Archives of Virology (2021) 166:2173-2185
https://doi.org/10.1007/500705-021-05073-3

ORIGINAL ARTICLE q

Check for
updates

Interplay of the ubiquitin proteasome system and the innate immune
response is essential for the replication of infectious bronchitis virus

Nishant Kumar Ojha’ - Jingjing Liu'2 - Tianqi Yu' - Chengxiu Fang’ - Jiyong Zhou' - Min Liao'

Received: 17 December 2020 / Accepted: 3 March 2021 / Published online: 26 May 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract

Infectious bronchitis virus (IBV) is the only coronavirus known to infect poultry. The replication and pathogenesis of IBV
are poorly understood, mainly because of the unavailability of a robust cell culture system. Here, we report that an active
ubiquitin proteasome system (UPS) is necessary for efficient replication of IBV in Vero cells. Synthesis of IBV-specific
RNA as well as viral protein is hampered in the presence of chemical inhibitors specific for the UPS. Like other coronavi-
ruses, IBV encodes a papain-like protease (PLpro) that exhibits in vitro deubiquitinase activity in addition to proteolytically
processing the replicase polyprotein. Our results show that the IBV PLpro enzyme inhibits the synthesis of interferon beta
(IFNP) in infected chicken embryonic fibroblast (DF-1) cells and that this activity is enhanced in the presence of melanoma
differentiation-associated protein 5 (MDAS5) and TANK binding kinase 1 (TBK1). IBV PLpro, when overexpressed in DF-1
cells, deubiquitinates MDAS5 and TBK1. Both of these proteins, along with other adapter molecules such as MAVS, IKKe,
and IRF3, form a signaling cascade for the synthesis of IFNp. Ubiquitination of MDAS and TBK1 is essential for their acti-
vation, and their deubiquitination by IBV PLpro renders them unable to participate in antiviral signaling. This study shows
for the first time that there is cross-talk between the UPS and the innate immune response during IBV infection and that the
deubiquitinase activity of IBV PLpro is involved in its activity as an IFN antagonist. This insight will be useful for designing
better antivirals targeting the catalytic activity of the IBV PLpro enzyme.

Introduction

Infectious bronchitis virus (IBV) is a highly contagious path-
ogen that infects poultry globally, causing heavy economic
losses. IBV is transmitted via the aerial route and causes
destruction of the tracheal epithelium of chickens, making
them susceptible to secondary bacterial infections. Later, the
virus also spreads to other organs, including the gastrointes-
tinal tract, kidney, and oviduct, thereby affecting egg quality
[1, 2]. IBV is the prototype member of the genus Gamma-
coronavirus, family Coronaviridae, order Nidovirales. Its
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genome is a positive-sense, nonsegmented, single-stranded
RNA, ~27.6 kb in size [3]. Approximately two-thirds of
the genome at the 5° end consists of open reading frame
1, which, due to ribosomal frameshifting, is composed of
orfla and orflb. The remaining one-third of the genome
at the 3’ end consists of structural and accessory genes in
the following order: spike (S), accessory genes 3a and 3b,
envelope (E), membrane (M), accessory genes Sa and 5b,
and nucleocapsid (N). All of the nonstructural proteins (2
to 16) are encoded by orfl and together form the replica-
tion/transcription complex. ORF1a encodes a ~3951-amino-
acid-long polyprotein from which individual viral proteins
are generated by proteolytic processing by cellular and viral
proteases [4].

Nonstructural protein 3 of IBV strain M41 (GenBank
no. DQ834384.1), corresponding to amino acids 1174-
1481 in ORFla, is called the papain-like protease (PLpro)
domain, and it has considerable sequence similarity to
the PLpro proteins of other coronaviruses [5]. IBV PLpro
has been shown to have proteolytic activity in vitro, and it
plays a role in the processing of the ORF1 polyprotein [6].
In addition to its proteolytic function in the viral replicase
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complex, PLpro also possesses deubiquitinase activity and
can degrade Lys48- and Lys63-linked polyubiquitin chains
to monoubiquitin, but not linear polyubiquitin [7, 8]. Acute
infection with IBV elicits a type 1 innate immune response,
and there is a significant upregulation of expression of
IFNB, IRF3, melanoma differentiation-associated protein5
(MDAS), and Toll-like receptor 3 (TLR3), which suggests
the involvement of the TLR3 pathway upon IBV infection
[9]. MDAS is the major pattern recognition receptor for the
IBV double-strand RNA intermediate, which together with
mitochondrial antiviral signaling (MAVS), acts as a posi-
tive regulator of the type 1 interferon response against IBV
infection [10]. The ubiquitin proteasome system (UPS) is a
major pathway of protein degradation in eukaryotic cells. It
consists of ubiquitin conjugation and substrate degradation
machinery and plays important role during viral infection
[11]. The posttranslational modification of viral proteins by
the host cell UPS is a major way of regulating and inhibit-
ing their functions. However, viruses can employ several
strategies to subvert this effect. The UPS modulates the cel-
lular innate immune response against viral infection [12].
TRIMBS6S is involved in K63-linked ubiquitination at lysine
743 of MDAS5, which is essential for MDAS oligomeriza-
tion and activation [13]. TBK1 has a ubiquitin-like domain
(ULD) adjacent to its kinase domain, which is necessary
for the IRF3 phosphorylation and nuclear localization that
are required for IFNf synthesis [14]. Deubiquitination of
MDAS5, TBKI1, and other proteins involved in the innate
immune response by viral proteins is one of the mechanisms
by which of the virus survives in host cells [15].

The aim of present study was to elucidate the underly-
ing mechanism by which IBV interferes with type 1 IFN
induction. We show that IBV replication in Vero cells is
inhibited in the presence of specific chemical inhibitors of
the ubiquitin proteasome system and that the IBV PLpro
domain plays a specific role in deubiquitinating host pro-
teins related to innate immunity. IBV PLpro deubiquitinates
MDAS5 and TBK1, whose activity is necessary for eliciting
a type 1 interferon response, and thereby acts as an IFN
antagonist. Cross-talk between UPS and the type 1 innate
immune response is essential for the replication of IBV in
host cells.

Materials and methods

Cell culture, virus, and plasmids

The chicken embryonic fibroblast cell line DF-1 (ATCC;
CRL-12203) and the African green monkey kidney cell line
Vero (ATCC; CCL-81) were maintained in Dulbecco’s mod-

ified Eagle’s medium (Gibco, Carlsbad, CA) supplemented
with 10% fetal bovine serum (FBS), penicillin (100 units/
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mL), and streptomycin (100 pg/mL) at 37 °C in a humidified
chamber with a 5% CO, environment. For Vero cells, we
used FBS (Biological Industries; cat. no. 1616756), and for
DEF-1 cells, serum (MRC; cat. no. CCS30010.02) was used.
The Vero-adapted IBV Beaudette strain [6] was a kind gift
from Dr. Dingxiang Liu (South China Agricultural Univer-
sity, Guangzhou, P. R. of China). The IBV Massachusetts
strain (M41) (GenBank: no. MK937830.1) was purchased
from China Institute of Veterinary Drug Control and main-
tained in our laboratory. The Beaudette and M41 strains of
IBV have 95% amino acid sequence identity in their spike
(S1) protein and belong to the same Massachusetts serotype
[16]. Virus stocks (Beaudette Log,, FFU/mL = 7.84 and
M41 Log,q FFU/mL = 4.34) were stored at -80 °C until
they were used. Mammalian expression vectors pCMV-
(DYKDDDDK)-N (cat. no. 635688) and pCMV-Myc-N
(cat. no. 635689) were purchased from Clontech Labora-
tories (Mountain View, CA), and restriction sites for the
enzymes EcoR I and Kpn I in their multiple cloning sites
were used to clone chicken TBK1 (NCBI reference sequence
NM_001199558.1) and the IBV M41 PLpro domain, respec-
tively (for primer sequences, see Table 1). The plasmids
pCMV-HA-Ub, pGL3-chIFN-f, and pCMV-N-Flag-MDAS5
were already available in our laboratory [17, 18].

Reagents and antibodies

Inhibitor compounds, including MG132 (Beyotime Bio-
technology; cat. no. S1748), lactacystin (APExBIO; cat
no. A2583), and epoxomicin (AbMole BioScience; cat. no.
M2193) were dissolved in DMSO at a concentration of 100
UM and stored at -20 °C until further use. Radioimmuno-
precipitation assay (RIPA) buffer (Beyotime Biotechnol-
ogy; cat. no. PO013B), nitrocellulose blotting membranes
(GE Healthcare; cat. no. 10600002), jetPRIME transfection
reagent (Polyplus Transfection S.A; cat. no. 712-60 and
114-15), and chemiluminescent Western blotting detection
reagent Super Western ECL were obtained from BioBEST
company, and poly(I:C) was purchased from InvivoGen.

Antibodies against c-Myc tag (Huabio Inc.; cat. no.
1208-1), Flag (DYKDDDDK) tag (Sigma-Aldrich; cat. no.
F1804), HA-tag (Sigma-Aldrich, cat. no. 9658), anti-actin
(Abcam; cat. no. ab179467), anti-ubiquitin (Cell Signaling
Technology; cat. no. 3936S), anti-mouse IgG HRP (Bioker
Biotech; cat. no. 074-1806), anti-rabbit IlgG HRP (Bioker
Biotech; cat. no. 074-1506), and anti-mouse IgG FITC
(KPL; cat. no. 5230-0427) were used. Monoclonal antibod-
ies against the IBV membrane protein and nucleocapsid pro-
tein and polyclonal rabbit sera against chicken IRF3 were
prepared previously in our laboratory.
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Table 1 Primers Gene name

Nucleotide sequence (5°-3”)

IBV nucleocapsid F  AGGGCTCTCGCATTACCAAG
R GAGCATTGCTGTAACACGCC
Monkey GAPDH F  CATGAGAAGTATGACAACAGCCT
R AGTCCTTCCACGATACCAAAGT
IBV PLpro F  CATCGAATTCACGCCACCATGGGAACTTGTAAGCAGAAGACAAT
R CATCGGTACCTCAATGTTCAACAACAAGTAGGGGATTTTCACTC
Chicken IFNf F  GCTCTCACCACCACCTTCTC
R  GCTTGCTTCTTGTCCTTGCT
Chicken TBK1 F  CATCGAATTCACGCCACCATGGGAATGCAGAGCACCTCGAATTACCTC
R CATCGGTACCTTAGATACAGTCCACATTCCTCAGGCCACCATCTGC
Chicken GAPDH F  CATCACAGCCACACAGAAG
R GGTCAGGTCAACAACAGAGA

Reverse transcription quantitative PCR

Vero and DF-1 cells were cultured in a 24-well plate to 70%
confluence and then infected with the IBV strain Beaudette
(MOI of 1) and M41 (MOI of 10), respectively. At the indi-
cated time points, cells were lysed with SuPerfecTRI lysis
reagent (Pufei; cat. no. 3101) for RNA extraction. Quantifi-
cation of RNA was done using a NanoDrop spectrophotom-
eter (Thermo Scientific). Synthesis of cDNA was done using
HiScript IT Q RT Supermix reverse transcriptase (Vazyme
Biotech; cat. no. R222-01) according to the manufacturer’s
instructions. Expression levels of RNA transcripts for the
IBV nucleocapsid and IFN-f genes were measured using
AceQ gPCR reagent (Vazyme Biotech; cat no. 111-02) in a
LightCycler 96 System (Roche). Genes of monkey GAPDH
and chicken GAPDH were used as input controls (for primer
sequences, see Table 1). The fold change in gene expression
was calculated by the 224t method as described previously
[19].

Protein extraction and immunoblot

Cultured cells were washed three times with ice-cold Dul-
becco’s phosphate-buffered saline (PBS) and then lysed in
ice-cold RIPA buffer supplemented with phenylmethylsul-
fonyl fluoride (PMSF; protease inhibitor). The crude protein
was then extracted by centrifuging the lysate at ~13,000 x
g for 10 minutes at 4 °C. The supernatant was collected in a
separate microfuge tube. Protein samples were subjected to
SDS-polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane. The membrane was blocked in 5%
skimmed milk powder dissolved in PBS for 1 h at 37 °C in
an orbital shaker, after which the membranes were washed
three times with PBS-0.1% Tween 20 (PBS-T), followed by
incubation with primary antibody (1:1000 dilution) for 2 h
at 37 °C. The membranes were again washed three times

with PBS-T at 37 °C and incubated with anti-mouse IgG
HRP-conjugated secondary antibody (1:5000 dilution) for
1 h at 37 °C. After the second incubation, membranes were
again washed three times with PBS-T. Finally, immunoreac-
tive protein bands on the membrane were visualized using
enhanced chemiluminescence reagent, and images were cap-
tured using an AI680 Imager (GE Healthcare).

Immunoprecipitation assay

All immunoprecipitation experiments were conducted in
DF-1 cells cultured in 6-well plates. When cells attained
70% confluence, they were infected with IBV strain M41
at an MOI of 10, and after 24 h of infection, the cells were
transfected with either pPCMV-N-Flag-MDAS5 or pCMV-N-
Flag-TBK1. For co-immunoprecipitation assays, the cells
were cotransfected with pCMV-N-myc-IBV PLpro and
pCMV-N-Flag-MDAS5 or pCMV-N-Flag-TBK1. After 48 h
of transfection, cells were washed three times with ice-cold
PBS and then harvested in lysis buffer (50 mM Tris-Cl, pH
8.0, 150 mM NaCl, 1% Tween-20, 0.1 % SDS) supplemented
with protease inhibitor. Protein samples were incubated for
2 h at 4 °C with an anti-Flag antibody. After that, the lysate-
antibody complex was captured on Protein A/G PLUS-Aga-
rose beads (Santa Cruz Biotechnology Inc.; cat no. sc-2003)
by overnight incubation at 4 °C in an orbital shaker. Beads
were washed three times with PBS-T and then suspended
in SDS-PAGE sample loading buffer. Precipitated proteins
were eluted by boiling the beads for 5 minutes. Eluted pro-
tein samples were detected by Western blot.

Indirectimmunofluorescence assay
Cells were cultured in 96-well plates and infected with IBV.

At the indicated time points, the cells in each well were
fixed and permeabilized by incubating them with 100 uL of
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methanol:acetone at a ratio of 1:1 for 30 minutes at -20 °C.
They were then blocked with 100 pL of 5% skimmed milk
powder for 1 h at room temperature (RT) and washed three
times with PBS-T. They were then incubated with an mAb
against the IBV membrane protein (1:1000) for 1 h at RT in
an orbital shaker and washed three times with PBS-T. Sub-
sequently, the cells were incubated with FITC-conjugated
anti-mouse IgG secondary antibody (1:500) for 1 h at RT in
the dark. After the incubation, the cells were washed three
times with PBS-T and then visualized under a fluorescent
microscope. Fluorescent foci were counted, and the number
of focus-forming units (FFU) in each well was calculated as
described previously [20].

Cell viability and dual luciferase reporter assay

DF-1 cells in each well of a 48-well plate were transfected
with 200 ng of pGL3-chIFN-p, together with 200 ng of the
plasmids indicated below and 10 ng of the internal control
plasmid pRL-TK or 400 ng of pGL3-chIFN-f with 10 ng
of pRL-TK only. A lysate of the cells transfected with the
empty vector was used as a control for calculation of the
IFNp promoter activation level. Luciferase activity in the
samples was measured using a Dual Luciferase Assay Kit
(Beyotime Biotechnology; cat. no. RG027) according to the
manufacturer’s instructions in a Spectra Max M5 microplate
reader (Molecular Devices, CA). The relative firefly lucif-
erase activity is shown after normalization with the Renilla
luciferase level.

A cell viability assay was conducted in a 96-well plate
using an alamarBlue assay (Solarbio Life Science; cat. no.
A7631) according to the manufacturer’s instructions. Resa-
zurin (alamarBlue) is a cell-permeable non-fluorescent
indigo blue dye that, upon entering a cell, gets reduced to
fluorescent resorufin. Viable cells continuously convert resa-
zurin to resorufin, and the resulting fluorescence is meas-
ured at an excitation wavelength of 560 nm and an emission
wavelength of 590 nm. The assay was performed to measure
the toxicity of UPS inhibitors on Vero cells and of the IBV
PLpro clone construct on DF-1 cells.

Statistical analysis

All experimental data sets were at least in triplicate. Statis-
tical analysis was conducted using a two-tailed, unpaired
Student’s 7-test using SPSS statistics software. Differences
were considered significant at a value of *, p < 0.05; **, p
< 0.01; or *** p < 0.005. Fold change in signal intensity
of Western blot bands were determined by measuring their
densitometric values with ImageJ v1.50b software (NIH,
USA), and figures were prepared using the MS Office suite.
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Fig. 1 Effects of proteasome inhibitors on IBV Beaudette strain infec- »

tion in Vero cells. Vero cells were treated with proteasome inhibitors
at the indicated concentrations. (a) The cell viability after treatment
was assessed using an alamarBlue assay. (b) IBV genomic copies in
inhibitor-treated Vero cells. After infection with IBV at an MOI of
1, cells were incubated with DMEM containing proteasome inhibi-
tors. The supernatant was collected at 72 hpi, and the number of
IBV genomic copies was determined by RT-qPCR. The graph rep-
resents the averages of three independent experiments. (c) Indirect
immunofluorescence assay (IFA) was performed after 72 h of infec-
tion using an antibody against the IBV membrane protein. The test
and mock-treated cells were stained in triplicate, and representative
images are shown. (d) Fluorescent foci in an indirect IFA experiment
were counted, and the virus titer was determined. (¢) An immunob-
lot of the whole-cell lysate was performed using an antibody against
the IBV nucleocapsid protein. Actin from the same protein samples
served as a loading control. (f) Overexpression of ubiquitin by trans-
fection with pCMV-HA-Ubiquitin partially restored IBV replication,
which was inhibited in the presence of MG132. The error bars indi-
cate standard error. Significant differences between test samples and
controls are indicated by asterisks (**, p < 0.01)

Results

IBV replication is inhibited by specific chemical
inhibitors of the ubiquitin proteasome system

The ubiquitin proteasome system plays a critical role at dif-
ferent stages of the infection cycle of several coronaviruses
[21, 22]. To study the role of the UPS in IBV replication,
we used three different UPS inhibitors, namely, MG132, lac-
tacystin, and epoxomicin. First, we tested the cytotoxicity
of the three inhibitors on cell growth by alamarBlue assay
[23], and we found that > 90% of Vero cells survived in the
presence of 1-3 uM MG132, lactacystin, and epoxomicin
(Fig. 1a) after 72 h of supplementation. Therefore, a con-
centration of 1-3 uM of these three inhibitors was selected
for further experiments. We infected Vero cells with the IBV
Beaudette strain at a MOI of 1 for 72 h and measured virus
replication by quantitative PCR (qPCR), Western blot, and
indirect IFA. We measured the level of IBV nucleocapsid
protein in the cell culture supernatant by qPCR, and in whole
cell lysates by Western blot, and in situ expression of the
IBV membrane protein was detected by indirect IFA. We
found that all three inhibitors were effective in inhibiting
IBV replication. The qPCR results showed that, after 72 h,
there was a significant reduction (nearly half at 3 uM) in the
virus copy number (Fig. 1b). Similar results were obtained
by IFA for the membrane protein and immunoblot for the
nucleocapsid protein (Fig. 1c and e). Virus titration showed
that there was a dose-dependent reduction in the number
of fluorescent foci when cells were treated with inhibitors
(Fig. 1d). Previously, it was reported that MG 132 reduces the
pool of free ubiquitin inside the cells [24]. Hence, to confirm
that the observed inhibition of IBV replication by MG132
was due to the depletion of free ubiquitin, we transfected
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Fig.1 (continued)

Fig.2 Activation of the IFN response in DF-1 cells infected with cell-culture-adapted IBV strain M41. (a and b) Adaptation of the IBV M41 »
strain in DF-1 cells by repeated passaging. Replication was measured after the passage by IFA, using an antibody against the IBV membrane
protein. (c) Increased expression of IFNp transcripts in IBV (MOI of 10)-infected DF-1 cells detected by RT-qPCR. (d) Stimulation of IFNf pro-
moter activity after infection of IBV. DF-1 cells were infected with IBV, and after 24 h of infection, they were cotransfected with the ch-IFNB-luc
reporter plasmid and the Renilla luciferase reporter plasmid. IFNf promoter activity was measured by luciferase assay. The graphs represent the
averages of three independent experiments. The error bars indicate standard error. (e) Replication of IBV is inhibited in the presence of an IFN
response. Cells were infected with IBV, and after 18 h of infection, cells were either left untreated or transfected with poly(I:C). Cells were har-
vested after 24, 48, and 72 h of infection and lysed for protein extraction. An immunoblot was performed for detection of the IBV nucleocapsid
and the cellular actin protein. (f) Expression of IRF3 is marginally upregulated in the presence of IBV replication. Cells were infected with IBV
and, after 18 h of infection, transfected with poly(I:C) or left untreated. After 72 h of infection, cells were lysed for protein extraction. An immu-
noblot was performed for detection of the IBV nucleocapsid protein and chicken IRF3

cells with the plasmid pCMV-HA-Ubiquitin to overexpress  detected using an antibody against the IBV nucleocapsid
ubiquitin. Western blotting was performed to detect hemag-  protein. The results showed that there was a higher level
glutinin (HA)-tagged ubiquitin in the transfected cells using  of IBV replication in the cells transfected with pCMV-HA-
an anti-HA monoclonal antibody, and virus replication was ~ Ubiquitin than in untransfected control cells (Fig. 1f).
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not suitable for studying immune response pathways and are
of monkey rather than poultry origin, we used a pathogenic
strain of IBV M41 and adapted it to chicken fibroblast (DF-
1) cells by repeated passaging. After 10 consecutive pas-
sages, infected DF-1 cells were immunostained to confirm
the replication of IBV M41 (Fig. 2a and b), and the titer of
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IBV was measured as Log;, FFU/mL = 4.34. DF-1 cells
were infected with the culture-adapted IBV M41 strain at an
MOI of 10 and harvested at different time points to meas-
ure the expression of IFNf mRNA by RT-qPCR and IFNf
promoter activity by luciferase assay (Fig. 2c and d). Our
results showed that there was a time-dependent increase in
synthesis of IFNf as virus replication progressed. This is in
agreement with several previous reports showing that the
IBV M41 strain elicits a type 1 innate immune response [9,
10]. Next, we studied the effect of IFN on the replication of
IBV. There is a delayed IFNp response after IBV infection
[25]. We transfected DF-1 cells with poly(I:C) after 24 h of
infection with IBV to stimulate IFN synthesis. Detection
of IBV nucleocapsid protein by Western blot showed that
there was reduction in IBV replication in the cells actively
synthesizing IFNs induced by the synthetic analog poly(I:C)
(Fig. 2e). We observed only a minor change in the expres-
sion of the IRF3 protein, presumably because we detected
its expression using a polyclonal rabbit serum and not an
mAb against the chicken p-IRF3, which is unavailable com-
mercially. Nevertheless, there was a visible difference in its
expression level in the presence and absence of poly(I:C)
and IBV, indicating that IBV causes a decrease in IRF3 syn-
thesis in the presence of interferon (Fig. 2f). Taken together,
our results demonstrate that the cell-culture-adapted IBV
M41 strain elicits a type 1 innate immune response, and in
the presence of IFN, its replication is inhibited.

The IBV papain-like protease domain (PLpro)
inhibits IFN production

The papain-like proteases of several coronaviruses have the
property of suppressing the type 1 IFN response. This prop-
erty is mediated by diverse mechanisms [26, 27]. To study
the role of IBV PLpro in regulating the host innate immune
response, we made the clone pPCMV-N-myc-IBV PLpro and
used it to transfect DF-1 cells. Its expression was confirmed
by Western blot using an anti-myc antibody (data not shown).
To rule out the possibility of a cytotoxic effect of PLpro, we
performed a cell viability assay with DF-1 cells transfected
with empty vector as well as the PLpro expression construct.
We found that there was <10% cytotoxicity in the PLpro-
expressing DF-1 cells, indicating that PLpro expression
does not have a deleterious effect on the viability of the cells
(Fig. 3a). Next, we examined the effect of IBV PLpro on IFN
expression. After 48 h of transfection, DF-1 cells were trans-
fected with poly(I:C) to stimulate IFN induction. RT-qPCR
was performed after 6 h of poly(I:C) stimulation to deter-
mine the IFNf mRNA level. IBV PLpro expression caused a
significant reduction (~3.5-fold) in IFN mRNA expression
when compared with the cells transfected with empty vector
(Fig. 3b). This observation also confirmed that the reduced
expression of IFN mRNA in the PLpro-expressing cells
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was due to the antagonist effect of the IBV PLpro enzyme.
We also measured IFNf promoter activity in the presence
of pCMV-N-myc-IBV PLpro by transfection with the IFNf
luciferase reporter plasmid. The results of the reporter assay
showed that IBV PLpro significantly inhibited (~3.8-fold)
the poly(I:C)-induced IFNf promoter activation (Fig. 3c).
Since overexpression of signal molecules such as MDAS and
TBKI leads to the activation of the IFNf promoter [28, 29],
DF-1 cells were transfected with plasmids encoding the IFNf
reporter, PLpro, and the specific components of the signaling
pathway, MDAS and TBKI1, to confirm the IFN antagonist
property of the IBV PLpro enzyme. The results showed that
IBV PLpro indeed inhibited the IFNf} promoter activity in
the presence of the MDAS and TBK1 proteins by ~1.8- and
~2.1-fold, respectively (Fig. 3d and e). Taken together, our
data indicate that IBV PLpro functions as an antagonist of
type I IFN induction.

IBV PLpro deubiquitinates both MDA5 and TBK1

Based on the results described above, indicating that active
functioning of the UPS is essential for IBV replication and
that its PLpro domain has IFN antagonist activity, we aimed
to further understand the specific role of IBV PLpro in deu-
biquitination of cellular proteins of innate immune response
pathways that are post-translationally modified by the UPS.
Due to the absence of RIG-I in chicken, MDAS acts as a
primary sensor for IBV dsRNA, and there is an elevated
expression of IFNf [10, 30]. We reasoned that IBV PLpro
could potentially lead to deubiquitination of both MDAS and
TBKI1, as ubiquitination of these two molecules is required
for their activation [13, 14]. Due to the very low level of
expression of endogenous MDAS and TBK1 and the una-
vailability of chicken antibodies against both of these pro-
teins, we decided to coexpress them along with IBV PLpro
in DF-1 cells and perform the ubiquitination assay after co-
immunoprecipitation. We cloned chicken MDAS and TBK1
into the pCMV-N-Flag vector. DF-1 cells were cotransfected
with pCMV-N-myc-IBV PLpro and pCMV-N-Flag-MDAS5
or pCMV-N-Flag-TBK1. After 48 h of transfection, cells
were harvested, and co-immunoprecipitation was carried out
using an anti-Flag antibody. A Western blot was performed
using an anti-ubiquitin antibody, which can detect all cel-
lular proteins, including MDAS and TBK1, that are post-
translationally modified by ubiquitin tagging. The results
showed that IBV PLpro efficiently deubiquitinates MDAS
and TBK1 along with other cellular proteins, which was not
observed in cells transfected with the empty pCMV-N-myc
vector (Fig. 4a and c), while the overall MDAS and TBK1
expression levels in the whole-cell lysate were not affected
(Fig. 4b and d). These results suggest that IBV PLpro may
inhibit MDAS and TBK1 activation via its deubiquitinase
activity.
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IBV replication in DF-1 cells inhibits ubiquitination
of MDAS5 and TBK1

The results described above showed that the overexpres-
sion of IBV PLpro in DF-1 cells causes deubiquitination of
MDAS5 and TBK1. To our knowledge, no other IBV protein
has deubiquitinase activity except the PLpro enzyme. This
leads to the conclusion that IBV PLpro expressed after pro-
teolytic processing of the orfl-encoded polyprotein during
virus infection could also perform the deubiquitinase func-
tion. To test this assumption, we infected DF-1 cells with the
cell-culture-adapted IBV M41 strain at an MOI of 10, and at
24 hpi, we transfected these cells with plasmids for overex-
pression of MDAS and TBK1. At 48 h post-transfection, the
cells were harvested, and whole-cell lysates were subjected
to immunoprecipitation using anti-Flag antibody. After
immunoprecipitation, protein samples were probed with an
anti-ubiquitin antibody to measure the ubiquitination level
of cellular proteins. The results showed that both MDAS and
TBK1 had lower ubiquitination levels in DF-1 cells infected
with IBV than in the uninfected control cells (Fig. 5a and
¢). There was no difference between the control and infected
samples in the total ubiquitination level in whole-cell lysates
(Fig. 5b and d), demonstrating that IBV replication inhibited
the ubiquitination of MDAS and TBK1, presumably from its
own PLpro enzyme synthesized by open reading frame 1.

Discussion

IBV is a highly contagious virus pathogen of poultry that
causes severe damage to the trachea and kidney. Its patho-
genicity varies according to the genotype and strain [31]. An
active ubiquitin proteasome system (UPS) is essential for the
replication of many viruses, and inhibitors of the UPS are
also known to inhibit virus replication [32]. Viruses modu-
late the host cell UPS for their survival [33]. In the present
study, we investigated the role of the UPS in the replication
of IBV and its cross-talk with the innate immune system
during IBV infection. We also examined the role of the IBV
papain-like protease (PLpro) domain in regulating both of
these pathways.

In order to ascertain the role of the UPS in IBV repli-
cation, we used three different UPS inhibitors, namely,
MG132, lactacystin, and epoxomicin, to determine their
effect on the replication of the IBV Beaudette strain in Vero
cells. All three inhibitors tested in this study caused a sig-
nificant reduction in the level of virus replication, and the
degree of inhibition was proportional to the dose applied.
MG132 reduces the pool of free ubiquitin in cells. In the
case of human parainfluenza virus 5, MG132 inhibits virus
budding by depleting the cellular pool of free ubiquitin [34].
Therefore, to determine whether the observed inhibition of
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Fig.4 Type-I-IFN-response-pathway-related proteins MDAS5 and
TBK1 are deubiquitinated by IBV PLpro. DF-1 cells were transfected
with the empty vector (EV) or pPCMV-N-myc-IBV PLpro. After 24 h
of transfection, the cells were transfected with pCMV-N-Flag-MDAS5
(a) or the plasmid pCMV-N-Flag-TBKI1 (c). After 72 h of PLpro
plasmid transfection, cells were lysed for protein extraction. Immu-
noprecipitation was done using an anti-Flag antibody. Eluted proteins
were probed to measure the ubiquitination of cellular proteins using
an anti-ubiquitin antibody. The relative ubiquitination signal inten-
sity is shown below the blots after normalization with MDAS (a) and
TBK1 (c). (b and d) Prior to immunoprecipitation, Western blotting
of whole-cell lysate was done using the corresponding antibodies for
the confirmation of protein expression from the indicated plasmids

IBV replication by MG132 was due to depletion of free
ubiquitin, we expressed ubiquitin ectopically by transient
transfection with the plasmid pCMV-HA-Ubiquitin, which
partially restored IBV replication even in the presence of the
inhibitor MG132. This confirms that the active functioning
of the UPS is important for IBV replication.

For many coronaviruses, it has been reported that type
1 IFNs, such as IFNa and IFN, are important for the host
cell’s innate immune response against infection and also
modulate adaptive immunity. Viruses employ different strat-
egies to evade the host immune response. The interferon
(IFN) response mediated by IFN-stimulated genes (ISGs)
makes cells resistant to pathogens. After IBV infection,
there is an increase in the synthesis of diverse cytokines
and chemokines, which increases the resistance and survival
of the cells [35, 36]. Previously, it was shown that, upon IBV
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infection, there is an increase in the synthesis of type 1 IFN.
TLR3 and MDAS recognize the double-stranded RNA inter-
mediate synthesized during the early stage of IBV infection
[10]. MDAS, together with the MAVS protein makes a cas-
cade with other adapter molecules such as IKKe and TANK
binding kinase 1 (TBK1), which activate IRF3 by phospho-
rylation, leading to the synthesis of IFNf [37, 38]. Ubiquit-
ination of MDAS5 and TBKI1 is essential for their activation,
and their deubiquitination by virus-encoded proteins renders
them unavailable for IFN signaling [13—15]. The results of
our study demonstrate that IBV induces the synthesis of
IFN( in a time-dependent manner and that PLpro of IBV is
an IFN antagonist whose activity is enhanced when MDAS
and TBK1 are overexpressed (Fig. 6).

Papain-like proteases of viruses belonging to the
order Nidovirales are known to be involved in proteolytic
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Fig.6 Schematic representation of how IBV PLpro inhibits the IFN
synthesis

Nucleus

processing, deubiquitination (DUB), and delSGylation
[39]. Similar to those of other coronaviruses, the PLpro of
IBV is also primarily responsible for proteolytic processing
of the nonstructural polyprotein encoded by open reading
frame 1 [6]. It also possesses in vitro deubiquitinase activity,
which involves the processing of both K48- and K63-linked
polyubiquitin chains [7, 8]. The PLpro proteins of severe
acute respiratory syndrome coronavirus (SARS-CoV) and
IBV have considerable sequence similarity in their catalytic
core region, which is responsible for proteolytic activity,
as well as the conserved “DUB signature residues”, which
recognize substrates with the sequence LXGG [7, 40]. PLpro
enzymes of members of the order Nidovirales also have IFN
antagonist properties, which are mediated by their deubiqui-
tinase activity [39]. Ubiquitination and deubiquitination are
important for the functioning of the innate immune response
pathway [41]. The deISGylating and DUB activity of PLpro
of many coronaviruses has been known for a long time, but
the exact mechanism of PLpro-mediated antagonism of the
innate immune response is still not fully understood [42].
PLpro from Middle East respiratory syndrome coronavirus
(MERS-CoV) has been shown to degrade the polyubiquitin
chain associated with MDAS and RIG-I, preventing acti-
vation of host antiviral signaling pathways [43]. The IFN
antagonist activity of MHV-A59-encoded PLP2 involves its
binding to IRF3, its deubiquitination, and finally, prevention
of its nuclear translocation. This protein also deubiquitinates
TBKI1 and reduces its kinase activity, resulting in the inhibi-
tion of IFN reporter activity [44, 45].
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Accessory proteins of IBV play a role in inhibiting the
host IFN response [46, 47]. In this report, we show that
PLpro of IBV is also an IFN antagonist. It inhibits the
expression of IFN mRNA as well as protein. It also deu-
biquitinates MDAS and TBK1 because ubiquitination of
both of these proteins is essential for their activation [15].
A reduced level of ubiquitination of MDAS and TBKI1 was
also observed in the case of IBV M41 replication in DF-1
cells, presumably by the functional PLpro encoded by IBV
open reading frame 1. SARS-CoV PLpro has the property
of cleaving ubiquitin- and ISG15-conjugated proteins and
thereby helps the virus to subvert host innate immunity.
Chemical inhibitors targeting the virus-specific PLpro,
without affecting its deubiquitinase activity, inhibit virus
replication, suggesting that specific inhibitors of the viral
deubiquitinase activity will also be useful against virus
infection. Previously, chemical inhibitors targeting the CoV
papain-like proteases have been useful for inhibiting virus
replication [48]. Bortezomib is an FDA-approved protea-
some inhibitor that can be useful in the treatment of multiple
myeloma [49]. So far, there is no chemoprophylactic drug
available commercially for IBV infection. Our results sug-
gest that IBV PLpro can be an attractive target for designing
antivirals against IBV infection.

Conclusion

Our study shows for the first time that an active ubiquitin
proteasome system is essential for efficient replication of
IBV and that viral nsp3-encoded PLpro enzyme deubiquit-
inates MDAS and TBK1. Both of these proteins are constitu-
ents of the signaling cascade responsible for IBV-induced
increased synthesis of type 1 interferons. Deubiquitination
of MDAS and TBK1 might be responsible for the IFN antag-
onist activity of the IBV PLpro enzyme. Hence, IBV PLpro
might serve as a potential target for development of chemical
therapeutics against IBV infection. This study will also be
helpful for understanding the role of nonstructural proteins
in IBV replication and pathogenesis.
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