed as arbitrary units (C). Error bars indicate
the mean =+ S.D. of duplicate samples from a representative experiment of two with similar results. * = p < 0.05; ANOVA test. (D) Immunofluorescence analysis of
viral nucleocapsid protein (red) and a-tubulin (green) in MRC-5 cells mock-infected or infected with HCoV-229E (1 TCIDso/cell) and treated with 100 pM INDO or
vehicle for 24h. Nuclei are stained with Hoechst (blue). Merge images are shown. Scale bar, 50 pm. (E) MRC-5 cell monolayers infected with HCoV-229E (0.1 TCIDsq/
cell) were treated with 100 pM INDO or vehicle after the adsorption period. Virus yield was determined at 24h p.i. by TCIDs infectivity assay. Data are expressed as
percentage of control (n = 4). * = p < 0.05; Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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mock-infected or infected with HCoV-229E (0.1 TCIDsg/cell) and anticoronavirus activity of INDO is not primarily mediated by a trans-

treated with different concentrations of INDO starting immediately after lational block.

the adsorption period. At 24h p.i., intracellular viral RNA levels were As indicated above, INDO was shown to inhibit VSV protein synthesis
determined by qRT-PCR analysis; in parallel samples levels of the viral by promoting the phosphorylation of eIF2a in monkey kidney cells.>
spike (S) and nucleocapsid (N) proteins were determined by immuno- Notably, INDO treatment (100 pM) is able to induce elF2a (Ser®H
blot analysis using specific antibodies. As shown in Fig. 3A, INDO was phosphorylation also in MRC-5 lung cells (Fig. S5). Phosphorylation of
found to decrease intracellular HCoV-229E RNA levels dose- the factor occurs in a very rapid manner, starting as soon as 10 min after
dependently. Interestingly, differently from VSV infection, no signifi- drug administration; however, this effect is transient, attenuating be-
cant differences in HCoV N and S protein levels were detected in INDO- tween 1 and 2h after treatment (Fig. S5A and B), and no differences in
treated cells, as compared to control, up to the concentration of 100 pM elF2a phosphorylation levels were found in treated uninfected or

that caused a >90 % reduction in viral yield (Fig. 3B-E). Immunofluo- sHCoV-infected cells at late times (16h) p.i. (Fig. S5D and F). The dif-
rescence microscopy analysis of MRC-5 cells infected with HCoV-229E ferential effects of INDO in sHCoV- vs. VSV-infected cells could be due to
(1 TCIDsp/cell) showed high levels of nucleocapsid protein in the multiple factors: differently from VSV, whose replication cycle is very
cytoplasm of infected cells at 24h p.i. (Fig. 3D); comparable levels of N rapid (2-6 h)°* and is reliant on efficient cap-dependent mRNA trans-
protein were detected in cells treated with INDO (100 pM) for 24h lation in the early phase of infection,>> HCoV-229E and HCoV-OC43 are

(Fig. 3D), confirming the immunoblot results. characterized by a much slower replication kinetics®® and may over-

Similar results were obtained in a parallel set of experiments per- come a temporary translational block, due to the transient nature of the
formed in MRC-5 cells infected with HCoV-OC43 (0.1 TCIDsq/cell) and INDO-mediated elF2a phosphorylation; moreover, the role of elF2a at
treated with different concentrations of INDO starting immediately after different stages of HCoV infection remains to be elucidated. Whereas the
the adsorption period. Also in this case INDO treatment caused a dose- complex mechanisms underlying sHCoV-mediated control of the host
dependent decrease in intracellular HCoV-OC43 RNA levels (Fig. 4A), translational apparatus are still poorly understood,® it should be noted
while no significant differences in N protein levels were detected in that HCoV-OC43 was recently shown to actively inhibit elF2a phos-
INDO-treated cells up to the concentration of 100 pM despite the phorylation in response to sodium arsenite.””>°® On the other hand, in
remarkable decrease in viral yield (Fig. 4B-E). Immunofluorescence the case of SARS-CoV infection it has been shown that SARS-CoV acti-

microscopy studies also revealed that treatment with 100 pM INDO vates PKR, leading to sustained eIF2a phosphorylation that did not affect
reduced the levels of both HCoV-229E and HCoV-OC43 double-strand virus replication,” suggesting that SARS-CoV is able to overcome the

RNA in lung cells without affecting viral nucleoprotein levels (Fig. 5). inhibitory effects of phosphorylated elF2a on viral mRNA translation.
These results indicate that, differently from VSV-infected cells, the Whereas the mechanisms at the basis of the antiviral activity of
HCoV-0C43
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Fig. 4. Effect of indomethacin on HCoV-OC43 RNA and structural proteins expression. (A-C) MRC-5 cells mock-infected or infected with HCoV-OC43 (0.1
TCIDsq/cell) were treated with different concentrations of INDO or vehicle (0) after the adsorption period. Intracellular HCoV-OC43 RNA levels were determined by
qRT-PCR at 24h p.i. (A). Relative quantities of HCoV-OC43 RNA were normalized to L34 RNA levels in the same sample. Data, expressed as percentage of untreated
control, represent the mean =+ S.D. of triplicate samples. ** = p < 0.01; *** = p < 0.001; ANOVA test. In parallel, levels of viral spike (S), viral nucleocapsid (N), and
B-actin proteins in HCoV-OC43 infected or mock-infected (M) cells were determined at 24h p.i. by IB (B). Relative amounts of S and N proteins were determined by
densitometric analysis using ImageJ software, normalized to f-actin in the same sample, and expressed as arbitrary units (C). Error bars indicate the mean + S.D. of
duplicate samples from a representative experiment of two with similar results. * = p < 0.05; *** = p < 0.001; ANOVA test. (D) Immunofluorescence analysis of viral
nucleocapsid protein (red) and a-tubulin (green) in MRC-5 cells mock-infected or infected with HCoV-OC43 (1 TCIDsq/cell) and treated with 100 uM INDO or vehicle
for 24h. Nuclei are stained with Hoechst (blue). Merge images are shown. Scale bar, 50 pm. (E) MRC-5 cell monolayers infected with HCoV-OC43 (0.1 TCIDso/cell)
were treated with 100 pM INDO or vehicle after the adsorption period. Virus yield was determined at 24h p.i. by TCIDs, infectivity assay. Data are expressed as
percentage of control (n = 4). * = p < 0.05; Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 5. Indomethacin treatment partially reduces HCoV dsRNA levels in lung cells. (A, B) Immunofluorescence analysis of viral dsRNA (green) and nucleo-
capsid protein (red) levels in MRC-5 cells mock-infected or infected with HCoV-229E (A) or HCoV-OC43 (B) (1 TCIDso/cell) and treated with 100 pM INDO or vehicle
(control) for 24h. Nuclei are stained with Hoechst (blue). Merge and zoom images are shown. Scale bar, 20 pm (zoom, 10 pm). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

indomethacin remain to be further elucidated, the presence of high
levels of HCoV structural proteins in infected cells indicate that the drug
is not affecting early stages of the replication cycle, including positive-
sense RNA-genome translation into the ppla and pplab polyproteins,
their processing into different non-structural proteins and formation of
the RNA replicase-transcriptase complex (RTC), nor RTC-driven gen-
eration of subgenomic RNAs, but could interfere with genomic RNA
production and/or assembly of infectious viral particles in the host cell.

3.4. Indomethacin inhibits HCoV-induced cyclooxygenase-2 expression in
lung cells

As indicated above, indomethacin is widely used in the clinic for its
potent anti-inflammatory properties mainly due to inhibition of COX-2
enzymatic activity.”>?’ Interestingly, it was previously reported that
both SARS-CoV and SARS-CoV-2 infection is able to induce COX-2
expression in diverse systems in-vitro and in-vivo, and this effect has
been linked to a virus-generated hyperinflammatory state®® °%; howev-
er, little is known on the effect of seasonal coronavirus infection on
COX-2 expression. We therefore investigated the effect of HCoV-OC43
and HCoV-229E infection on the expression of this critical inflamma-
tory mediator in lung cells.

In a first set of experiments MRC-5 cells were mock-infected or
infected with HCoV-OC43 (0.1 TCIDsp/cell), and treated with INDO

(100 pM) or vehicle starting immediately after the adsorption period. At
24h and 48h p.i. COX-2 mRNA levels were determined by qRT-PCR
analysis. Levels of microsomal prostaglandin E2 synthase (mPGES-2,
an enzyme involved in prostaglandin E, generation) mRNA were
determined as control. HCoV-OC43 infection caused a marked increase
(>15-fold) in COX-2 mRNA levels in lung cells already at 24h p.i.;
notably COX-2 mRNA levels were found to increase more than 300-fold
at 48h p.i. as compared to the mock-infected cells (Fig. 6A). No differ-
ence in mPGES-2 mRNA levels in the same samples was instead detected
at both times p.i. (Fig. 6A). Indomethacin was found to greatly decrease
the virus-induced COX-2 mRNA expression at both 24 and 48h after
treatment, while it did not affect mPGES-2 mRNA levels (Fig. 6A).
Next, MRC-5 cells were infected with HCoV-OC43 and, after the 1h
adsorption period, were treated with different concentrations of the
drug. At 48h p.i. COX-2 mRNA levels were determined by qRT-PCR
analysis; in parallel samples levels of COX-2, mPGES-2 and viral
nucleocapsid proteins were determined in cell extracts by immunoblot
analysis, while virus yield was determined in the supernatant of infected
cells by TCIDs infectivity assay. Interestingly, as shown in Fig. 6B and
C, HCoV-0OC43 infection not only caused a marked increase in COX-2
mRNA levels (Fig. 6B), but also induced the expression of high levels
of COX-2 protein in infected cells at this time (Fig. 6C). No difference in
mPGES-2 protein levels were detected in infected cells as compared to
mock-infected cells (Fig. 6C). INDO was very effective in inhibiting
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Fig. 6. HCoV-OC43 is a potent inducer of cyclooxygenase-2 expression in human lung cells: an effect inhibited by indomethacin. (A) MRC-5 cells were
mock-infected or infected with HCoV-OC43 (0.1 TCIDso/cell) and treated with 100 pM INDO or vehicle; at 24h or 48h p.i. levels of COX-2 and mPGES-2 mRNA were
determined by qRT-PCR. Fold induction was calculated by comparing the increase of COX-2 and mPGES-2 in each sample to the mock-infected control, which was
arbitrarily set to 1. Error bars indicate the mean + S.D. of triplicate samples. * = p < 0.05; ** = p < 0.01; Student’s t-test. (B-D) MRC-5 cell monolayers mock-
infected (M) or infected with HCoV-OC43 were treated with different concentrations of INDO or vehicle (0) after the adsorption period. Levels of COX-2 mRNA
were determined by qRT-PCR at 48h p.i. (B). Fold induction was calculated by comparing the increase of COX-2 in each sample to the mock-infected control, which
was arbitrarily set to 1. Error bars indicate the mean + S.D. of triplicate samples. ** = p < 0.01; ANOVA test. Levels of COX-2, mPGES-2, viral nucleocapsid (N) and
p-actin proteins in HCoV-OC43 infected or mock-infected (M) cells were determined at 48h p.i. by IB (C). In parallel samples virus yield was determined at 48h p.i. by
TCIDs, infectivity assay (D). Data, expressed as percentage of control, represent the mean + S.D. of duplicate samples from a representative experiment of two with

similar results. * = p < 0.05; ** = p < 0.01; ANOVA test.

virus-induced COX-2 mRNA and protein expression at all concentrations
tested (Fig. 6B and C). Notably, also at 48h p.i., INDO treatment did not
affect HCoV-OC43 N protein expression at concentrations that greatly
reduced infectious viral particles productions in the same samples
(Fig. 6D), confirming the results obtained at 24h (Fig. 4).

Similar results were obtained in a parallel set of experiments per-
formed in MRC-5 cells infected with the a-HCoV-229E (0.1 TCIDso/cell)
and treated with different concentrations of INDO starting immediately
after the adsorption period. HCoV-229E infection also triggered COX-2
expression in lung cells although to a lesser extent than the p-HCoV-
0C43, causing an increase in COX-2 mRNA levels of more than 9-fold at
24h p.i. and more than 100-fold at 48h p.i., without affecting mPGES-2
mRNA levels (Fig. S6). Also in this case indomethacin treatment was
found to be very effective in inhibiting the virus-induced COX-2
expression (Fig. S6B).

4. Conclusions

As a consequence of the high genomic nucleotide substitution rates,
recombination and zoonotic potential, Coronaviridae is recognized as
one of the most rapidly evolving virus family that represent a great
threat to human health. In addition to the highly pathogenic human
coronaviruses SARS-CoV, MERS-CoV and SARS-CoV-2, also seasonal
coronaviruses, which generally cause mild upper respiratory tract dis-
eases, may sometimes cause severe, life-threatening diseases in a subset
of patients.®'° On this basis broad-spectrum anti-coronavirus drugs are
highly needed.

We now show that the non-steroidal anti-inflammatory drug indo-
methacin effectively inhibits the replication of the Alpha-coronavirus

HCoV-229E and the Beta-coronavirus HCoV-OC43 in human lung-
derived cells. Indomethacin does not interfere with the binding or
entry of human coronaviruses into target cells, but acts at late stages of
the virus life cycle, inhibiting viral RNA synthesis and production of
infectious viral particles.

Although INDO anti-inflammatory action is mediated by blocking
COX-1 and COX-2 enzymatic activity thus inhibiting pro-inflammatory
prostaglandin synthesis, the antiviral effect appears to be
cyclooxygenase-independent, since it occurs at concentrations higher
than those needed for COX inhibition (1078, 10~° M); in addition, the
antiviral activity cannot be mimicked by the potent COX-1/2 inhibitor
aspirin, that had no effect on either HCoV-229E or HCoV-OC43 repli-
cation up to millimolar concentrations. Interestingly we found that,
similarly to the highly-pathogenic SARS-CoV and SARS-CoV-2,°° %2 both
seasonal HCoVs markedly induce COX-2 expression in lung cells.
Whereas the mechanism(s) involved in sHCoV-mediated COX-2
expression remains to be elucidated, we show that INDO treatment
effectively inhibits virus-induced COX-2 mRNA transcription. These
results indicate that indomethacin is able to inhibit coronavirus-induced
COX-2-mediated inflammatory reactions by acting at two separate
levels, reducing COX-2 levels in infected lung cells, in addition to
inhibiting COX enzymatic activity.

Altogether the results described indicate that indomethacin, pos-
sessing both anti-inflammatory properties and a direct antiviral activity
against HCoV, could be effective in the treatment of Alpha- and Beta-
coronavirus infections.
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