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Handling Editor: Ms. J Jasmine Tomar Coronavirus infection induces a variety of cellular antiviral responses either dependent on or independent of type

I interferons (IFNs). Our previous studies using Affymetrix microarray and transcriptomic analysis revealed the

Keywords: differential induction of three IFN-stimulated genes (ISGs), IRF1, ISG15 and ISG20, by gammacoronavirus in-
Coronavirus o fectious bronchitis virus (IBV) infection of IFN-deficient Vero cells and IFN-competent, p53-defcient H1299 cells,
i;;elmous bronchitis virus (IBV) respectively. In this report, the induction kinetics and anti-IBV functions of these ISGs as well as mechanisms
ISG15 underlying their differential induction are characterized. The results confirmed that these three ISGs were indeed
1SG20 differentially induced in H1299 and Vero cells infected with IBV, significantly more upregulation of IRF1, ISG15

and ISG20 was elicited in IBV-infected Vero cells than that in H1299 cells. Induction of these ISGs was also
detected in cells infected with human coronavirus-OC43 (HCoV-OC43) and porcine epidemic diarrhea virus
(PEDV), respectively. Manipulation of their expression by overexpression, knockdown and/or knockout
demonstrated that IRF1 played an active role in suppressing IBV replication, mainly through the activation of the
IFN pathway. However, a minor, if any, role in inhibiting IBV replication was played by ISG15 and ISG20.
Furthermore, p53, but not IRF1, was implicated in regulating the IBV infection-induced upregulation of ISG15
and ISG20. This study provides new information on the mechanisms underlying the induction of these ISGs and
their contributions to the host cell antiviral response during IBV infection.

1. Introduction

Coronavirus is an important pathogen of human and other animal
species. It was the causative agent of severe acute respiratory syndrome
(SARS) in 2002-2003, Middle East Respiratory syndrome (MERS) in
2012 and the current COVID-19 pandemic, causing unprecedented
damages to the economic and social development (Fung and Liu, 2019,
2021). Belonging to the coronavirus family and the coronavirus sub-
family, coronaviruses can be divided into alpha-, beta-, gamma- and
deltacoronavirus (Woo et al., 2012). The viral genome encodes 4
structural proteins, namely spike (S), membrane (M), small envelope (E)
and nucleocapsid (N) proteins, as well as 15-16 nonstructural proteins
(nsp) and some accessory proteins (Liao et al., 2013). Avian infectious

bronchitis virus (IBV) is a gammacoronavirus and causes acute respi-
ratory diseases in chickens, with symptoms including dyspnea, cough
and runny nose (Liu et al., 2019). IBV infects chickens of all ages,
especially young chicks, and poses a constant threat to the poultry in-
dustry (Liu et al., 2019). Betacoronavirus human coronavirus OC43
(HCoV-0C43) causes common colds and often occurs in children (Liu
et al., 2021), and alphacoronavirus porcine epidemic diarrhea virus
(PEDV) causes acute diarrhea, vomiting, dehydration and high mortality
in newborn piglets (Jung et al., 2020; Pensaert and de Bouck, 1978).
Virus infection induces the expression of type I interferons (IFN).
Together with other proinflammatory cytokines, chemokines and anti-
viral factors, they form the host innate antiviral response, the first line of
host defense against virus infections (Yu et al., 2021). Type I IFNs are
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induced after recognition of pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs) in host cells. They then
bind to the corresponding cell surface receptor (IFN-a/p receptor 1 and
2, IFNAR1 and IFNAR2), and activate downstream signaling proteins,
leading to the activation of JAK/STAT, MAPK, and PI3K signaling
pathways, and ultimately inducing the expression of nearly 1000
IFN-stimulated genes (ISGs) (Giirtler and Bowie, 2013). A family of
transcription factors, IFN regulatory factor (IRF) family, play a pivotal
role in activating and regulating IFN signaling. So far, 10 IRF proteins
have been identified, including IRF1, IRF2, IRF3, IRF4/PIP/LSIRF/IC-
SAT, IRF5, IRF6, IRF7, IRF8/ICSBP, IRF9/ISGF3y and IRF10 (IRF10 is
absent in human and mouse) (Negishi et al., 2018). All IRF proteins have
a conserved amino-terminal DNA binding domain (DBD) that recognizes
the DNA sequence element, IFN stimulation response element (ISRE),
present in the promoters of type I/III IFN and ISG genes (Tanaka et al.,
1993). The eponymous member of the IRF family, IRF1, was the first
member of the family to be identified (Fujita et al., 1988), and is basi-
cally expressed in most human and animal cells. The expression level of
IRF1 rapidly increases when stimulated by IFNs and proinflammatory
nuclear factor NF-xB as well as virus infection (Carlin et al., 2017).

ISG15, one of the earliest ISGs induced by IFN, comprises two
ubiquitin-like domains (UBL1 and UBL2) similar to ubiquitin and also
undergoes ISGylation, an enzymatic cascade similar to ubiquitylation
(Mirzalieva et al., 2022). The ISRE element in the ISG15 promoter
rapidly responds to the virus infection or type I IFN treatment (Der et al.,
1998; Meraro et al., 2002; Reich et al., 1987). Other stimuli, such as
lipopolysaccharide, exogenous DNA or RNA, retinoic acid and DNA
damaging agents can also induce ISG15 expression through various
signaling pathways (Perng and Lenschow, 2018). ISG15 plays different
roles, both as an effector and a signaling molecule, during various stages
of innate immune responses (Freitas et al., 2020, p. 15). For example,
ISG15 was shown to prevent the assembly and release of HIV-1 virions in
infected cells in an IFN-mediated pathway (Okumura et al., 2006); its
binding to p53 in the presence of DNA damage significantly enhanced
the binding of p53 to its own gene promoter by promoting phosphor-
ylation/acetylation and target genes, leading to the inhibition of cell
growth and tumorigenesis (Park et al., 2016).

ISG20, first discovered in Daudi cells, is an exonuclease capable of
cleaving single-stranded RNA and DNA (Gongora et al., 1997; Moser
etal., 1997; Nguyen et al., 2001). ISG20 expression is induced by IFN or
double-stranded RNA under the control of IRF1 (Espert et al., 2004;
Gongora et al., 2000). In the antiviral process, ISG20 can directly
degrade viral RNA or inhibit the translation of viral proteins (Deymier
et al., 2022; Espert et al., 2003, 2005; Liu et al., 2017). Its C-terminal
exonuclease III (Exolll) domain was found to directly bind to the hep-
atitis B virus RNA ¢ stem-loop structure and degrade the intracellular
HBV RNA (Liu et al., 2017). In alphavirus infection, IFN-induced ISG20
exerts antiviral effects by upregulating type I IFN-responsive proteins
and indirectly regulating RNA virus replication in the cytoplasm (Weiss
et al., 2018).

In this report, the induction kinetics of three ISGs, IRF1, ISG15 and
ISG20, in cells and their antiviral functions were studied based on pre-
vious Affymetrix microarray and transcriptomic analyses, confirming
that these three ISGs were indeed differentially induced in H1299 and
Vero cells infected with IBV, as well as in cells infected with HCoV-OC43
and PEDV, respectively. IRF1 was shown to play an active anti-IBV role
via activation of the type I IFN pathway, however, a minor, if any,
antiviral role may be played by ISG15 and ISG20 during IBV infection of
culture cells. Furthermore, the induction of ISG15 and ISG20 was
demonstrated to be regulated by p53, but not by IRF1.

2. Materials and methods
2.1. Antibodies, chemicals and reagents

Antibodies against p-actin (#HC201-02) and Flag-tag (#HT201-01)
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were purchased from TransGen Biotech. Antibodies against ISG15
(#P.15981-1-AP), ISG20 (#P.22097-1-AP), IRF1 (#11335-1-AP) were
purchased from Proteintech, IRDye® 800CW Goat anti-Rabbit IgG (H +
L) (#926-68070), IRDye® 680RD Goat anti-Mouse IgG (H + L)
(#926-32211) were purchased from Licor. TansDetect® Cell Counting
Kit (CCK) was purchased from TransGen Biotech. Antisera against IBV N
protein was prepared in rabbits immunized with bacterially expressed
fusion proteins as previously described (Li et al., 2005; Liu and Inglis,
1991). The JAK1/2 inhibitor Ruxolitinib (#S1378) was purchased from
Selleckchem, dissolved in DMSO for a 50 mM stock solution, aliquoted
and stored at —80 °C.

2.2. Virus, cells, infection and titration

The egg-adapted IBV Beaudette strain (ATCC VR-22) was obtained
from the American Type Culture Collection (ATCC) and adapted to Vero
cells as previously described (Fang et al., 2005; Lim and Liu, 1998; Shen
et al., 2004). HCoV-OC43 (accession No.KU131570.1) was obtained
from ATCC(Morfopoulou et al., 2016). PEDV virulent strain DR13
(accession No0.JQ023162) was isolated from a suckling pig in 1999, and
adapted to growth in Vero cells (Park et al., 2012; Song et al., 2003). The
cell lines are preserved by our laboratory. Primary CEF cells are
self-produced. Vero cells (#CCL-81), H1299 cells (#CRL-5803) and
HEK293T cells (#CRL-3216) were purchased from American Type
Culture Collection (ATCC). And DF1 cells (#1101BIR-PUMC000417)
were purchased from National Infrastructure of Cell-Line Resource
(NICR) from China. Vero, H1299, DF-1, 293T and CEF cells were
cultured at 37 °C and 5% CO» in Dulbecco’s modified Eagle’s medium
(DMEM, Life Technologies, Carlsbad, CA, USA) supplemented with 6%
fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml
streptomycin.

To prepare the virus stock, monolayers of Vero cells were infected
with IBV at a multiplicity of infection (MOI) of approximately 0.1 and
cultured for 24 h. After three freeze/thaw cycles, total cell lysates were
clarified, the supernatant was aliquoted and stored at —80 °C as virus
stock. UV-inactivation of IBV was performed by exposing the virus stock
to 120,000 mJ/cm2 of 254-nm shortwave UV radiation for 30 min with
a CL-1000 cross-linker (UVP).

Cells were washed twice with serum-free medium before infected
with IBV at an MOI~2 or incubated with an equal volume of UV-
inactivated IBV in serum-free medium. When an inhibitor was used,
the inhibitor was diluted to final concentrations using serum-free me-
dium and added. Cells were incubated at 37 °C before harvested. Su-
pernatants were harvested from IBV-infected cells and clarified by
centrifugation, and virus titer was determined by the tissue culture
infective dose 50 (TCID50) assay using the Reed and Muench method
(Yamada and Liu, 2009).

2.3. Microarray hybridization, image analysis and transcriptomic
analysis

Microarray hybridization and image analysis were carried out as
previously described (Nasirudeen and Liu, 2009; Zhong et al., 2012).
Briefly, RNA was independently prepared from IBV-infected Vero cells
harvested at 24 h post-infection and hybridized to GeneChip® Human
Genome U133A Array (Affymetrix, USA), according to the manufac-
turer’s instructions (Affymetrix). GeneChip arrays were scanned on an
Affymetrix probe array scanner, and data were analyzed using the sta-
tistics software Microarray Suite version 5.0 (MAS5.0) from Affymetrix.

Transcriptomic analysis was carried out by the Biomarker Technol-
ogies Co, LTD, Beijing, China, as previously described (Yuan et al.,
2022). Briefly, RNA was independently prepared from IBV-infected
H1299 cells harvested at 20 h post-infection and sequenced using Illu-
mina HiSeq sequencing technology platform to construct transcriptome
libraries and obtain sequencing data.
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2.4. Cell proliferation assay after treatment with the JAK1/2 inhibitor
Ruxolitinib

Vero and H1299 cells were seeded on 96-well plates, incubated at
37 °C for 16 h and treated with different concentrations of Ruxolitinib.
At indicated times post-treatment, 10 pl of CCK solution was added to
the plates and incubated at 37 °C for 2 h. The absorbance at 450 nm was
detected by an automatic microplate reader.

2.5. RNA extraction and RT-qPCR analysis

Total RNA was extracted using the TRIzol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. Briefly, cells were lysed with
1 ml TRIzol per 10 cm? effective growth area, and lysates were vigor-
ously mixed with one-fifth volume of chloroform. The mixture was then
centrifuged at 12,000 g at 4 °C for 15 min, and the aqueous phase was
mixed with an equal volume of isopropanol. The RNA was precipitated
by centrifugation at 12,000 g at 4 °C for 15 min, washed twice with 75%
ethanol, and dissolved in 30-50 pl RNase-free water.

Total RNA was reverse-transcribed using the FastKing gDNA
Dispelling RT SuperMix kit (Tiangen) according to the manufacturer’s
instructions. The cDNA was then diluted 20-fold with RNase-free water
for quantitative PCR (qPCR) analysis using the Talent qPCR PreMix
SYBR Green kit (Tiangen), generating the cycle threshold (CT) values.
Using the AACT method, the relative abundance of a transcript was
calculated using GAPDH as an internal control and normalized to the
respective reference sample in each experiment.

The qPCR primers for IBV: gRNA, 5'-GTTCTCGCATAAGGTCGGCTA-3’/
and 5'-GCTCACTAAACACCACCAGAAC-3’; sgRNA2, 5'-GCCTTGCGCTA-
GATTTTTAACTG-3' and 5'-AGTGCACACAAAAGAGTCACTA-3’. And the
qPCR primers for HCoV-OC43/PEDV gRNA: OC43 gRNA, 5'-CTATC
TGGGAACAGGACCGC-3' and 5'-TTGGGTCCCGATCGACAATG-3’; PEDV
gRNA, 5-AGTAGCCATCGCAAGTGCTG-3' and 5-AACCGGAGGAAGGC
TGTTTG-3’. Primer pairs for human cells and Vero cells: GAPDH, 5'-
CTGGGCTACACTGAGCACC-3' and 5-AAGTGGTCGTTGAGGGCAATG-
3’; IRF1, 5'- ATGCCCATCACTCGGATGC -3’ and 5'-CCCTGCTTTGTATCG
GCCTG-3’; ISG15(H), 5- TGGACAAATGCGACGAACCTC-3' and 5'-
TCAGCCGTACCTCGTAGGTG-3’; ISG15(V), 5'- TGGACAGATGCGATGA
ACCTC-3' and 5'-GTCAGCTGTACCTCGTAGGTG-3’; ISG20, 5'- CTCGTTG
CAGCCTCGTGAA-3' and H-5'-CGGGTTCTGTAATCGGTGATCTC-3/, V-5'-
CCGTGTTCTGTAATCGGTGATCTC-3’; JAK2, 5'-ATCCACCCAACCATGTC
TTCC-3" and 5'- ATTCCATGCCGATAGGCTCTG-3’; IFN-B, 5'-TCTCCTGTT
GTGCTTCTCCAC-3' and 5'- GCCTCCCATTCAATTGCCAC-3’. Primers for
DF1 and CEF cells: GAPDH, 5-GACCACTGTCCATGCCATCA-3' and 5'-
TTTCCCCACAGCCTTAGCAG-3’; IRF1, 5'-AACCAGCGTTGAGGGGAAAG
-3’ and 5'-GTCCATCATGCGGAACTCCA-3’; 1SG20, 5'-AGCATTGTGGGC-
TATGAGGG-3' and 5'-AATGTCCGCTTTTGCCAACC-3’.

2.6. SDS-PAGE and Western blot analysis

Whole cell lysates were prepared from cells harvested at indicated
time points and lysed in RIPA buffer. After clarified by centrifugation
and determined the protein concentration, the cell lysate was then
mixed with 5x Laemmli sample buffer. To analyze proteins in the culture
supernatant, the supernatant was collected, clarified by brief centrifu-
gation and mixed with 5x Laemmli sample buffer. Equal amounts of
protein samples were loaded to each well and separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The
resolved proteins were then transferred to a nitrocellulose membrane,
incubated with 5% skim milk in TBST buffer at room temperature for 1
h. The membrane was then incubated with 1 pug/ml specific primary
antibody dissolved in TBST with 3% BSA (w/v) at 4 °C overnight,
washed three times with TBST, and incubated with 1:10000 diluted goat
anti-rabbit or goat anti-mouse IgG secondary antibodies (Licor) at room
temperature for 2 h. Fluorescence images were obtained using the Azure
¢600 Imager, and densitometric measurement was performed using the
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AzureSpot software. All experiments were repeated at least three times
with similar results, and one of the representative results was shown.

2.7. RNA interference

The siRNA duplexes for IRF1 were purchased from Sangon Biotech
(Shanghai, China). The sequence of the siRNA sense strand:
GGAAAUUACCUGAGGACAUATAT; negative control was provided by
Sangon Biotech. Transfection of siRNA was carried out using tran-
sIntroTM EL Transfection Reagent (Transgen biotech) as follows. H1299
or Vero cells were plated to a 12-well plate the day before transfection, 5
pl of 20 uM siRNA duplex and 2.5 pl TransIntro EL were diluted with
100 pl Opti-MEM (Gibco) per well and incubated for 20 min. Cells were
replenished with 400 pl Opti-MEM containing 5% FBS, and the trans-
fection mixture was added to each well dropwise. Virus infection was
performed at 24 h post-transfection.

2.8. Plasmid constructions

Expression plasmids XJ40-Flag-P53, XJ40-Flag-P53-R175H, XJ40-
Flag-P53-R273H, XJ40-Flag-ISG15, XJ40-Flag-ISG20 and XJ40-Flag-
IRF1 were constructed by inserting corresponding PCR products into a
pXJ40-based plasmid. The nucleotide sequences of primers : P53/
R175H/R273H, 5'- ATTAGGATCCATGGAGGAGCCGCAGTCA-3' and 5'-
ATTACTCGAGCCGTCTGAGTCAGG CCCTTCTGT-3’; ISG15, 5'- CGCGGA
TCCATGGGCTGGGACCTGAC-3' and 5'- CCGCTCGA GTTAGCTCCGCCCG
CCAG-3’; ISG20, 5'- CGCGGATCCATGGCTGGG AGCCGTGA-3' and 5'-
CCGCTCGAGTCAGTCTGACACAGCCAGGC-3', IRF1(Vero), 5'- CGCGGAT
CCATGCCCAT CACTCGGATGCG-3' and 5'- CCCAAGCTTCTACGGTGCA-
CAGGG AATGGC-3’; IRF1(H1299), 5- CGC GGATCCATGCCCAT-
CACTCGGATG-3' and 5'- CCCAAGCTT CTACGGTGCACAGG GAATG-3’.

Plasmid X459-IRF1 used to knockout IRF1 in Vero cell was con-
structed by inserting the two complementary oligonucleotides (5'-
CACCGTCATGCGCATCCGAGTGAT-3' and 5-AAACATCACTCGGATGC
GCATGAC-3'), coding for the small guide RNA with Bbsl ends, into
pX459. The small guide RNA was designed using the online program
CRISPOR.

2.9. Northern blot analysis

Vero cells were infected with IBV at an MOI~1 and total RNA was
extracted from the infected cells. Total RNA (10 pg) was added to a
mixture of 1 x MOPS, 37% formaldehyde and incubated at 65 °C for 20
min before subjected to gel electrophoresis. The separated RNA bands
were transferred onto a Hybond N+ membrane (Amersham Biosciences)
via capillary action overnight and fixed by UV crosslinking (Stra-
talinker). Hybridization of Dig-labeled DNA probes was carried out at
50 °C in hybridization oven overnight. Membranes were washed 3 times
for 15 min each with the probe buffer, before proceeding to detection
with CDP-Star (Roche) according to the manufacturer’s instructions.

2.10. Statistical analysis

The one-way ANOVA method was used to analyze the significant
difference between the indicated sample and the respective control
sample. Significance levels were presented by the p-value (ns, non-
significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

3. Result

3.1. IBV infection of IFN-f-deficient Vero and IFN-f} -competent H1299
cells differentially regulates the expression of IRF1, ISG15 and ISG20

In our previous studies, the general expression profiles of differen-
tially regulated host antiviral genes in IBV infection of IFN-f-deficient
Vero and IFN-p-competent H1299 cells were probed by Affymetrix array
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and transcriptomic analyses (Liao et al., 2011; Yuan et al., 2021, 2022).
Among hundreds of IFN-stimulated genes, mRNA levels of IRF1, ISG15
and ISG20 were 4-, 6.5- and 64-fold upregulated, respectively, in
IBV-infected Vero cells at 24 h post-infection (hpi)(Liao et al., 2011).
However, a different induction pattern of these three genes in
IBV-infected H1299 cells was revealed by transcriptomic analysis: the
mRNA level of IRF1 was 2.9-fold upregulated, but ISG15 and ISG20 were
0.794- and 1.098-fold regulated (Yuan et al., 2021, 2022).

To verify these results, IBV-infected H1299 and Vero cells harvested
at indicated times post-infection were subjected to RT-qPCR analysis,
revealing variable transcription levels of the three genes. Up to 255-fold
induction of IRF1, 43-fold induction of ISG15 and 489-fold induction of
ISG20 were detected in IBV-infected Vero cells (Fig. 1A). However, a
mere 4.28- to 14.13-fold induction of IRF1, 0.65- to 1.7-fold induction of
ISG15, and 1.24- to 3.3-fold induction of ISG20 were detected in IBV-
infected H1299 cells (Fig. 1A). To confirm if the induction of these
genes also occurred in chicken cells, their mRNA levels in IBV-infected
DF-1 and CEF cells, respectively, were determined, showing a 25- to
35-fold induction of IRF1 and a 5- to 6.5-fold induction of ISG20
(Fig. 1A).

The induction of IRF1, ISG15 and ISG20 at the mRNA and protein
levels in IBV-infected Vero cells was further studied by Northern and
Western blotting. Northern blot analysis of the total RNAs extracted
from IBV-infected Vero cells demonstrated that the IRF1 mRNA was at a
low level in the mock-treated cells, but markedly increased at 8hpi and
accumulated to very high levels at 16 and 24hpi (Fig. 1B). ISG15 and
ISG20 mRNAs were not detectable in the mock-treated or 8hpi samples,
but were induced to high levels at 16 and 24hpi (Fig. 1B). Western blot
analysis of IBV-infected Vero cells showed a low basal level of IRF1
protein in mock-treated cells and in infected cells from 8 to 16 hpi, with
a sudden increase to high level at 20hpi and slight reduction at 24hpi
(Fig. 1C). The expression of ISG20 protein was similar to that of IRF1
protein, being increased rapidly at 20hpi, and reached the highest level
at 24hpi (Fig. 1C). Attempts made to determine the expression levels of
ISG15 protein in IBV-infected Vero cells were not successful due to the
lack of reactivity of the anti-ISG15 antibodies to monkey proteins.
Meanwhile, the expression of these three genes in IBV-infected H1299
cells was also detected, showing minimal to moderate induction at 16hpi
and declining afterwards (Fig. 1C). These results reveal a similar in-
duction pattern of these genes at the protein level as their induction
kinetics at the mRNA level in the two cell lines. Taken together, these
results verified the Affymetrix array and transcriptomic data that the
expression of these anti-viral genes was differentially regulated in IBV-
infected Vero and H1299 cells, and further demonstrated that upregu-
lation of these gene expression is a common phenomenon during IBV
infection of different cell types.

3.2. HCoV-0OC43 and PEDV infection of H1299 and/or Vero cells
regulates the expression of IRF1, ISG15 and ISG20

To verify whether the upregulation of IRF1, ISG15 and ISG20 is a
common mechanism shared by other coronaviruses, similar time course
experiments were conducted in H1299 and/or Vero cells infected with
HCoV-OC43and PEDV, respectively. At the mRNA level, IRF1, ISG15
and ISG20 were 2.4-, 1.4- and 7.3-fold, respectively, upregulated in
HCoV-0C43-infected H1299 cells (Fig. 2A). When H1299 cells were
infected with PEDV, the induction of IRF1, ISG20 and ISG15 reached 30-
, 16.8- and 84.9-fold, respectively (Fig. 2A). In Vero cells infected with
PEDV, IRF1, ISG20 and ISG15 were all up-regulated 13.6-,13.8- and
18.3-fold, respectively (Fig. 2A).

Western blot analysis showed that in H1299 and/or Vero cells
infected with HCoV-OC43 and PEDV, the protein expression of ISG15
and ISG20 was similar to their mRNA expression levels, reaching the
highest level in the middle to later stage of infection (Fig. 2B). However,
the expression level of IRF1 protein appeared to be gradually reduced,
probably due to the prolonged duration of the time course experiments
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for these two viruses (Fig. 2B). In general, these results demonstrate that
induction of IRF1, ISG15 and ISG20 is a common mechanism shared by
different coronaviruses, suggesting that they play important regulatory
roles in coronavirus replication and virus-host interactions.

3.3. Inhibition of type I/III IFN pathways does not significantly affect the
upregulation of IRF1, ISG15 and ISG20 by IBV-infected Vero cells

As Vero cells are known to be IFN-f-deficient, the highly efficient
induction of IRF1, ISG15 and ISG20 by IBV infection of this cell line
would be IFN-B-independent. To further confirm this and to investigate
if other type I/III IFNs might be involved in the activation of these three
genes, Ruxolitinib, an effective JAK2 inhibitor, was used to explore the
effect of IFN inhibition on IBV-induced upregulation of IRF1, ISG15 and
ISG20 in Vero and H1299 cells. The effects of different concentrations of
Ruxolitinib on cell proliferation were first tested, revealing no signifi-
cant difference in the proliferation rate of Vero cells in the presence of
0.78, 1.56 and 3.13 pM of Ruxolitinib, as compared with the DMSO
control (Fig. 3A). Cell proliferation rates were significantly reduced
when the concentrations of Ruxolitinib were raised to 12.5-50 pM
(Fig. 3A). The growth and proliferation rates of H1299 cells were not
much affected when 0.78-50 pM of Ruxolitinib were used (Fig. 3A).

The effects of Ruxolitinib on IBV-induced upregulation of JAK2,
IRF1, ISG15 and ISG20 were then analyzed in IBV-infected Vero cells in
the presence of different concentrations of the inhibitor. Treatment of
the infected Vero cells with 6.25, 12.5 and 25 pM of Ruxolitinib,
respectively, showed 2-, 4- and 3-fold enhancement of IBV replication
(Fig. 3B). Interestingly, the induction of JAK2 was totally inhibited by
the addition of Ruxolitinib, but further upregulation of IRF1, ISG15 and
ISG20 was observed in most cases in the presence of these concentra-
tions of the inhibitor (Fig. 3B). The effects of Ruxolitinib on IBV-induced
upregulation of JAK2, IRF1, ISG15 and ISG20 were then analyzed in
IBV-infected H1299 cells, an IFN-p-competent cell line. In the presence
of all concentrations of the inhibitor used, the induction of IFN-$ by IBV
infection was significantly inhibited (Fig. 3B), confirming that treatment
with this inhibitor suppressed the induction of IFN-B. Similar to the re-
sults observed in Vero cells, treatment of H1299 cells with 6.25 and 12.5
M of Ruxolitinib, respectively, significantly increased IBV replication,
and meanwhile, significant upregulation of JAK2, IRF1, ISG15 and
ISG20 was also detected in these cells (Fig. 3B). This enhancement effect
on IBV replication and induction of the three ISGs was ablated when the
concentration of the inhibitor was increased to 25 pM (Fig. 3B). These
results support that induction of IRF1, ISG15 and ISG20 in IBV-infected
cells may be controlled by an IFN-p-independent mechanism.

3.4. Overexpression of IRF1 suppresses IBV replication mainly through
the induction of IFN pathways

The functional significance of IRF1 upregulation in the replication of
IBV was then studied by overexpression of the protein in H1299, Vero
and HEK293T cells. Cells were transfected with either an empty plasmid
or a Flag-tagged IRF1, and harvested at 12, 24, 36 and 48hpi, respec-
tively, for analysis by Western blotting and the transcription levels of
ISG15 and ISG20 by RT-qPCR. Efficient expression of the Flag-tagged
IRF1 at the protein level was observed in all the three transfected cell
lines (Fig. 4A). Its overexpression in Vero and H1299 cells resulted in a
moderate 2- to 4-fold induction of ISG15 and ISG20, but a 10- to 100-
fold induction of the two genes was observed in HEK293T cells,
reflecting a generally much higher transfection efficiency of this cell line
(Fig. 4A and B).

IBV infection of IRF1-transfected H1299 cells showed almost
completely inhibition of viral replication at both mRNA and protein
levels, and did not induce a higher ISG15 induction (Fig. 4C and D). A
moderate induction of ISG20 was observed in the same infected cells
(Fig. 4D), reflecting a different induction mechanism of the two ISGs.
Infection of IRF1-transfected Vero cells with IBV did not show any
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Fig. 1. Induction of IRF1, ISG20 and ISG15 at RNA and protein levels in IBV-infected cells.
A. RT-qPCR analysis of the induction of IRF1, ISG20 and ISG15 in H1299, Vero, DF1 and CEF cells infected with IBV. Cells were infected with IBV at an MOI~2 or
mock-treated with UV-inactivated IBV, and harvested at indicated time points for RNA extraction. Equal amounts of total RNA were reverse-transcribed. The levels of
IBV genomic RNA (IBV gRNA) and IBV subgenomic RNA2 (IBV sgRNA2), and mRNA levels of IRF1, ISG20 and ISG15 were determined by qPCR. Significance levels

were presented by the p-value (ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; **** p < 0.0001)

B. Northern blot analysis of the induction of IRF1, ISG20 and ISG15 in Vero cells infected with IBV. Total RNA extracted from Vero cells infected with IBV and mock-
treated cells at indicated times were separated on 1% denaturing agarose gel and transferred to a Hybond N+ membrane. IRF1, ISG20 and ISG15 were probed with a
Dig-labeled DNA probe corresponding to a region in IRF1, ISG20 and ISG15. Numbers on the left indicate nucleotides in kilobase, and the IRF1, ISG20 and ISG15

RNAs were indicated on the right

C. Western blot analysis of the upregulation of IRF1, ISG20 and ISG15 in IBV-infected H1299 and Vero cells. H1299 and Vero cells were infected with IBV at an
MOI~2 or mock-treated with UV-inactivated IBV, harvested at the indicated time points and subjected to Western blot analysis using antibodies against IRF1, ISG15,

1SG20 and IBV N proteins. Beta-actin was included as the loading control. Sizes of protein ladders in kDa were indicated on the left.
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Fig. 2. Induction of IRF1, ISG20 and ISG15 at mRNA and protein levels in HCoV-OC43- and PEDV-infected cells.
A. RT-qPCR analysis of the induction of IRF1, ISG20 and ISG15 in H1299 and/or Vero cells infected with HCoV-OC43 and PEDV, respectively. Cells were infected
with HCoV-OC43/PEDV at an MOI~2 or mock-treated with UV-inactivated HCoV-OC43/PEDV, and harvested at indicated time points for RNA extraction. Equal
amounts of total RNA were reverse-transcribed. The levels of HCoV-OC43 genomic RNA (HCoV-OC43 gRNA) and PEDV genomic RNA (PEDV gRNA), and mRNA
levels of IRF1, ISG20 and ISG15 were determined by qPCR. Significance levels were presented by the p-value (ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p <

0.001; **** p < 0.0001).
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B. Western blot analysis of the upregulation of IRF1, ISG20 and ISG15 in HCoV-OC43- and PEDV-infected H1299 and/or Vero cells. H1299 and Vero cells were
infected and harvested as described in A and subjected to Western blot analysis using antibodies against IRF1, ISG15, ISG20 and HCoV-OC43/PEDV N proteins. Beta-
actin was included as the loading control. Sizes of protein ladders in kDa are indicated on the right.

inhibitory effect on viral replication (Fig. 4D). In fact, higher viral
replication was detected in the IRF1-transfected cells than did in cells
transfected with the empty vector alone (Fig. 4D). Furthermore, very
similar induction kinetics of ISG15 and ISG20 were observed in the

119

infected cells transfected with or without IRF1 (Fig. 4D). As Vero cells
are IFN-B-deficient, these results demonstrate that the antiviral effects of
IRF1 on the replication of IBV are mainly mediated through activation of
the type I IFN pathways in the transfected cells. In addition, ISG15 was
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Fig. 3. Effect of JAK1/2 inhibitor Ruxolitinib on the in-
duction of IRF1, ISG15 and ISG20 in IBV-infected Vero
and H1299 cells.

A. Effect of different concentrations of Ruxolitinib on the
viability of Vero and H1299 cells. Vero or H1299 cells
were plated to a 96-well plate and cultured for 16-20 h,
treated with Ruxolitinib at indicated concentrations or the
same volume of DMSO for 24 h. Cell viability was deter-
mined by measuring the absorbance value at 450 nm after
adding the CCK solution for 1-4 h. Significance levels
were presented by the p-value (ns, non-significant; *, p <
0.05; **, p < 0.01; *** p < 0.001; **** p < 0.0001).

B. RT-qPCR analysis of levels of IBV gRNA, JAK2, IRF1,
1SG15, ISG20 and IFNB in IBV-infected Vero (IFNp-defi-
cient) and H1299 cells in the presence of different con-
centrations of Ruxolitinib. At 1 hpi, cells infected with
MOI~2 of IBV were treated with Ruxolitinib at the indi-
cated concentrations or same volume of DMSO, and har-
vested at 20hpi for RNA extraction. Equal amounts of total
RNA were reverse-transcribed, and the level of IBV gRNA
and mRNA levels of JAK2, ISG15, ISG20, IRF1 and IFNB
were determined by qPCR. Significance levels were pre-
sented by the p-value as in A.
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Fig. 4. Overexpression of IRF1 increased the induction of ISG15 and ISG20 in H1299, Vero and HEK293T cells and suppressed IBV replication.

A. Western blot analysis of the expression efficiency of IRF1 in H1299, Vero and HEK293T cells transfected with IRF1. Cells were transfected with pXJ40, or pXJ40-
FLAG-IRF1, harvested at the indicated time points. Cells were subjected to Western blot analysis using the indicated antibodies. Beta-actin was included as the
loading control. Sizes of protein ladders in kDa are indicated on the left.

B. RT-qPCR analysis of the induction of ISG15 and ISG20 in H1299, Vero and HEK293T cells transfected with IRF1. Cells were transfected and harvested as in (A),
total RNA were extracted and equal amounts of total RNA were reverse-transcribed. The mRNA expression levels of ISG15 and ISG20 were determined by qPCR.
Significance levels were presented by the p-value (ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001).

C. Western blot analysis of IRF1 and IBV N protein in IRF1-overexpressed H1299 and Vero cells infected with IBV. Cells were transfected with pXJ40, or pXJ40-FLAG-
IRF1, before being infected with IBV at MOI~2 or mock-treated with UV-inactivated IBV, harvested at the indicated time points. Cells were subjected to Western blot
analysis using the indicated antibodies. Beta-actin was included as the loading control. Sizes of protein ladders in kDa are indicated on the left

D. RT-qPCR analysis of the induction of ISG15 and ISG20 in IRF1-overexpressed H1299 and Vero cells infected with IBV. Cells were transfected, infected and
harvested as in (C), and total RNA extracted. Equal amounts of total RNA were reverse-transcribed, and the levels of IBV genomic RNA (IBVgRNA), and the mRNA
expression levels of ISG15 and ISG20 were determined by qPCR. Significance levels were presented by the p-value as in B.

not significantly induced in p53-deficient H1299 cells transfected with antiviral response in IBV-infected cells, transient knockdown of IRF1
IRF1, pointing to the involvement of p53 in the induction of this ISG with siRNA and establishment of IRF1-knockout stable cells with
during IBV infection. CRISPR-cas9 were carried out. Knockdown of IRF1 with siRNA was first

performed in Vero cells, followed by infection with IBV, showing effi-
3.5. The endogenous IRF1 plays a minor role in the inhibition of IBV cient knockdown of the endogenous IRF1 at both protein and mRNA
replication and in the induction of ISG15 and 1SG20 levels (Fig. 5A and B). IBV infection of the knockdown cells showed only

slightly reduced ISG20 induction and even higher induction of ISG15 at
To assess the contribution of the endogenous IRF1 to the host the mRNA level, compared with the siNC control cells (Fig. 5B).
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Knockdown of IRF1 in Vero cells also rendered a very minor, if any,
effect on IBV replication, as revealed by Western blot analysis of IBV N
protein and RT-qPCR analysis of viral genomic RNA (Fig. 5B). In
contrast, IBV infection of IRF1-knockdown H1299 cells showed signifi-
cantly higher levels of viral genomic RNA replication and slightly higher
synthesis of IBV N protein (Fig. 5A and B). Correspondingly, the
expression of ISG15 was also upregulated in the IRF1-knockdown
H1299 cells, probably reflecting the higher levels of viral replication
(Fig. 5A and B).

Knockout of IRF1 in Vero cells by CRISPR-cas9 was also attempted,
isolating a knockout cell clone with an “A” insertion between nucleotide
position Ajp and Cj; in the IRFl-coding region (Fig. 5C). This “A”
insertion would result in the translation of a truncated IRF1 protein
terminated at 17th amino acid. Western blot analysis of the isolated
clone showed much reduced detection of the IRF1 protein (Fig. 5D).
However, it appears that low levels of IRF1 expression were still
detectable, suggesting that the ‘A’ insertion may occur in one chromo-
some only. Infection of wild type and knockout cells with IBV showed
minimal effects on the expression of IBV N protein (Fig. 5E). Unex-
pectedly, the viral gRNA transcription was slightly reduced in the
knockout cells (Fig. 5E), suggesting that the partial knockout of IRF1
may render a certain effect on the growth and proliferation of the cells,
which, in turn, inhibits the replication of IBV. The induction of ISG20
was also suppressed in a similar pattern as the viral gRNA, however,
significantly more induction of ISG15 was observed in the partial
knockout cells at 20 and 24hpi (Fig. 5E). Taken together, these results
are consistent with data generated from the overexpression of IRF1,
reinforcing the conclusions that the IRF1-mediated anti-IBV response is
mainly type I IFN-dependent and that the induction of ISG15 and IRG20
in IBV-infected Vero cells is not dependent on the induction of IRF1.

3.6. Overexpression of ISG15 and ISG20 does not significantly suppress
IBV replication

The functional significance of ISG15 and ISG20 induction in IBV
replication was then studied by overexpression of the two genes,
respectively, in H1299 cells. Analysis of cells transfected with either an
empty plasmid, Flag-tagged ISG15 or Flag-tagged ISG20 by Western blot
and RT-qPCR demonstrated efficient expression of the two ISGs at pro-
tein and mRNA levels (Fig. 6A and B). Infection of the transfected cells
showed that overexpression of either ISG15 or ISG20 did not impose a
significantly suppressive effect on IBV replication (Fig. 6B). However,
overexpression of ISG15 or ISG20 in H1299 cells infected with HCoV-
0OC43 significantly inhibited its replication (Fig. 6C), demonstrating
that these two ISGs may play a relatively minor role against IBV repli-
cation in culture cells.

3.7. IBV-induced ISG15 and ISG20 expression is partially p53-dependent

As H1299 cells are p53-deficient, the weak induction of ISG15 and
ISG20 by IBV infection of this cell line would point to the potential
involvement of p53 in regulating these ISGs during IBV infection. This
possibility was studied by transfection of H1299 cells with wild type and
two gain-of-function mutant p53, R175H and R273H, prior to infection
with IBV. Compared with the vector control, overexpression of R273H
suppressed IBV replication as revealed by the much lower level of IBV
sgRNA2, but IBV RNA synthesis was not significantly affected in cells
transfected with p53 and R175H (Fig. 7A). Overexpression of p53 and
the two mutants moderately enhanced (1.5- to 2-fold) ISG20 induction
at the mRNA level (Fig. 7A). A more drastic induction (6-fold) of ISG15
mRNA expression was detected in cells overexpressing wild type p53
(Fig. 7A). However, in cells overexpressing the two mutants, only a
moderate induction of ISG15 (about 2-fold) was observed (Fig. 7A). In
addition to the much lower IBV replication in R273H-transfected cells,
additional functions gained by the two mutants may modulate apoptosis
and proliferation of the transfected H1299 cells, limiting the induction
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of this ISG.

Western blot analysis confirmed the efficient expression of the
ectopic wild type and mutant p53 proteins at comparable levels
(Fig. 7B). Compared with the vector control, IBV-induced ISG15 protein
expression was elevated in cells overexpressing p53 and R175H
(Fig. 7B). Whereas no ISG20 protein was detected in the vector control,
low levels of IBV-induced ISG20 protein expression could be detected in
the transfected cells (Fig. 7B). Taken together, these data suggest that
the induction of ISG15 and ISG20 during IBV infection was partially
dependent on p53.

4. Discussion

IFN is involved in a variety of immune mechanisms during viral
infection, playing a key role in inducing antiviral response and inhibit-
ing the replication of many DNA and RNA viruses (Malmgaard, 2004;
Samuel, 2001). In this study, three ISGs, IRF1, ISG15 and ISG20, were
shown to be differentially expressed in IBV-infected Vero and H1299
cells, confirming the initial findings by Affymetrix microarray and
transcriptomic analyses. Characterization of their functional roles dur-
ing IBV infection demonstrated that IRF1 played an active role in sup-
pressing IBV replication, mainly through the activation of the IFN
pathway. However, a minor, if any, anti-IBV function was played by
ISG15 and ISG20 in culture cells. Furthermore, p53, but not IRF1, was
shown to be involved in the induction of ISG15 and ISG20 in
IBV-infected cells.

The robust induction of IRF1, ISG15 and ISG20 in IFN-B-deficient
Vero cells infected with IBV suggests an IFN-independent mechanism
controlling the induction of these genes. This was reinforced by the use
of JAK1/2 inhibitor Ruxolitinib, which did not significantly inhibit the
upregulation of ISG15 and ISG20 in IBV-infected Vero cells, ruling out
the potential involvement of other type I/III IFNs in regulating the
expression of these ISGs. Our observations demonstrated that high
concentration of Ruxolitinib may inhibit IBV replication and, conse-
quently, the induction of these ISGs. This is consistent with a previous
report that JAK inhibitors (Baricitinib) may target host factors required
for SARS-COV-2 entry into cells, leading to the suppression of type I IFN-
driven ACE2 upregulation and viral infection (Jorgensen et al., 2020).
Furthermore, the observation that addition of 6.25 and 12.5 pM of
Ruxolitinib rendered a differential effect on the induction of JAK2, IRF1,
ISG15 and ISG20, lending further support to the conclusion that the
induction of IRF1, ISG15 and ISG20 in IBV-infected cells is controlled by
a type I IFN-independent mechanism.

IRF1 has long been known to mediate the host defense system,
participating in a broad antiviral response by coordinating multiple
cellular signaling cascades. In a variety of cell types, overexpression of
IRF1 induced the expression of type I IFN and other ISGs, and its deletion
led to the limitation of these ISG inductions (Song et al., 2021). IRF1 can
directly bind to the promoter of VIPERIN and induce its expression in the
absence of IFN signaling (Stirnweiss et al., 2010). Infection of cells with
many viruses has been shown to upregulate several ISGs without pro-
ducing type I IFNs and initiating the JAK-STAT signal pathway. These
include the transcriptional upregulation of ISG15 and some other ISGs
mediated by IRF3 independent of type I IFNs during human cytomega-
lovirus (HCMV) infection (Ashley et al., 2019), and the upregulation of
ISG56 in JAK1-defecient p2.1 cells infected with vesicular stomatitis
virus, encephalomyocarditis virus or Sendai virus (Guo et al., 2000).
IRF1 was also shown to activate STAT1 transcription and stimulate ISG
expression in hepatitis E virus (HEV) infection without triggering the
IFN production (Xu et al., 2016). On the other hand, IRF1 was actively
participated in host defense processes in an IFN-p-dependent manner
against respiratory pathogen human metapneumovirus (HMPV) infec-
tion (Loevenich et al., 2021). The ISRE presented in the ISG20 promoter
was reported to mediate the induction of IRFl-dependent ISG20
expression in the absence of functional y-activating sequence (Gongora
et al., 2000). However, as observed in this study, knockdown/out of
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Fig. 5. Effect of knockdown/knockout of IRF1 on the replication of IBV and the induction of ISG15 and ISG20 in H1299 and Vero cells.

A. Western blot analysis of IBV N and IRF1 in IRF1-knockdown Vero and H1299 cells infected with IBV. Cells were transfected with siNC or silRF1 before being
infected with IBV at MOI~2 or mock-treated with UV-inactivated IBV, harvested at indicated time points. Cells were subjected to Western blot analysis using the
indicated antibodies. Beta-actin was included as the loading control. Sizes of protein ladders in kDa are indicated on the left.

B. RT-qPCR analysis of IBV gRNA, IRF1, ISG15 and ISG20 in IRF1-knockdown cells infected with IBV. Cells were infected and harvested as in (A), and total RNA
extracted. Equal amounts of total RNA were reverse-transcribed, levels of IBV gRNA and mRNA levels of IRF1, ISG15 and ISG20 were determined by RT-qPCR.
Significance levels were presented by the p-value (ns, non-significant; *, p < 0.05; **, p < 0.01; ***, p < 0.001; *, p < 0.0001)

C. Construction of an IRF1-knockout clone based on Vero cells using CRISPR-cas9 technique. Sequence analysis of a selected IRF1-knockout clone, showing the
insertion of an “A” at the 5'-terminal region of the IRF1 gene.

D. Western blot analysis of IBV N and IRF1 in IRF1-knockout Vero cells infected with IBV. Wild type and IRF1-knockout Vero cells were infected with IBV at an
MOI~2 or mock-treated with UV-inactivated IBV, harvested at the indicated time points. Cells were subjected to Western blot analysis using the indicated antibodies.
Beta-actin was included as the loading control. Sizes of protein ladders in kDa are indicated on the left.

E. RT-qPCR analysis of IBV gRNA, IRF1, ISG15 and ISG20 in IRF1-knockout cells infected with IBV. Cells were infected and harvested as in (D), and total RNA
extracted. Equal amounts of total RNA were reverse-transcribed, levels of IBV gRNA and mRNA levels of IRF1, ISG15 and ISG20 were determined by qPCR. Sig-
nificance levels were presented by the p-value as in B.
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Fig. 6. The effect of overexpression of ISG15 and
ISG20 on the replication of IBV and HCoV-OC43.

A. Western blot analysis of IBV N, ISG15 and ISG20 in
H1299 cells transfected with either ISG15 or ISG20
and infected with IBV. H1299 cells were transfected
with pXJ40, pXJ40-FLAG-ISG15, or pXJ40-FLAG-
ISG20, before being infected with IBV at MOI~2.
Cell lysates were harvested at 24hpi, and subjected to
Western blot analysis using the indicated antibodies.
Beta-actin was included as the loading control. Sizes
of protein ladders in kDa are indicated on the left

B. RT-qPCR analysis of IBV sgRNA2, ISG15 and ISG20
in H1299 cells transfected with either ISG15 or ISG20
and infected with IBV. Cells were infected and har-
vested as in (A), and total RNA extracted. Equal
amounts of total RNA were reverse-transcribed, and
the level of IBV sgRNA2 and mRNA levels of ISG15
and ISG20 were determined by qPCR. Significance
levels were presented by the p-value (ns, non-
significant; *, p < 0.05; **, p < 0.01; ***, p <
0.001; p < 0.0001).C. RT-qPCR analysis of
HCoV-0C43 gRNA, ISG15 and ISG20 in H1299 cells
transfected with either ISG15 or ISG20 and infected
with HCoV-OC43. H1299 cells were transfected with
pXJ40, pXJ40-FLAG-ISG15 or pXJ40-FLAG-ISG20,
before being infected with HCoV-OC43 at MOI~2.
Cell lysates were harvested at 48hpi for RNA extrac-
tion. Equal amounts of total RNA were reverse-
transcribed, and the level of OC43 gRNA and mRNA
levels of ISG15 and ISG20 were determined by qPCR.
Significance levels were presented by the p-value as in
B.

Fig. 7. The effect of p53 overexpression on the in-
duction of ISG15 and ISG20 in p53-deficient H1299
cells infected with IBV.

A. RT-qPCR analysis of IBV sgRNA2, ISG15 and ISG20
in p53-overexpressed H1299 cells infected with IBV.
Cells were transfected with pXJ40, pXJ40-FLAG-P53,
pXJ40-FLAG-P53-R175H or pXJ40-FLAG-P53-
R273H, before being infected with IBV at MOI~2.
Cells were harvested at 24hpi, and total RNA were
extracted. Equal amounts of total RNA were reverse-
transcribed, and the levels of IBV sgRNA2 and
mRNA levels of ISG15 and ISG20 were determined by
qPCR. Significance levels were presented by the p-
value (ns, non-significant; *, p < 0.05; **, p < 0.01;
% p < 0.001; **** p < 0.0001).

B. Western blot analysis of IBV N, ISG15, ISG20 and
the expression efficiency of wild type and mutant p53
in H1299 cells infected with IBV. Cells were trans-
fected and infected as in (A). Cells were harvested at
24hpi and subjected to Western blot analysis using the
indicated antibodies. Beta-actin was included as the
loading control. Sizes of protein ladders in kDa are
indicated on the left.
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IRF1 in Vero cells did not reduce the upregulation of ISG15 and ISG20,
ruling out the possible involvement of IRF1 in the induction of the two
ISGs. Furthermore, overexpression or knockdown/out of IRF1 in Vero
cells rendered a minor, if any, effect on IBV replication, indicating that
the major anti-IBV activity of IRF1 is IFN-dependent.

The antiviral function of ISG15 is host species-specific. ISG15-defi-
cient human patients did not show an increased susceptibility to virus
infection, which is markedly different from mice lacking ISG15 (Her-
mann and Bogunovic, 2017). Lung cells from ISG15-deficient mice were
found to be more suitable for the replication of influenza B virus and a
higher viral titer was produced (Lai et al., 2009). In addition to
participating in the antiviral response by directly inhibiting virus
replication, ISG15 may also directly or indirectly regulate cytokine re-
sponses and play a role in cell autophagy and metabolism. In human
cells, ISG15 upregulated by IFN promotes the movement of ATG medi-
ators to parasitic vacuoles and regulates IFN-y-dependent autophagy in
Toxoplasma gondii-infected cells (Bhushan et al., 2020). ISG20 is
significantly up-regulated by IFNs, but its basal levels are varying in
different cell types even in the absence of persistent IFN response. The
varying basal levels of ISG20 in different cell types may reflect the fact
that its expression is regulated by different transcription factors in
different cells, such as specific protein 1 (SP-1) or upstream stimulator 1
(USF-1) (Gongora et al., 2000). As an antiviral protein, ISG20 was
considered to mediate the antiviral action through direct degradation of
viral RNA owned to its RNase activity. ISG20 was also able to directly
degrade deaminated viral DNA and inhibit the translation of viral RNA
and non-self RNA (Deymier et al., 2022). In this study, we showed that
these two ISGs may play a minimal inhibitory role in IBV replication,
suggesting that IBV may have evolved mechanisms to evade their
anti-viral actions. As ISG15 is naturally absent in avian species, the
functional irrelevance of this ISG to IBV infection of chickens appears to
be appreciable. However, further studies would be required to illumi-
nate the strategies exploited by IBV to evade the antiviral functions of
ISG20.

Overexpression of p53 and two gain-of-function mutants in p53-
deficient H1299 cells enhanced the induction of ISG15 and ISG20
following IBV infection, suggesting the involvement of p53 in the
upregulation of these two ISGs. As a well-studied tumor suppressor and
the most common mutated gene in human cancers (Oren, 2003), acti-
vation of p53 promotes cell cycle arrest, apoptosis and a number of other
cellular activities (Ding et al., 2014; Hao et al., 2019). p53 is also known
as a central regulator of the innate immune response (Hao et al., 2019;
Rivas et al., 2010). In response to viral infection, p53 may promote
trans-activation of ISGs as well as IFN production in cells
(Munoz-Fontela et al., 2011). Previous studies reported the presence of a
p53 response element in the ISG15 promoter and a coupling relationship
between the two genes. In response to DNA damage, ISG15 may posi-
tively regulate the tumor suppressor function of p53 and the expression
of ISG15 depends on p53 (Park et al., 2016). In HIV-1 infection, ISG15
can modify p53 and the absence of ISG15 leads to the non-degradation
of misfolded p53 accumulated by USP18 and enhanced virus replication
(Osei Kuffour et al., 2019).

Throughout the study, it was also noted that the protein levels of
these ISGs in cells overexpressing the corresponding construct without
IBV infection was much higher than those in the same transfected cells
infected with IBV. Similarly, in IBV-infected cells, a high-level induction
of their expression at the mRNA level was detected, but only minor
upregulation at the protein level was usually detected. Our previous
studies have demonstrated that the interaction between IBV S protein
and eIF3f inhibits host cell protein translation, resulting in strong
expression of the same genes at the transcriptional level, but only
minimal to moderate induction at the translational level (Xiao et al.,
2008). Other studies have also shown that coronavirus infection may
inhibit host translation and de nova protein synthesis to efficiently
translate viral mRNAs (Waisner et al., 2023). For example, SARS-CoV
and SARS-CoV-2 nsp 1 protein can suppress host gene expression by
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promoting host mRNA degradation, alter the cellular transcriptome and
bias the host protein synthesis mechanism towards viral RNA translation
(Narayanan et al., 2008; Yuan et al., 2020). Furthermore, induction of
ER stress response, especially the activation of the PKR/PERK-elF2a
pathway, may also render an inhibitory effect on host gene expression
at the protein level (Fung et al., 2016; Wang et al., 2009). Suppression of
these ISG expression at the protein level would be an effective strategy
evolved by IBV to evade host antiviral response. Our Northern blot
analysis also showed that the migration of ISG15 and ISG20 mRNAs
collected at 24 hpi was slightly faster compared to the samples collected
at 16 hpi. In addition to the gel artifact, it is possible that an alternative
polyadenylation site might be preferentially selected at late stage of IBV
infection. This possibility will be investigated in future studies.

5. Conclusion

In conclusion, this study characterizes the relative contribution of
IRF1, ISG15 and ISG20, the three prominently upregulated ISGs in IFN-
B-deficient Vero cells, to host anti-IBV response in the absence of type I
IFN activation. IRF1 plays an active anti-IBV function in an IFN-
dependent manner, but very minor, if any, anti-IBV function is played
by ISG15 and ISG20 in the presence and absence of IFN signaling. The
induction of ISG15 and ISG20 by IBV infection is partially dependent on
p53, but not on IRF1. This study provides new information on the
mechanisms underlying the induction of ISG15, ISG20 and IRF1, and
their relative contribution to host anti-IBV response.
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