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A B S T R A C T   

The current SARS-CoV-2 pandemic, along with the likelihood that new coronavirus strains will appear in the 
nearby future, highlights the urgent need to develop new effective antiviral agents. In this scenario, emerging 
host-targeting antivirals (HTAs), which act on host-cell factors essential for viral replication, are a promising 
class of antiviral compounds. Here we show that a new class of HTAs targeting peptidylarginine deiminases 
(PADs), a family of calcium-dependent enzymes catalyzing protein citrullination, is endowed with a potent 
inhibitory activity against human beta-coronaviruses (HCoVs). Specifically, we show that infection of human 
fetal lung fibroblasts with HCoV-OC43 leads to enhanced protein citrullination through transcriptional activation 
of PAD4, and that inhibition of PAD4-mediated citrullination with either of the two pan-PAD inhibitors Cl-A and 
BB-Cl or the PAD4-specific inhibitor GSK199 curbs HCoV-OC43 replication. Furthermore, we show that either Cl- 
A or BB-Cl treatment of African green monkey kidney Vero-E6 cells, a widely used cell system to study beta-CoV 
replication, potently suppresses HCoV-OC43 and SARS-CoV-2 replication. Overall, our results demonstrate the 
potential efficacy of PAD inhibitors, in suppressing HCoV infection, which may provide the rationale for the 
repurposing of this class of inhibitors for the treatment of COVID-19 patients.   

1. Introduction 

In recent years, emerging zoonotic RNA viruses have raised serious 
public health concerns worldwide. Among them, novel coronaviruses 
(CoVs) deserve special attention due to their high spillover potential and 
transmissibility rate, often leading to deadly epidemics across multiple 
countries, worsened by the lack of effective therapies (Fan et al., 2019). 

The Coronaviridae family consists of enveloped single-stranded, 
positive-sense RNA viruses classified into four coronavirus genera: 
alpha, beta, gamma, and delta. To date, seven human coronaviruses 
(HCoVs), belonging to the alpha and beta genera, have been identified 
(Su et al., 2016). HCoV-229E and HCoV-OC43 were first described in 
1966 and 1967, respectively, followed by HCoV-NL63 in 2004 and 
HCoV-HKU1 in 2005. HCoVs generally establish infections in the upper 
respiratory district—responsible for about 10–30% of common cold 

cases—, but in vulnerable patients they can also cause bronchiolitis and 
pneumonia (Leao et al., 2020; Paules et al., 2020). 

Even though HCoVs have long been recognized as human pathogens, 
effective treatments against these viruses have only started to be 
developed after the severe acute respiratory syndrome CoV (SARS-CoV) 
outbreak in 2002 (Ksiazek et al., 2003; Weiss and Navas-Martin, 2005). 
Since then, recurrent spillover events from wildlife have led to the 
appearance of two other highly pathogenic beta-CoV strains associated 
with severe respiratory diseases in humans: the Middle East respiratory 
syndrome coronavirus (MERS-CoV) in 2011, which causes MERS (De 
Wit et al., 2016; Zaki et al., 2012), and the severe acute respiratory 
syndrome CoV-2 (SARS-CoV-2) in 2019, the etiological agent of the 
ongoing pandemic of coronavirus disease 2019 (COVID-19) (Lu et al., 
2020; Wu et al., 2020). 

In this scenario, the widespread vaccine hesitancy, the growing 
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number of breakthroughs among the vaccinated population, the emer-
gence of increasingly infectious SARS-CoV-2 variants, and the likelihood 
that new CoV strains will continue to appear in the future have all led to 
the urgent need to develop new antiviral agents able to tackle ongoing 
SARS-CoV-2 outbreaks. Consistent with this emergency status, HCoV- 
OC43 has often been used as a surrogate of—or together with—SARS- 
CoV-2 to test potential inhibitors of HCoV replication in both cell-based 
assays and in silico analysis (Milani et al., 2021). 

Most of the approved antiviral drugs are the so-called direct-acting 
antiviral agents (DAAs), compounds designed against viral proteins 
deemed essential for infection. For example, remdesivir, whose efficacy 
against SARS-CoV-2 is highly controversial (Hsu, 2020), and molnu-
piravir, a new oral antiviral highly effective in preventing severe disease 
based on the results of a recent Phase 2a trial (Fischer et al., 2021), are 
nucleoside analogue prodrugs acting as competitive substrates for 
virally-encoded RNA-dependent RNA polymerase (RdRp) (Beigel et al., 
2020; Warren et al., 2016). Another emerging class of antiviral agents 
named host-targeting antivirals (HTAs) consists of drugs acting on 
host-cell factors involved in viral replication. To date, most studies have 
focused on the analysis of viral proteins and the identification of po-
tential DAAs. However, viruses encode a limited number of proteins, and 
those suitable as drug targets are only a subset of them. Therefore, tar-
geted disruption of the mechanisms devised by HCoVs to manipulate the 
host cellular environment during infection, such as those leading to 
immune evasion and host gene expression alterations (Hartenian et al., 
2020), holds great promise for the treatment of COVID-19 patients. 

Peptidyl-arginine deiminases (PADs) are a family of calcium- 
dependent enzymes that catalyze a posttranslational modification 
(PTM) named citrullination, also known as deimination, a process dur-
ing which the guanidinium group of a peptidyl-arginine is hydrolyzed to 
form peptidyl-citrulline, an unnatural amino acid (Mondal and 
Thompson, 2019; Witalison et al., 2015). Five PAD isozymes (PAD 1-4 
and 6) are expressed in humans, with a unique distribution in various 
tissues (Table 1) (Darrah and Andrade, 2018; György et al., 2006; Kanno 
et al., 2000; Nachat et al., 2005; Slack et al., 2011; Valesini et al., 2015; 
Vossenaar et al., 2003; Wang and Wang, 2013; Witalison et al., 2015). 
PAD dysregulation leads to aberrant citrullination, which is a typical 
biomarker of various inflammatory conditions, suggesting that it may 
play a pathogenic role in inflammation-related diseases (Acharya et al., 
2012; Knight et al., 2015; Sokolove et al., 2013; van Venrooij et al., 
2011; Yang et al., 2016; Yuzhalin, 2019). 

Given the involvement of PAD in several pathological settings, a 
number of PAD inhibitors have been synthesized in recent years. Some 
of these compounds, such as Cl-amidine (Cl-A) and its derivative BB-Cl- 

amidine (BB–Cl)—in this latter compound the C-terminus is replaced by 
a benzimidazole to prevent proteolysis of the C-terminal amide, and the 
N-terminal benzoyl group is replaced by a biphenyl moiety to enhance 
cellular uptake (Knight et al., 2015)—, can inhibit the activity of all the 
different isoforms and, as such, are called pan-PAD inhibitors (Falcão 
et al., 2019; Knight et al., 2015; Knuckley et al., 2010). Other available 
inhibitors are highly specific for the different PAD-isozymes, like 
AFM-30 for PAD2 and GSK199 for PAD4 (Table S1) (Lewis et al., 2015; 
Muth et al., 2017). 

In this scenario, a correlation between PAD dysregulation and viral 
infections has recently emerged. In particular, the antiviral activity of 
the LL37 protein appears to be compromised upon human rhinovirus 
(HRV)-induced citrullination (Casanova et al., 2020), and sera from RA 
patients can specifically recognize artificially citrullinated Epstein-Barr 
virus (EBV) proteins (Pratesi et al., 2006, 2011; Trier et al., 2018). 
Consistently, we have recently shown that human cytomegalovirus 
(HCMV) induces PAD-mediated citrullination of several cellular proteins 
endowed of antiviral activity, including the two IFN-stimulated genes 
(ISGs) IFIT1 and Mx1, and that the inhibition of this process by the PAD 
inhibitor Cl-A blocks viral replication (Griffante et al., 2021). Finally, 
another recent study has shown that SARS-CoV-2 infection can modulate 
PADI gene expression, particularly in lung tissues, leading to the 
intriguing possibility that PAD enzymes may play a critical role in 
COVID-19 (Arisan et al., 2020). 

Based on this evidence, the aim of this work was to ascertain whether 
PAD inhibitors might constitute a new class of HTAs against HCoVs. For 
this purpose, we performed cell based-assays to measure the antiviral 
activity of the previously mentioned both pan- or specific-PAD inhibitors 
against two members of the beta-CoV genus: HCoV-OC43, the first one 
to have been discovered, and SARS-CoV-2, the last one to have emerged 
so far. 

Overall, our results show that both HCoV-OC43 and SARS-CoV-2 
infections are significantly associated with PAD-mediated citrullina-
tion in vitro. Importantly, pharmacological inhibition of PAD enzymes 
through Cl-A treatment led to ~50% reduction of SARS-CoV-2 NP pro-
tein expression and 1 log in SARS-CoV-2 yield, suggesting that PAD in-
hibitors may be considered for repurposing to treat COVID-19. 

2. Materials and methods 

2.1. Ethics approval statement 

Nasal pharyngeal swabs were collected upon approval of the Local 
Ethics Committee and signature of the informed consent. The 

Table 1 
Properties of the different human peptidylarginine deiminases (PADs).   

Tissue distribution Citrullination substrate Biological process Disease associated with 
aberrant citrullination 

Reference 

PAD1 All living skin layers, hair follicle, 
uterus, stomach 

Keratin and filaggrin Cornification of epidermal tissue Psoriasis Nachat et al. (2005);  
Senshu et al. (1999);  
Ying et al. (2009); Zhang 
et al. (2016) 

PAD2 Skeletal muscle, salivary gland, brain, 
immune cells, bone marrow, skin, 
peripheral nerves, uterus, spleen, 
secretory gland, pancreas, kidney, 
inner ear. 

Actin, vimentin, histone, 
myelin basic protein 

Plasticity of the CNS, transcription, 
regulation, innate immunity and fertility 

Multiple sclerosis, 
rheumatoid arthritis, 
Alzheimer disease, prion 
disease 

Falcão et al. (2019);  
Jang et al. (2008); Musse 
et al. (2008); Vossenaar 
et al. (2003) 

PAD3 Hair follicle, skin, peripheral nerves, 
CNS 

Vimentin, filaggrin, 
apoptosis inducing factor 

Regulation of epidermal function Unknown Kanno et al. (2000);  
Nachat et al. (2005) 

PAD4 Immune cells, brain, uterus, joints, 
bone marrow 

Histones, collagen type I, 
ING4, p300, p21, lamin 
C, nucleophosmin 

Chromatin decondensation, transcription 
regulation, tumor formation, innate 
immune response and NETosis process 

Rheumatoid arthritis, 
multiple sclerosis, and 
cancers 

Acharya et al. (2012);  
Chang et al. (2009);  
Willis et al. (2017) 

PAD6 Ovary, egg cells, embryo, testicle  Oocyte, sperm chromatin 
decondensation, female productivity, 
cytoskeleton formation, early fetal 
growth, and target for contraceptive 
drugs 

Unknown Esposito et al. (2007);  
Kan et al. (2011)  
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Fondazione Ca’ Granda, Ospedale Maggiore, Milano, Italy, approved the 
protocol No. 456_2020 in May 2020. 

2.2. Cell lines and viruses 

Human lung fibroblast MRC-5 cells (ATCC® CCL-171) and African 
green monkey kidney Vero-E6 cells (ATCC®-1586) were propagated in 
Dulbecco’s Modified Eagle Medium (DMEM; Sigma) supplemented with 
1% (v/v) penicillin/streptomycin solution (Euroclone) and heat- 
inactivated 10% (v/v) fetal bovine serum (FBS) (Sigma). The human 
coronavirus strain OC43 (HCoV-OC43) (ATCC® VR-1558) was kindly 
provided by David Lembo (Department of Clinical and Biological Sci-
ences, University of Turin, Turin, Italy). HCoV-OC43 was propagated on 
MRC-5 cells at 33 ◦C in a humidified 5% CO2 incubator and titrated by 
standard plaque method on MRC-5 cells, as described elsewhere (Mar-
cello et al., 2020). SARS-CoV-2 was isolated from a nasal-pharyngeal 
swab positive for SARS-CoV-2. The isolated SARS-CoV-2 strain belongs 
to the B.1 lineage, carrying the characteristic spike mutation D614G. 
The B.1 lineage is the large European lineage, the origin of which 
roughly corresponds to the Northern Italian outbreak in early 2020. The 
complete nucleotide sequence has been deposited at GenBank and 
GISAID (accession Nos. MT748758.1 and EPI_ISL 584051, respectively). 

2.3. Reagents and treatments 

The PAD inhibitors Cl-A, BB-Cl, GSK199, and AFM30a—also known 
as CAY10723—were purchased from Cayman Chemical (Ann Arbor). All 
the compounds were solubilized in DMSO according to the manufac-
turer’s instructions. Immediately before use, the inhibitors were diluted 
in the culture medium to the desired concentrations (Table S1). 

2.4. Cell viability assay 

MRC-5 or Vero-E6 cells were seeded at a density of 3 × 104/well in a 
96-well plate. After 24 h, cells were treated with different PAD inhibitors 
at the indicated concentrations or with an equal volume of the vehicle 
alone (DMSO). After 72 h, cell viability was determined by 3-(4,5- 
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay (MTT, 
Sigma), as previously described (Griffante et al., 2021). 

2.5. In vitro antiviral assay 

MRC-5 and Vero-E6 cells were cultured in 24-well plates for 1 day 
and then, 1 h before infection, pre-treated with PAD inhibitors or vehicle 
alone at the indicated concentrations. Subsequently, cells were infected 
with HCoV-OC43 at a multiplicity of infection (MOI) of 0.1 or 1. 
Following virus adsorption (2 h at 33 ◦C) and viral inoculum removal, 
new medium with fresh PAD inhibitors or DMSO alone was added to the 
plates and kept for further 72 h. The extent of HCoV-OC43 replication in 
MRC-5 cells was assessed by titrating the infectivity of supernatants 
using plaque assay and comparative real-time RT-PCR. For Vero-E6 
cells, the extent of HCoV-OC43 replication was assessed by titrating 
the infectivity of supernatants using comparative real-time RT-PCR. 

SARS-CoV-2 in vitro infection of Vero-E6 cells and the anti-viral in-
hibition assay were conducted as described previously (Parisi et al., 
2021). 

2.6. Plaque assay 

MRC-5 cells were inoculated with 10-fold serial dilutions of the 
HCoV-OC43. After 24 h, cells were fixed with cold acetone-methanol 
(50:50) and subjected to indirect immunostaining with an anti-NP- 
HCoV-OC43 monoclonal antibody (Millipore MAB9012). To determine 
the virus titer, the number of immunostained foci was counted on each 
well using the following formula: virus titer (PFU/ml) = number of 
plaques * 0.1 ml/dilution fold. SARS-CoV-2 plaque assay were 

performed on VERO-E6 cells as described previously (Parisi et al., 2021). 

2.7. Comparative real-time RT-PCR (viral load) 

All molecular analyses were performed according to Milewska et al. 
(2016). Briefly, viral nucleic acids were isolated from 200 μl of sample 
using the TRI Reagent solution (Sigma-Aldrich), according to the man-
ufacturer’s instructions. Extracted viral RNA (4 μl per sample) was ret-
rotranscribed and amplified in a 20 μl reaction mixture containing Sensi 
Fast Probe No Rox One step kit (Bioline) using a CFX Touch Real Time 
PCR Detection System (BioRad). The primers and probe for N gene 
amplification (Eurofins) are reported below: 

HCoV-OC43 Fw: AGCAACCAGGCTGATGTCAATACC; 
HCoV-OC43 Rv: AGCAGACCTTCCTGAGCCTTCAAT; 
Probe (HCoV-OC43P_rt): TGACATTGTCGATCGGGACCCAAGTA (5′

FAM and 3′TAMRA labeled). 
The reaction conditions were as follows: 10 min at 45 ◦C and 20 min 

at 95 ◦C, followed by 40 cycles of 5 s at 95 ◦C and 1 min at 60 ◦C. 
Quantification of SARS-CoV-2 copy numbers in cell supernatants was 

evaluated via specific real time RT-PCR of the N1 gene, according to the 
protocols “Coronavirus disease (COVID-19) technical guidance: Labo-
ratory testing for 2019-nCoV in humans” and “CDC 2019-Novel Coro-
navirus (2019-nCoV) Real-Time RT-PCR Diagnostic Panel”, available at: 
https://www.who.int/emergencies/diseases/novel-corona 
virus-2019/technical-guidance/laboratory-guidance and https://www. 
fda.gov/media/134922/download [last access 25 October 2021]), 
respectively. 

2.8. Cell-associated RNA isolation and quantitative nucleic acid analysis 

Total RNA was extracted using the TRI Reagent solution (Sigma- 
Aldrich), and 1 μg of it retrotranscribed using the RevertAid H-Minus 
FirstStrand cDNA Synthesis Kit (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Comparison of mRNA expression be-
tween treated and untreated samples was performed by SYBR green- 
based real time RT-qPCR by Mx3000P apparatus (Santa Clara), using 
the primers reported previously. As cellular reference, we amplified the 
housekeeping gene glyceraldehyde-3-phosphate dehydrogenase 
(GADPH) with the following primers: GAPDH Fw: 
AGTGGGTGTCGCTGTTGAAGT; GADPH Rv: AACGTGTCAGTGGTG-
GACCTG. The reaction conditions were as follows: 2 min at 95 ◦C, fol-
lowed by 40 cycles of 5 s at 95 ◦C and 1 min at 60 ◦C. 

2.9. Western blot analysis 

MRC-5 or Vero-E6 cells were treated as described in 2.5 and infected 
at an MOI of 1. The cells were harvested at 48 and 72 hpi, lysed in RIPA 
buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1% Nonidet P-40, 0.1% 
sodium deoxycholate, 0.1% SDS, 150 mM NaCl), quantified by the 
Bradford method, and subjected to Western blot analysis. The primary 
antibodies were as follows: anti-HCoV-OC43 (Millipore MAB9012); anti- 
PAD1 (ABCAM ab181791); anti-PAD2 (Cosmo Bio SML-ROI002-EX); 
anti-PAD3 (ABCAM ab50246); anti-PAD4 (ABCAM ab128086); anti- 
PAD6 (ABCAM ab16480); anti-actin (Sigma Aldrich A2066), anti- 
SARS-CoV-2 (GeneTex GTX36802). 

2.10. Detection of citrullination with rhodamine-phenylglyoxal (Rh-PG) 

Whole-cell protein extracts were prepared as described in 2.9. Pro-
tein citrullination detection was performed as described previously 
(Griffante et al., 2021). Briefly, equal amounts of protein were resus-
pended with 80% trichloroacetic acid and incubated with a rhodamine 
phenylglyoxal (Rh-PG, Cayman) probe, at a final concentration 0.1 mM, 
for 30 min. The reaction was quenched with 100 mM L-citrulline for 30 
min at 4 ◦C and then centrifuged at 21100×g for 10 min. The pellet was 
washed with ice-cold acetone and resuspended in 2 X SDS loading dye 
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for gel electrophoresis. Upon staining with brilliant blue G-colloidal 
solution (Sigma-Aldrich), gels were imaged (excitation = 532 nm, 
emission = 580 nm) using Chemidoc Imaging System (Biorad). 

2.11. Statistical analysis 

All data were analyzed using GraphPad Prism (GraphPad Software, 
San Diego, CA). All results are presented as means ± SEM. The half- 

maximal inhibitory concentrations (IC50) and half-maximal cytotoxic 
concentration (CC50) values were calculated by Quest Graph™ IC50 
Calculator (AAT Bioquest, Inc, https://www.aatbio.com/tools/ic50-calc 
ulator). The selectivity index (SI) values were calculated as the ratio of 
CC50 and IC50 (SI= CC50/IC50). The P-value was calculated by 
comparing between % inhibition of infected-treated samples and % in-
hibition of infected-untreated samples. One-tailed Student’s t-test was 
used to compare groups. Differences were considered statistically 

Fig. 1. The pan-PAD inhibitors Cl-A and BB-Cl hamper HCoV-OC43 replication in MRC-5 cells. (A) Rh-PG and Western blot analysis of total protein extract of mock- 
or HCoV-OC43-infected MRC5 cells (MOI 1). One representative gel of three independent experiments is shown. (B, C) Dose-response curves of the cell-permeable 
pan-PAD inhibitors Cl-A (B) and BB-Cl (C) in MRC-5 cells infected with HCoV-OC43 (MOI 0.1). After 72 hpi, the viral load was determined by real-time PCR and 
values were normalized to those for DMSO-treated cells value (0 in the x axis) set to 1. Values are expressed as mean ± SEM of three independent experiments. (D) 
RT-PCR of viral RNA in cell extracts or supernatants from HCoV-OC43-infected MRC5 cells (MOI 0.1) treated with Cl-A (100 μM), BB-Cl (2.5 μM), or DMSO. Values 
are expressed as mean ± SEM of three independent experiments. (E) Rh-PG and Western blot analysis of protein extract of mock- or HCoV-OC43-infected MRC5 cells 
(MOI 1) treated with pan-PAD inhibitors as in D. One representative gel of three independent experiments is shown. (F) Viral productions were collected at 72 hpi 
and analyzed by plaque-forming assay. Values are expressed as mean ± SEM of three independent experiments. P < 0.05 (*), <0.01 (**), <0.001 (***) and 
<0.0001 (****). 
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significant if P < 0.05 (*), P < 0.01 (**), P < 0.001 (***), and P < 0.0001 
(****). 

3. Results 

3.1. Pan-PAD inhibitors block HCoV-OC43 replication in MRC-5 cells 

We previously demonstrated that HCMV triggers PAD-mediated 
citrullination to promote its replication (Griffante et al., 2021). To 
evaluate whether the protein citrullination profile would also be altered 
during HCoV infection, we first performed an electrophoresis analysis of 
protein lysates obtained from MRC-5 lung fibroblasts infected with 
HCoV-OC43 (MOI 1) incubated with the citrulline-specific probe Rh-PG. 
At 48 and 72 h post infection (hpi), HCoV-OC43-infected MRC5 cells, 
but not mock-infected cells, showed a robust increase in total protein 
citrullination (Fig. 1A). Of note, the expression of the OC43 nucleo-
capsid protein (OC43 NP) was only detected in HCoV-OC43-infected 
MRC5 cells, confirming the successful infection of these cells (Fig. 1A). 

Next, to test whether PAD enzymatic activity played a functional role 
in HCoV-OC43 replication, we treated infected cells with the two pan- 
PAD inhibitors Cl-A and BB-Cl and assessed viral RNA synthesis by 
real time RT-PCR. Incubation of HCoV-OC43-infected MRC5 cells with 
increasing amounts of these inhibitors led to a dose-dependent reduction 
of viral genome copies, a drop that became statistically significant at 50 
μM for Cl-A and 0.5 μM for BB-Cl (Fig. 1B and C). The calculated IC50s for 
Cl-A and BB-Cl were 34.76 μM and 0.54 μM, respectively. To rule out 
compound cytotoxicity, HCoV-OC43-infected MRC-5 cells were sub-
jected to MTT assay. The results shown in Figs. S1A and B demonstrate 
that none of the PAD inhibitors significantly reduced cell viability at 
either IC50. Table 2 shows the CC50s for Cl-A (949.14 μM) and BB-Cl 
(10.12 μM). Based on the calculated IC50 and CC50, the SIs of Cl-A and 
BB-Cl in HCoV-OC43-infected MRC-5 were quite similar and both 
greater than 10 (27.3 and 18.6, respectively). Consistent with the results 
obtained measuring viral RNA, Cl-A and BB-Cl drastically reduced both 
intra- and extra-cellular viral genome copy numbers (Fig. 1D), con-
firming the key role of citrullination in HCoV-OC43 replication and viral 
cycle. 

To determine whether PAD inhibition would prevent viral replica-
tion and/or production of infectious viral particles, we assessed HCoV- 
OC43 NP protein expression by Western blotting. We also measured 
the virus yield by plaque assay using cell extracts and supernatants from 
HCoV-OC43-infected MRC-5 cells treated with 100 μM Cl-A or 2.5 μM 
BB-Cl, as previously described. Interestingly, both Cl-A and BB-Cl 
treatments significantly reduced HCoV-OC43 NP expression in the 
very same total protein extracts in which a partial suppression of the 
citrullination profile was also observed by Rh-PG (Fig. 1E). Moreover, 
consistent with our previous results (Griffante et al., 2021), DMSO 
treatment alone didn’t affect total protein citrullination in uninfected 
cells nor OC43 N gene expression in infected cells (Figs. S2A and B). 
Finally, the two drugs significantly reduced PFUs per mL of supernatant 
by more than 2 and 1 logs, respectively (Fig. 1F). 

3.2. PAD4 plays a central role in HCoV-OC43 replication 

To gain more insight into the mechanism of HCoV-OC43-induced 
cellular citrullination, we asked which of the five known PAD isoforms 
(PAD1-4 and PAD6) would be preferentially modulated following HCoV- 
OC43 infection. To answer this question, we performed immunoblot 
analysis on whole protein lysates obtained from mock and HCoV-OC43- 
infected MRC5 cells collected at different time points after infection 
(Fig. 2A). PAD2 and PAD4 were the only two PAD isoforms expressed in 
these cells, with PAD4 being the only one increased upon infection, as 
judged by densitometry. By contrast, PAD1, 3, and 6 were neither 
detectable in mock cells nor did they appear upon infection (Figs. 2A and 
S5). Given the above results, we next sought to determine whether 
targeting the enzymatic activity of PAD4 would affect viral replication. 
To this end, OC43-infected MRC-5 cells were treated with increasing 
concentrations of the PAD4-specific inhibitor GSK199 or the PAD2- 
specific inhibitor AFM30a, and assessed for their antiviral activity. 
Whereas AFM30a treatment only marginally suppressed the HCoV- 
OC43 replication rate—never exceeding 40% inhibition within the 
range of concentrations tested (Fig. 2B), exposure of cells to GSK199 
robustly inhibited viral genome production in a dose-dependent manner 
(IC50 = 0.6 μM), achieving a complete blockade of viral replication at 20 
μM (Fig. 2C). Furthermore, MRC-5 cells treated with 20 μM GSK199 
were viable, ruling out any unspecific effect due to compound toxicity 
(Fig. S3). Of note, we could only observe significant cytotoxicity of both 
compounds at concentrations above 100 μM (Fig. S2). This conferred 
them an SI > 10, which was particularly robust in the case of GSK199 
(224.94) (Table 2). 

To confirm these results, we measured the number of viral genome 
copies in cell lysates and supernatants from MRC-5 cells treated with 20 
μM AFM30a or GSK199 and infected with HCoV-OC43. As expected, 
inhibition of PAD4 by GSK199 drastically reduced the relative viral 
genome copy number in both compartments compared to vehicle- 
treated cells, while PAD2 inhibition by AFM30a led to a much less 
pronounced reduction of viral genome (Fig. 2D). Consistently, immu-
noblot analysis of total protein extracts from HCoV-OC43-infected MRC- 
5 cells treated with GSK199 showed a dramatic downregulation of OC43 
NP protein expression levels in comparison with vehicle-treated infected 
cells (Fig. 2E). In contrast, treatment with the PAD2 inhibitor AFM30a 
only led to a slight decrease in NP protein levels. Fittingly, plaque assay 
on these cells confirmed a significant reduction of the viral titer in the 
presence of GSK199 (~2-log reduction), while the inhibitory activity of 
AFM30a at the same concentration was barely detectable (Fig. 2F). 

Taken together, these results suggest that PAD4 plays a major role in 
HCoV-OC43 replication, and that PAD4 inhibitors are promising anti- 
HCoV compounds. 

3.3. PAD inhibitors affect HCoV-OC43 and SARS-CoV-2 replication in 
Vero-E6 cells 

Since Vero-E6 cells represent a widely used cellular system to study 
beta-CoV replication in the presence of candidate antiviral compounds, 
we sought to extend our analysis also to this cell model. Initially, we 
performed a quantitative analysis of HCoV-OC43 viral RNA production 
at 72 hpi using different concentrations of Cl-A (50–300 μM) and BB-Cl 
(5–20 μM). As depicted in Fig. 3, we observed a marked reduction of 
viral genome replication in Vero-E6 cells treated with either 150–300 
μM Cl-A (panel A) or 20 μM BB-Cl (panel B) compared to their vehicle- 
treated counterparts. These pronounced effects were not a consequence 
of an intrinsic cytotoxicity of the PAD inhibitors as none of the screened 
compounds significantly reduced cell viability at the same concentra-
tions as those used in the antiviral assays (Figs. S4A and B and Table 2). 

Next, to evaluate whether HCoV-OC43 infection would also trigger 
protein citrullination in Vero-E6 cells, we performed electrophoresis 
analysis of protein lysates from HCoV-OC43-infected cells using the Rh- 
PG probe. As shown in Fig. 3C, cellular protein citrullination in these 

Table 2 
CC50, IC50, and SI of PAD inhibitors against beta-CoVs.  

Cell/virus Compound IC50[μM] CC50[μM] SI 

MRC-5/OC43 Cl-amidine 34.80 949.14 27.30 
BB-Cl-amidine 0.53 10.12 18.62 
GSK199 0.60 133.08 224.94 
AFM30a >20 320.92 >16      

Vero-E6/OC43 Cl-amidine 44.15 >1000 >22 
BB-Cl-amidine 10.68 33.06 3.10      

Vero-E6/SARS-CoV-2 Cl-amidine 95.17 >1000 >10 
BB-Cl-amidine 17.78 33.06 1.86  
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infected cells was significantly induced at 48 hpi, whereas it remained 
almost unchanged in infected cells treated with 300 μM of the Cl-A 
inhibitor. 

To extend our findings to other beta-CoVs, we examined the impact 

of PAD inhibitors treatment on SARS-CoV-2 viral genome replication. As 
shown in Fig. 3D and E, both Cl-A and BB-Cl treatments suppressed 
SARS-CoV-2 viral genome replication in a dose-dependent manner, 
albeit to a lower extent than that observed for HCoV-OC43. 

Fig. 2. Effect of PAD2-or PAD4-specific inhibitors on HCoV-OC43 replication in MRC-5 cells. (A) Western blot analysis of protein lysates from mock- or HCoV-OC43- 
infected MRC5 cells (MOI 1) using antibodies against PAD1, PAD2, PAD3, PAD4, PAD6, or β-actin. The blot shown is representative of three independent experi-
ments. (B–C) Dose-response curves of the cell-permeable pan-PAD inhibitors AFM30a (B) and GSK199 (C) in HCoV-OC43-infected MRC-5 cells (MOI 0.1). After 72 
hpi, the viral load was determined by real-time PCR and values were normalized to those for DMSO-treated cells value (0 in the x axis) set to 1. Values are represented 
as mean ± SEM of three independent experiments. (D) Real time RT-PCR on supernatants or cell-associated viral RNA collected from HCoV-OC43-infected MRC5 
cells (MOI 0.1) treated with AFM30a (20 μM), GSK199 (20 μM), or DMSO. Values are expressed as mean ± SEM of three independent experiments. (E) Western blot 
analysis of protein extract of mock- or HCoV-OC43-infected MRC5 cells (MOI 1) treated with AFM30a (20 μM), GSK199 (20 μM), or DMSO. One representative gel of 
three independent experiments is shown. (F) Viral productions were collected at 72 hpi and analyzed by plaque assay. Values are expressed as mean ± SEM of three 
independent experiments. P < 0.05 (*), <0.01 (**), <0.001 (***) and <0.0001 (****). 
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To characterize the protein citrullination profile during SARS-CoV-2 
infection, protein lysates obtained from Vero-E6 cells infected with 
SARS-CoV-2, treated with or without Cl-A, were analyzed by Rh-PG 
(Fig. 3F). The citrullination profile of these SARS-CoV-2-infected cells 
was consistent with that observed upon HCoV-OC43 infection, both 

displaying a signal lower than 50 kDa, which specifically appeared after 
the infection. However, unlike what we observed in HCoV-OC43- 
infected cells, the citrullination signal, albeit strongly reduced, it 
never completely disappeared following Cl-A treatment. In line with this 
observation, Cl-A treatment led to ~50% reduction of SARS-CoV-2 NP 

Fig. 3. The pan-PAD inhibitors Cl-A and BB-Cl block β-coronavirus replication in Vero-E6 cells. (A, B) Dose-response curves of the pan-PAD inhibitors Cl-A (A) and 
BB-Cl (B) in VERO-E6 cells infected with HCoV-OC43 (MOI 0.1). After 72 hpi, the viral load was determined by real-time RT-PCR and values were normalized to 
those for DMSO-treated cells value (0 in the x axis) set to 1. Values represent the mean ± SEM of three independent experiments. (C) Rh-PG and Western blot analysis 
of total protein extract from mock – or HCoV-OC43-infected VERO-E6 cells (MOI 1) treated with Cl-A (300 μM) or DMSO. One representative gel of three independent 
experiments is shown. (D, E) Dose-response curves of Cl-A (D) or BB-Cl (E) treatment of SARS-CoV2-infected VERO-E6 cells (MOI 0.1). After 72 hpi, the viral load was 
determined by real-time RT-PCR and values were normalized to those for DMSO-treated cells value (0 in the x axis) set to 1. Values are expressed as mean ± SEM of 
three independent experiments. (F) Rh-PG and Western blot analysis of total protein extract of mock- or SARS-CoV- infected VERO-E6 cells (MOI 1) and with Cl-A 
(300 μM) or DMSO. One representative gel of three independent experiments is shown. (G) Viral productions from the same experiment described in F were collected 
at 72 hpi and analyzed by plaque assay. Values are expressed as mean ± SEM of three independent experiments. P < 0.05 (*), <0.01 (**), <0.001 (***) and 
<0.0001 (****). 
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protein expression (Fig. 3F). To corroborate these results, we carried out 
plaque reduction assays in SARS-CoV-2-infected Vero-E6 cells treated 
with 300 μM Cl-A as described above. Consistent with our previous re-
sults, the inhibition of PAD catalytic activity resulted in a reduction of 1 
log in SARS-CoV-2 yield (Fig. 3G). 

Altogether, our results demonstrate that beta-CoV infection is asso-
ciated with protein citrullination. Moreover, treatment of HCoV-OC43 
and SARS-CoV-2-infected cells with PAD pan-inhibitors inhibits virus 
replication restoring the physiological citrullination profile. 

4. Discussion 

We have recently shown that HCMV infection triggers PAD-mediated 
citrullination of several host proteins in primary human fibroblasts, and 
that this activity enhances viral fitness per se (Griffante et al., 2021). 
Here, we extend those findings to two RNA viruses, HCoV-OC43 and 
SARS-CoV-2, which we demonstrate to be both capable of promoting 
PAD-mediated citrullination in vitro. In particular, we show that 
HCoV-OC43 infection of MRC-5 lung fibroblasts upregulates total pro-
tein citrullination, and that this process is required for optimal viral 
replication. A similar induction in citrullination levels was also found in 
CoV-infected Vero-E6 cells, a non-human model system widely used to 
study HCoVs, especially SARS-CoV-2 (Dittmar et al., 2021; Ghosh et al., 
2021; Milani et al., 2021; Wing et al., 2021), suggesting that HCoVs can 
modulate citrullination across species. 

Citrullination is a posttranslational modification mediated by PAD 
family members, whose distribution and expression patterns are 
modulated by inflammatory signals in a tissue-specific manner (Table 1) 
(Acharya et al., 2012; Esposito et al., 2007; Falcão et al., 2019; Kan et al., 
2011; Knight et al., 2015; Nachat et al., 2005; Vossenaar et al., 2003; 
Willis et al., 2011; Yang et al., 2016). Fittingly, we and others have 
recently reported a positive association between viral infection and 
PAD-mediated upregulation of citrullination in different cellular models 
(Arisan et al., 2020; Casanova et al., 2020; Griffante et al., 2021), raising 
the important question as to whether pharmacological inhibition of PAD 
activity can be used to reduce viral replication in infected patients. In the 
present study, we provide additional evidence supporting the use of PAD 
inhibitors to curb viral growth. Specifically, we show that treatment of 
HCoV-OC43-infected MRC-5 cells with either of the two pan-PAD in-
hibitors Cl-A and BB-Cl (Biron et al., 2016; Knight et al., 2015; Ledet 
et al., 2018; Willis et al., 2011) or the specific PAD4 inhibitor GSK199, 
but not the PAD2 inhibitor AFM30a, can not only efficiently inhibit viral 
replication but also reduce the production of infectious particles in the 
supernatant. This finding is consistent with our observation that MRC-5 
cells express basal levels of both PAD2 and PAD4, but only PAD4 is 
significantly increased upon viral infection. Of note, the considerable 
reduction in viral replication and titer by the GSK199 compound was 
achieved at concentrations that do not affect cell viability. Indeed, the 
high SI of GSK199 (224.94, Table 2) along with its potent antiviral ac-
tivity makes this PAD4 inhibitor an attractive target for further thera-
peutic development, a possibility further supported by results showing 
that targeting PAD4 led to a significant improvement of the clinical and 
histopathological end-points in a preclinical model of murine arthritis 
(Willis et al., 2017). This potential therapeutic usefulness would also be 
supported by a recent study by Arisan and co-workers showing that 
SARS-CoV-2 infection can modulate PADI gene expression in lung tis-
sues (Arisan et al., 2020). In good agreement, here we show that the 
inhibitory activity of Cl-A and BB-Cl is not just restricted to 
HCoV-OC43-infected fibroblasts, but it can also be extended to 
SARS-CoV-2-infected Vero-E6 cells, highly permissive cells commonly 
used to propagate and study beta-CoV strains (Ogando et al., 2020). In 
these cells, both compounds efficiently suppress SARS-CoV-2 genome 
replication in a dose-dependent manner, albeit at higher concentrations 
than those used to inhibit HCoV-OC43 replication. 

In the past two years, much research has attempted to assess the 
impact of interferon inducible proteins (ISGs) on SARS-CoV2 infection. 

In this regard, Banerjee and colleagues have shown that many ISG 
proteins, including IFIT1 and MX1, are induced during infection, and 
that their expression reduces virus replication (Banerjee et al., 2021). 
Interestingly, we have recently shown that the same ISGs are citrulli-
nated by PAD2 and PAD4 during HCMV infection, which hampers their 
biological activity (Griffante et al., 2021). Therefore, it is possible that 
PAD inhibitors act by blocking the inactivating citrullination of ISGs by 
PADs in response to beta-CoV infection, thus restoring the viral re-
striction activity of ISGs. Nevertheless, it is important to point out that 
this mechanism would only partially explain the antiviral activity of 
PAD inhibitors. Indeed, VERO cells have lost the ability to produce IFN 
due to spontaneous gene deletions (Desmyter et al., 1968, Mosca and 
Pitha, 1986) and consequently do not express ISG proteins. This loss of 
IFN responsiveness would however be consistent with the lower efficacy 
of PAD inhibitors in Vero-E6 vs. MRC-5 cells. Experiments are ongoing to 
test whether this difference is virus- or cell line-dependent. 

Another implication of our findings revealing a strong induction of 
citrullination levels in SARS-CoV-2-infected Vero-E6 cells is that PAD 
inhibitors may be used to treat COVID-19 patients. It is in fact 
conceivable to envisage an association between SARS-CoV-2 infection 
and aberrant citrullination as a way to induce an inflammatory state in 
different tissues (Delorey et al., 2021). 

Another important aspect that supports the repurposing of PAD in-
hibitors for antiviral therapy is that their efficacy in treating various 
inflammatory conditions, such as arthritis, colitis, and sepsis, has 
already been confirmed in preclinical and in vitro studies, all showing a 
good safety profile of such compounds (Chumanevich et al., 2011; Willis 
et al., 2011; Zhao et al., 2016). Of note, a recent review by Elliot and 
coworkers explores the possibility that PAD inhibitors, especially PAD4 
inhibitors, may be used to resolve SARS-CoV2-induced thrombotic 
complications (Elliott et al., 2021). Indeed, neutrophil extracellular 
traps (NETs) and their constituents, including citrullinated histones, 
display a linear connection with thrombotic manifestations in COVID-19 
patients. This intriguing scenario fits quite well with the results pre-
sented in the present study since, in a clinical context, the antiviral ac-
tivity of the PAD inhibitors described here could potentially synergize 
with their inhibitory effect on immunothrombosis. 

In the current pandemic of COVID-19, it is more important than ever 
that the most promising anti-SARS-CoV-2 drug candidates enter clinical 
development. Based on some similarities between the clinical outcome 
observed in autoimmune/autoinflammatory disease and COVID-19, 
including lung involvement and aberrant cytokine release, pan- and 
specific-PAD inhibitors—i.e., GSK199—repurposing can be foreseen as a 
valuable strategy, as it enables to accelerate the use of compounds with 
already known safety profiles. Moreover, treatments based on molecules 
with beneficial multi-target activities—a concept known as poly-
pharmacology (Ravikumar and Aittokallio, 2018)—, which may help 
counteract multiple complications as those observed in COVID-19 pa-
tients, may show an increased antiviral spectrum. 

In conclusion, our findings unveil an unprecedented role of citrulli-
nation in the replication of the two human coronaviruses HCoV-OC43 
and SARS-CoV-2 in lung and kidney epithelial cells. We also provide 
evidence that increased PAD activity is required for β-HCoV replication, 
highlighting the potential use of PAD inhibitors as novel HTAs against 
β-HCoV infections. Experiments are ongoing to assess the target cit-
rullinated proteins by proteomics approaches, as well as to test the anti- 
β-HCoV efficacy and safety of other PAD inhibitors in a wider range of 
cell lines that can more accurately represent the different tissues where 
the virus replicates in vivo. 

Lastly, based on the current availability of different animal models to 
be exploited for SARS-CoV-2 replication (Lee and Lowen, 2021), 
including K18-hACE2 transgenic mice challenged with SARS-CoV-2 
(Conforti et al., 2021), investigations are being performed to test the 
feasibility of our drug repurposing strategy in vivo. 
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Ruffo, M., Puoci, F., 2021. Design and development of plastic antibodies against 
SARS-CoV-2 RBD based on molecularly imprinted polymers that inhibit in vitro virus 
infection. Nanoscale 13 (40), 16885–16899. https://doi.org/10.1039/d1nr03727g. 

Paules, C.I., Marston, H.D., Fauci, A.S., 2020. Coronavirus infections-more than just the 
common cold. J. Am. Med. Assoc. https://doi.org/10.1001/jama.2020.0757. 

Pratesi, F., Tommasi, C., Anzilotti, C., Chimenti, D., Migliorini, P., 2006. Deiminated 
Epstein-Barr virus nuclear antigen 1 is a target of anti-citrullinated protein 

antibodies in rheumatoid arthritis. Arthritis Rheum. 54, 733–741. https://doi.org/ 
10.1002/art.21629. 

Pratesi, F., Tommasi, C., Anzilotti, C., Puxeddu, I., Sardano, E., Di Colo, G., Migliorini, P., 
2011. Antibodies to a new viral citrullinated peptide, VCP2: fine specificity and 
correlation with anti-cyclic citrullinated peptide (CCP) and anti-VCP1 antibodies. 
Clin. Exp. Immunol. 164, 337–345. https://doi.org/10.1111/j.1365- 
2249.2011.04378.x. 

Ravikumar, B., Aittokallio, T., 2018. Improving the efficacy-safety balance of 
polypharmacology in multi-target drug discovery. Expet Opin. Drug Discov. 13, 
179–192. https://doi.org/10.1080/17460441.2018.1413089. 

Senshu, T., Akiyama, K., Ishigami, A., Nomura, K., 1999. Studies on specificity of 
peptidylarginine deiminase reactions using an immunochemical probe that 
recognizes an enzymatically deiminated partial sequence of mouse keratin K1. 
J. Dermatol. Sci. 21, 113–126. https://doi: 10.1016/s0923-1811(99)00026-2. 

Slack, J.L., Causey, C.P., Thompson, P.R., 2011. Protein arginine deiminase 4: a target for 
an epigenetic cancer therapy. Cell. Mol. Life Sci. 68, 709–720. https://doi.org/ 
10.1007/s00018-010-0480-x. 

Sokolove, J., Brennan, M.J., Sharpe, O., Lahey, L.J., Kao, A.H., Krishnan, E., 
Edmundowicz, D., Lepus, C.M., Wasko, M.C., Robinson, W.H., 2013. Brief report: 
citrullination within the atherosclerotic plaque: a potential target for the anti- 
citrullinated protein antibody response in rheumatoid arthritis. Arthritis Rheum. 65, 
1719–1724. https://doi.org/10.1002/art.37961. 

Su, S., Wong, G., Shi, W., Liu, J., Lai, A.C.K., Zhou, J., Liu, W., Bi, Y., Gao, G.F., 2016. 
Epidemiology, Genetic Recombination, and Pathogenesis of Coronaviruses. https:// 
doi.org/10.1016/j.tim.2016.03.003. 

Trier, N.H., Holm, B.E., Heiden, J., Slot, O., Locht, H., Lindegaard, H., Svendsen, A., 
Nielsen, C.T., Jacobsen, S., Theander, E., Houen, G., 2018. Antibodies to a strain- 
specific citrullinated Epstein-Barr virus peptide diagnoses rheumatoid arthritis. Sci. 
Rep. 8, 3684. https://doi.org/10.1038/s41598-018-22058-6. 

van Venrooij, W.J., van Beers, J.J.B.C., Pruijn, G.J.M., 2011. Anti-CCP antibodies: the 
past, the present and the future. Nat. Rev. Rheumatol. 7, 391–398. https://doi.org/ 
10.1038/nrrheum.2011.76. 

Valesini, G., Gerardi, M.C., Iannuccelli, C., Pacucci, V.A., Pendolino, M., Shoenfeld, Y., 
2015. Citrullination and autoimmunity. Autoimmun. Rev. 14, 490–497. https://doi. 
org/10.1016/j.autrev.2015.01.013. 

Vossenaar, E.R., Zendman, A.J.W., Van Venrooij, W.J., Pruijn, G.J.M., 2003. PAD, a 
growing family of citrullinating enzymes: genes, features and involvement in 
disease. Bioessays 25, 1106–1118. https://doi.org/10.1002/bies.10357. 

Wang, S., Wang, Y., 2013. Peptidylarginine deiminases in citrullination, gene regulation, 
health and pathogenesis. Biochim. Biophys. Acta 1126–1135. https://doi.org/ 
10.1016/j.bbagrm.2013.07.003, 1829.  

Warren, T.K., Jordan, R., Lo, M.K., Ray, A.S., Mackman, R.L., Soloveva, V., Siegel, D., 
Perron, M., Bannister, R., Hui, H.C., Larson, N., Strickley, R., Wells, J., Stuthman, K. 
S., Van Tongeren, S.A., Garza, N.L., Donnelly, G., Shurtleff, A.C., Retterer, C.J., 
Gharaibeh, D., Zamani, R., Kenny, T., Eaton, B.P., Grimes, E., Welch, L.S., Gomba, L., 
Wilhelmsen, C.L., Nichols, D.K., Nuss, J.E., Nagle, E.R., Kugelman, J.R., Palacios, G., 
Doerffler, E., Neville, S., Carra, E., Clarke, M.O., Zhang, L., Lew, W., Ross, B., 
Wang, Q., Chun, K., Wolfe, L., Babusis, D., Park, Y., Stray, K.M., Trancheva, I., 
Feng, J.Y., Barauskas, O., Xu, Y., Wong, P., Braun, M.R., Flint, M., McMullan, L.K., 
Chen, S.S., Fearns, R., Swaminathan, S., Mayers, D.L., Spiropoulou, C.F., Lee, W.A., 
Nichol, S.T., Cihlar, T., Bavari, S., 2016. Therapeutic efficacy of the small molecule 
GS-5734 against Ebola virus in rhesus monkeys. Nature 531, 381–385. https://doi. 
org/10.1038/nature17180. 

Weiss, S.R., Navas-Martin, S., 2005. Coronavirus pathogenesis and the emerging 
pathogen severe acute respiratory syndrome coronavirus. Microbiol. Mol. Biol. Rev. 
69, 635–664. https://doi.org/10.1128/MMBR.69.4.635-664.2005. 

Willis, V.C., Banda, N.K., Cordova, K.N., Chandra, P.E., Robinson, W.H., Cooper, D.C., 
Lugo, D., Mehta, G., Taylor, S., Tak, P.P., Prinjha, R.K., Lewis, H.D., Holers, V.M., 
2017. Protein arginine deiminase 4 inhibition is sufficient for the amelioration of 
collagen-induced arthritis. Clin. Exp. Immunol. 188, 263–274. https://doi.org/ 
10.1111/cei.12932. 

Willis, V.C., Gizinski, A.M., Banda, N.K., Causey, C.P., Knuckley, B., Cordova, K.N., 
Luo, Y., Levitt, B., Glogowska, M., Chandra, P., Kulik, L., Robinson, W.H., Arend, W. 
P., Thompson, P.R., Holers, V.M., 2011. N-α-Benzoyl-N5-(2-Chloro-1-Iminoethyl)-l- 
Ornithine amide, a protein arginine deiminase inhibitor, reduces the severity of 
murine collagen-induced arthritis. J. Immunol. 186, 4396–4404. https://doi.org/ 
10.4049/jimmunol.1001620. 

Wing, P.A.C., Keeley, T.P., Zhuang, X., Lee, J.Y., Prange-Barczynska, M., Tsukuda, S., 
Morgan, S.B., Harding, A.C., Argles, I.L.A., Kurlekar, S., Noerenberg, M., 
Thompson, C.P., Huang, K.Y.A., Balfe, P., Watashi, K., Castello, A., Hinks, T.S.C., 
James, W., Ratcliffe, P.J., Davis, I., Hodson, E.J., Bishop, T., McKeating, J.A., 2021. 
Hypoxic and pharmacological activation of HIF inhibits SARS-CoV-2 infection of 
lung epithelial cells. Cell Rep. 35, 109020. https://doi.org/10.1016/j. 
celrep.2021.109020. 

Witalison, E.E., Thompson, P.R., Hofseth, L.J., 2015. Protein arginine deiminases and 
associated citrullination: physiological functions and diseases associated with 
dysregulation. Curr. Drug Targets 16, 700–710. https://doi.org/10.2174/ 
1389450116666150202160954. 

Wu, F., Zhao, S., Yu, B., Chen, Y.M., Wang, W., Song, Z.G., Hu, Y., Tao, Z.W., Tian, J.H., 
Pei, Y.Y., Yuan, M.L., Zhang, Y.L., Dai, F.H., Liu, Y., Wang, Q.M., Zheng, J.J., Xu, L., 
Holmes, E.C., Zhang, Y.Z., 2020. A new coronavirus associated with human 
respiratory disease in China. Nature 579, 265–269. https://doi.org/10.1038/ 
s41586-020-2008-3. 

Yang, L., Tan, D., Piao, H., 2016. Myelin basic protein citrullination in multiple sclerosis: 
a potential therapeutic target for the pathology. Neurochem. Res. 41, 1845–1856. 
https://doi.org/10.1007/s11064-016-1920-2. 

S. Pasquero et al.                                                                                                                                                                                                                               

https://doi.org/10.1136/annrheumdis-2014-205365
https://doi.org/10.1136/annrheumdis-2014-205365
https://doi.org/10.1021/bi100363t
https://doi.org/10.1021/bi100363t
https://doi.org/10.1056/nejmoa030781
https://doi.org/10.1111/odi.13447
https://doi.org/10.1111/odi.13447
https://doi.org/10.1186/s12885-018-4323-8
https://doi.org/10.1016/j.coviro.2021.03.009
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1016/S0140-6736(20)30251-8
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1038/nchembio.1735
https://doi.org/10.1016/j.redox.2020.101682
https://doi.org/10.1016/j.antiviral.2021.105055
https://doi.org/10.1016/j.antiviral.2021.105055
https://doi.org/10.1371/journal.pone.0156552
https://doi.org/10.1371/journal.pone.0156552
https://doi.org/10.1021/acs.accounts.9b00024
https://doi.org/10.1021/acs.accounts.9b00024
https://doi.org/10.1128/mcb.6.6.2279-2283.1986
https://doi.org/10.1128/mcb.6.6.2279-2283.1986
https://doi:%2010.1242/dmm.000729
https://doi.org/10.1021/acs.jmedchem.7b00274
https://doi.org/10.1021/acs.jmedchem.7b00274
https://doi.org/10.1111/j.0022-202X.2005.23763.x
https://doi.org/10.1099/jgv.0.001453
https://doi.org/10.1099/jgv.0.001453
https://doi.org/10.1039/d1nr03727g
https://doi.org/10.1001/jama.2020.0757
https://doi.org/10.1002/art.21629
https://doi.org/10.1002/art.21629
https://doi.org/10.1111/j.1365-2249.2011.04378.x
https://doi.org/10.1111/j.1365-2249.2011.04378.x
https://doi.org/10.1080/17460441.2018.1413089
https://doi:%2010.1016/s0923-1811(99)00026-2
https://doi.org/10.1007/s00018-010-0480-x
https://doi.org/10.1007/s00018-010-0480-x
https://doi.org/10.1002/art.37961
https://doi.org/10.1016/j.tim.2016.03.003
https://doi.org/10.1016/j.tim.2016.03.003
https://doi.org/10.1038/s41598-018-22058-6
https://doi.org/10.1038/nrrheum.2011.76
https://doi.org/10.1038/nrrheum.2011.76
https://doi.org/10.1016/j.autrev.2015.01.013
https://doi.org/10.1016/j.autrev.2015.01.013
https://doi.org/10.1002/bies.10357
https://doi.org/10.1016/j.bbagrm.2013.07.003
https://doi.org/10.1016/j.bbagrm.2013.07.003
https://doi.org/10.1038/nature17180
https://doi.org/10.1038/nature17180
https://doi.org/10.1128/MMBR.69.4.635-664.2005
https://doi.org/10.1111/cei.12932
https://doi.org/10.1111/cei.12932
https://doi.org/10.4049/jimmunol.1001620
https://doi.org/10.4049/jimmunol.1001620
https://doi.org/10.1016/j.celrep.2021.109020
https://doi.org/10.1016/j.celrep.2021.109020
https://doi.org/10.2174/1389450116666150202160954
https://doi.org/10.2174/1389450116666150202160954
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1007/s11064-016-1920-2


Antiviral Research 200 (2022) 105278

11

Ying, S., Dong, S., Kawada, A., Kojima, T., Chavanas, S., Méchin, M.C., Adoue, V., 
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