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Role of Stress Granules in Suppressing Viral Replication by the
Infectious Bronchitis Virus Endoribonuclease
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ABSTRACT Infectious bronchitis virus (IBV), a y-coronavirus, causes the economically
important poultry disease infectious bronchitis. Cellular stress response is an effective
antiviral strategy that leads to stress granule (SG) formation. Previous studies sug-
gested that SGs were involved in the antiviral activity of host cells to limit viral prop-
agation. Here, we aimed to delineate the molecular mechanisms regulating the SG
response to pathogenic IBV strain infection. We found that most chicken embryo
kidney (CEK) cells formed no SGs during IBV infection and IBV replication inhibited
arsenite-induced SG formation. This inhibition was not caused by changes in the in-
tegrity or abundance of SG proteins during infection. IBV nonstructural protein 15
(Nsp15) endoribonuclease activity suppressed SG formation. Regardless of whether
Nsp15 was expressed alone, with recombinant viral infection with Newcastle disease
virus as a vector, or with EndoU-deficient IBV, the Nsp15 endoribonuclease activity
was the main factor inhibiting SG formation. Importantly, uridine-specific endoribo-
nuclease (EndoU)-deficient IBV infection induced colocalization of IBV N protein/
dsRNA and SG-associated protein TIA1 in infected cells. Additionally, overexpressing
TIA1 in CEK cells suppressed IBV replication and may be a potential antiviral factor
for impairing viral replication. These data provide a novel foundation for future
investigations of the mechanisms by which coronavirus endoribonuclease activity
affects viral replication.

IMPORTANCE Endoribonuclease is conserved in coronaviruses and affects viral replica-
tion and pathogenicity. Infectious bronchitis virus (IBV), a ycoronavirus, infects respi-
ratory, renal, and reproductive systems, causing millions of dollars in lost revenue
to the poultry industry worldwide annually. Mutating the viral endoribonuclease
poly(U) resulted in SG formation, and TIA1 protein colocalized with the viral N pro-
tein and dsRNA, thus damaging IBV replication. These results suggest a new antiviral
target design strategy for coronaviruses.

KEYWORDS <-coronavirus, infectious bronchitis virus, nonstructural protein 15 (Nsp15),
uridylate-specific endoribonuclease (Endol), stress granule, TIA1 cytotoxic granule-
associated RNA-binding protein

oronaviruses are enveloped viruses carrying a single-stranded positive-sense RNA
genome of ~30 kb (1-3) and are classified into four genera: Alphacoronavirus,
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus. Replication of infectious
bronchitis virus (IBV), a Gammacoronavirus, starts when the virus binds to a specific vi- oo R A A Saiaty o
ral receptor and then fuses with host cell membranes. The incoming genomic RNA is Microbiology. All Rights Reserved.
translated into two large polyproteins via 1 ribosomal frameshift from open reading Address correspondence to Guozhong Zhang,
frame (ORF) 1a and 1b, pp1a and pplab. The polyproteins are processed by Papain-like Z:anggi@ca;"e‘lju'cn' ot
and 3C-like protease to yield 15 mature Nsps (Nsp2-16), most of which are essential eaAUt ors gec ére o conflictorinterest
. . . . . . Received 29 April 2022
for viral RNA synthesis (4-7). Nsp15 protein has a uridine-specific endoribonuclease Accepted 4 May 2022
(EndoU) domain, which is highly conserved among coronaviruses family and attributed Published 31 May 2022
to the formation of the replicase-transcriptase complex (RTC) (7-9). Our previous study
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indicated that IBV Nsp15 also encodes viral EndoU and that residues His223, His238,
Lys278, and Tyr314 located in the C terminus are four key EndoU active sites (10).

Viruses regulate various cellular processes to form an environment that is suitable
for generation of progeny virus. The activation of some pathways in favor of virus repli-
cation and antagonizing innate immune system is an important process during virus
infection. The cellular stress granule (SG) is a macromolecular center for mRNAs that
contains translation stalled messenger ribonucleoproteins (mRNPs), 40S ribosomal sub-
units, and RNA-binding proteins. It can regulate host-cell pathways and play a key role
in activating antiviral responses. Thus, SG is often targeted by viruses during replication
(11-14).

RNA viruses will generate double-stranded RNA (dsRNA) intermediates during genome
replication. The dsRNA can activate protein kinase R (PKR), an important molecule of antivi-
ral defense (15). PKR is activated after binding to dsRNA and then activated PKR phospho-
rylates the eukaryotic translation initiation factor 2« (elF2a) on Ser51 (15, 16). The elF2«
phosphorylation binding to elF2B prevents recycling of ternary complex tRNA-Met-GTP-
elF2 that is essential to cap-dependent translation initiation, causing host translation inhibi-
tion (17). Viruses utilize host translation system to produce their own proteins so the global
translation inhibition of the host cell will severely impair viral replication. Inhibition of trans-
lation initiation causes elongating ribosomes to “run off” their transcripts, leading to
decomposition of polysome. The stalled initiation, polysome disassembly, and mRNP
aggregation trigger formation of discrete foci, termed SGs in a series of reversible stages.

Because viral protein synthesis relies on host translation machinery, translational
arrest mediated by SG formation is an efficient strategy for inhibiting viral replication,
and consequently, many viruses have evolved mechanisms to overcome this (18, 19).
Common viral strategies for disrupting SG formation include degrading or sequester-
ing key SG nucleation proteins, such as G3BP1 and TIA1 (20-23), and suppressing PKR
activation (24, 25). The impact of viral infection on SG formation varies. Most viruses
can inhibit SGs formation via different mechanisms to promote virus replication; for
example, Influenza A virus NS1 protein inhibits SG formation by sequestering dsRNA
from PKR (26). Herpes simplex virus 1 host shutoff RNase, U(S)11 protein, and viral gly-
coprotein B could block SG formation (27-29). The 4a accessory protein of Middle East
Respiratory Syndrome-coronavirus (MERS-CoV) inhibits SG formation via binding to
PKR (30). Mosquito-borne alphaviruses nsP3 macrodomain hydrolase activity disassem-
bles virus-induced SG and suppresses SG formation (31). There are some viruses, such
as Newcastle disease virus (NDV) and vesicular stomatitis virus (VSV), that induce the
formation of SG or SG-like structures to promote viral replication (32-34). Hepatitis C
virus induces elF2-dependent SG assembly and disassembly, and some SG components
play pivotal roles in several steps of the viral life cycle (35, 36). A previous study
reported that IBV strain Beau-R induced SG formation in 10% to 25% of infected Vero
cells (37, 38). However, these studies were based on data from avirulent strains in non-
target animal cells and may not reflect the true intracellular signaling and antiviral
responses of prevalent and virulent strains infecting host cells. However, whether viru-
lent IBV has evolved strategic mechanisms to modulate SGs and how SG formation
affects viral replication are unclear.

Here, we show that a pathogenic IBV strain failed to trigger SG formation at any
time postinfection and virulent IBV replication inhibited SG formation. The endoribo-
nuclease activity of Nsp15 suppressed SG formation. Importantly, EndoU-deficient IBV
infection induced colocalization of viral N protein/dsRNA and SG-associated protein
TIA1 in infected cells, and TIA1 suppressed IBV replication.

RESULTS

The stress response pathway was suppressed during IBV infection. To deter-
mine whether epidemic pathogenic IBV strain infection induces SG formation, particu-
larly at earlier time points in host cells, we analyzed the distribution of the SG marker
protein G3BP1 in IBV-infected chicken embryo kidney (CEK) cells. The viral infection
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FIG 1 Infectious bronchitis virus (IBV) replication did not trigger stress granules (SGs) in infected cells. SG formation in chicken
embryo kidney (CEK) cells infected with IBV rSD were analyzed by immunofluorescent staining at indicated times postinfection
(hpi). Scale bars = 20 wm. Immunofluorescent staining for viral nonstructural protein (Nsp2; red) and cellular SG marker G3B1
(green). Small arrows indicate SG formation in the cells.

efficiency was monitored by visualizing Nsp2. In IBV-infected cells, despite efficient vi-
ral infection and replication indicated by accumulation of considerable amounts of
Nsp2 in the cytosol, no SGs were observed at 6, 18, or 24 h postinfection (hpi).
However, SGs were detected at 12 hpi, but only in <5% of infected cells (Fig. 1). The
lack of SGs was not caused by an intrinsic defect in the stress response pathway of CEK
cells, as clear SGs were formed upon arsenic acid treatment (Fig. 2A). Examining the
distribution of another canonical SG protein, TIA1, confirmed that no SGs were present
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FIG 2 IBV replication abrogated eukaryotic translation initiation factor 2a (elF2a)-dependent SG
formation. (A) CEK cells were treated with 1 mM sodium arsenite for 30 min and then immunostained. (B)
CEK cells were infected with IBV SD at 18 hpi and then with 1T mM sodium arsenite for 30 min and then
immunostained. Cells were detected with anti-Nsp2 antibody (red), SGs with anti-G3BP1 (green), and cell
nuclei with DAPI (blue). Representative images of three independent experiments are shown. Scale bars =
10 wm. (C) CEK cells were mock infected (control [C]) or infected with 10%° 50% egg infective dose of IBV
rSD. At 6, 12, 24, and 36 hpi, cell lysates (10 wg per lane) were analyzed via Western blot to detect
G3BP1, IBV N, TIA1, and tubulin. Small asterisks indicate SG formation in the cells.

in IBV-infected cells at any time point examined (data not shown). Hence, IBV failed to
effectively trigger SG formation in cells during infection.

To investigate whether IBV inhibits SG formation, we treated cells with T mM so-
dium arsenite for 30 min. In mock-infected cells treated with sodium arsenite, 80% to
100% of the cells contained G3BP1 SGs in the cytoplasm. Conversely, G3BP1-contain-
ing SGs were observed in only 24% of IBV-infected cells when treated with sodium
arsenite (Fig. 2B). Most IBV-infected cells (Nsp2-positive cells) produced no SGs, indicat-
ing that IBV replication significantly inhibited sodium arsenite-induced SG formation.

To investigate whether IBV inhibits SG assembly by promoting proteolytic cleavage
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of and/or degrading of SG-nucleating proteins, we infected CEK cells with IBV and
investigated the abundance and integrity of select SG proteins at 6, 12, 24, and 36 hpi.
Western blot analysis revealed that the SG protein abundance remained the same
between the mock- and IBV-infected samples, and no cleavage products were identi-
fied (Fig. 2C). Thus, changes in G3BP1 abundance or proteolytic cleavage did not cause
IBV to block SG assembly. These findings indicate that IBV encodes one or more antag-
onists to suppress activation of the stress response pathway.

IBV Nsp15 endoribonuclease activity suppressed SG formation. Our previous
studies revealed that IBV Nsp15 endoribonuclease activity prevented activation of PKR,
which phosphorylates the alpha subunit of elF2 (10). This inhibits translation and is
intended to block viral replication. A downstream effect of translational shutoff
involves SG formation. We suspect that IBV Nsp15 might be an antagonist to suppress
activation of the stress response pathway.

To prove whether IBV Nsp15 can suppress the SG formation, we transfected differ-
ent plasmids into 293T cells to observe SG formation referenced previous study (39).
The results showed that plasmids encoding Nsp15 and IAV NS1 (an PKR antagonist
served as a positive control) inhibit SG formation at 36 h posttransfection, whereas IBV
Nsp8 protein (an unrelated protein control) and EndoU-deficient proteins (Nsp15-
H238A and Nsp15-Y334A) can induce 30% to 40% cells to form SGs (Fig. 3A and B). We
further tested the ability of these IBV Nsp15s to suppress the sodium arsenite-induced
SG formation. We transfected enhanced green fluorescent protein (EGFP) fusion pro-
teins into Vero and baby hamster kidney (BHK) cells. After treating cells with 1 mM so-
dium arsenite for 30 min, IBV Nsp15 suppressed SG formation, which was detected
with the SG marker G3BP1. This inhibition was more pronounced in BHK cells. We
repeated the experiment in Vero cells by replacing the labeled antibody and achieved
consistent results (data not shown). The inhibitory effect of Nsp15 was less pronounced
in this assay, possibly because the relatively large amounts of sodium arsenite may
have exceeded the maximum capacity of the PKR antagonists. These data suggest that
IBV Nsp15 inhibits cellular stress response pathways, which is associated with endori-
bonuclease activity of Nsp15.

IBV Nsp15 endoribonuclease activity partially inhibited NDV-induced SG
production. NDV triggered stable SG formation by activating the PKR/elF2a pathway (32).
We used the properties of NDV to induce SG production to explore whether Nsp15 inhibits
virus-induced SG production. We constructed recombinant NDV that stably expressed
Nsp15 and its mutant protein to infect CEK cells (Fig. 4A). We used Flag tag to indicate for-
eign protein expression and G3BP1 as an SG marker. Infecting CEK cells with NDV induced
SG production in the infected cells as well as in neighboring cells. Therefore, we used the
total number of cells that produced SGs in our data. NDV-EGFP, NDV-Nsp15-H238A, and
NDV-Nsp15-Y334A induced 83% to 90% of cells to produce SGs, whereas NDV-Nsp15
induced only 29% of cells to produce SGs. Thus, NDV expressing Nsp15 inhibited SG forma-
tion postinfection (Fig. 4B and C). More interestingly, IAV NS1 strongly inhibited NDV-
induced SGs, and no obvious SGs were produced in either infected or uninfected cells.
Hence, IBV Nsp15 endoribonuclease activity partially inhibited NDV-induced SG production
activated via the PKR/elF2a pathway.

Absence of endoribonuclease activity induced more SG formation and less
viral replication during IBV infection. Our former studies showed that EndoU-defi-
cient IBVs exhibit impaired replication capacities in CEK cells and attenuated virulence
in chickens (10). To explore whether Nsp15 inhibits SG formation during IBV infection
and whether SG formation in cells is related to viral replication and pathogenicity, we
examined SG formation in CEK cells infected with wild-type IBV (IBV-WT) or EndoU-defi-
cient IBV (IBV-H238A or IBV-Y334A), which were rescued via a reverse genetics system
(40). Immunofluorescence analysis using antibodies specific for the SG marker G3BP1,
together with IBV Nsp2, showed SG accumulation in EndoU-deficient IBV-infected cells.
IBV-WT replication did not induce SG formation in CEK cells, but SGs formed in the
EndoU-deficient IBV-infected cells (Fig. 5A). At 18 hpi, only 5% of IBV-WT-infected CEK
cells contained SGs, whereas approximately 75% of the IBV-Nsp15-H238A-infected CEK
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FIG 3 IBV Nsp15 endoribonuclease activity suppressed SG formation. (A) 293T cells were transfected
with plasmids encoding Myc-tagged IBV-wild-type (WT) Nsp15, uridine-specific endoribonuclease
(EndoU)-deficient mutants (IBV Nsp15-H238A and IBV Nsp15-Y334A), IAV NS1 protein, or pCMV-Myc
vector. At 36 h posttransfection (hpt), cells were immunostained. Proteins were stained with anti-Myc
antibody (green); SGs were detected with anti-TIAR (red). Cell nuclei were stained with DAPI (blue).
Representative images of three independent experiments are shown. (B) SG formation was quantified
by counting cells with and without SGs in 3-5 randomly selected fields of view at 36 hpt (>100
cells). Error bars = SD for three independent experiments. ***, P < 0.001.

cells and 82% of the IBV-Nsp15-Y334A-infected CEK cells contained SGs (Fig. 5B). Thus,
absence of endoribonuclease activity induced more SG formation and less viral replica-
tion during IBV infection.

EndoU-deficient IBV infection induced colocalization of N protein/dsRNA and
TIA1 in infected cells. To further explore the relationship between changes in SG-
related proteins and viral replication after endoribonuclease deletion, we used TIA1 for
verification. Immunofluorescence analysis using TIA1-specific antibodies together with
the IBV N protein showed SG accumulation in EndoU-deficient IBV-infected cells.
Interestingly, TIA1 lacked the typical SG morphology but formed larger aggregates,
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FIG 4 IBV Nsp15 endoribonuclease activity partially inhibited Newcastle disease virus (NDV)-induced SG
production. (A) Cloning strategy to incorporate the Nsp15, Nsp15-H238A, Nsp15-Y334A, and IAV-NS1 genes
into the full-length NDV. (B) CEK cells were infected with recombinant NDV virus and stained for
immunofluorescence at 18 hpi. Proteins were stained with anti-Flag antibody (green); SGs were detected
with anti-G3BP1 (red). Cell nuclei were stained with DAPI (blue). Representative images of three
independent experiments are shown. The selected outlined fields represent cells that are infected by NDV
and have no SGs formation. (C) SG formation was quantified by counting infected cells with and without
SGs in 3-5 randomly selected fields of view at 18 hpi (>100 cells). Error bars = SD for three independent
experiments. ***, P < 0.001.

showing a strong positive signal in EndoU-deficient IBV-infected cells. Viral N protein
partially colocalized with TIA1 during EndoU-deficient IBV infection. This phenomenon
was not seen in IBV-WT-infected CEK cells, in which TIA1 was evenly distributed in the
infected CEK cells as it was in the control group (Fig. 6A). The coronavirus N protein is
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FIG 5 Absence of endoribonuclease activity induced more SG formation and less viral replication
during IBV infection. (A) CEK cells were infected with parent IBV rSD strain or EndoU-deficient virus
(rSD-H238A or rSD-Y334A) for 18 hpi and then immunostained. Infected cells were identified with
anti-IBN-Nsp2 (red); SGs were detected with anti-G3BP1 (green). Cell nuclei were stained with DAPI
(blue). (B) SG formation was quantified; the bar graphs show the percentage of SG-positive cells to
total infected cells (Nsp2-positive), which were calculated over 20 random fields, presented as the
mean * SD. *** P < 0.001.

a structural protein that forms complexes with genomic RNA and is critical in enhanc-
ing viral transcription and assembly efficiency. N protein is often localized to coronavi-
rus RTCs, and we observed dsRNA, which is produced by positive-strand RNA viruses
during replication. As with the N protein, viral dsRNA localized to TIA1 aggregation in
EndoU-deficient IBV-infected cells (Fig. 6B). These results indicate that infection with
EndoU-deficient mutants changed the TIA1 distribution and induced viral N protein
and dsRNA partly localized with TIA1 in the infected CEK cells.

TIA1 overexpression inhibited IBV replication. EndoU-deficient viral propagation
was severely impaired in CEK cells, which was evidenced by reduced viral dsRNA accu-
mulation and protein synthesis (10). This induced TIA1 to aggregate into larger par-
ticles and localize to the viral N protein and dsRNA in infected cells. We suspected that
TIAT may help reduce viral replication during EndoU-deficient IBV infection. We con-
structed a PRK-EGFP-TIAT plasmid electroporated with CEK cells and used the PRK-
EGFP plasmid as a control. At 36 h posttransfection, the CEK cells were infected with
IBV virus, and viral N protein was detected. N protein synthesis showed no differences
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FIG 6 EndoU-deficient IBV infection induced colocalization of N protein/double-strand (ds)RNA and
TIA1 in infected cells. CEK cells were infected with parent IBV rSD strain or EndoU-deficient virus (rSD-
H238A or rSD-Y334A) for 18 hpi and then immunostained. (A) Infected cells were immunostained; IBV
N was detected with anti-N (green); TIA1 was detected with anti-TIA1 (red). (B) Infected cells were
immunostained; 1BV dsRNA was detected with J2 antibody (green); and TIA1 was detected with anti-
TIAT (red).

at 12 hpi, while the N protein was not significantly increased in the TIA1-overexpress-
ing cells at 24 hpi compared with that in the control cells (Fig. 7A). Furthermore, we
compared the IBV replication kinetics in EGFP-expressing cells and TIA1-expressing
cells over 48 h. The amount of virus in the supernatant of the TIA1-expressing cells was
less than that of the EGFP-expressing cells from 24 hpi, and this phenomenon was
even more obvious at 48 hpi (Fig. 7B). Thus, TIAT inhibited IBV replication. TIAT may be
a potential antiviral protein that interferes with normal viral replication in cells by inter-
acting with the N protein and the genomic RNA of IBV.

Transient Nsp15 expression did not affect cellular gene expression. SG usually
forms after translation inhibition owing to the aggregation of stalled mRNPs,
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FIG 7 TIA1 overexpression inhibited IBV replication. (A) TIA1 was constructed into PRK-EGFP, the plasmid was electroporated in CEK cells,
and PRK-EGFP plasmid was used as a control. At 36 hpt, CEK cells were infected with IBV and the viral protein synthesis was observed via
Western blot. TIAT overexpression was evident at 48 and 60 hpt. Relative levels of the density ratio were quantified. The N protein/tubulin
density ratio of the PRK-EGFP control group was set as 1 and compared with the other experimental groups. (B) Viral replication kinetics
were compared in EGFP-expressing cells and TIA1-expressing cells. Data are shown as the mean * SD of at least three independent
experiments. P values were calculated using t tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns = not significant.

translation initiation factors, and RNA-binding proteins. A previous study indicated that
translation was inhibited during IBV replication from 12 hpi, and the degree of inhibi-
tion increased as the infection progressed (41). Using Renilla luciferase (Rluc) assays,
we assessed IBV Nsps for their ability to interfere with host-cell gene expression.
Human embryonic kidney (HEK-293T) cells were cotransfected with plasmids express-
ing Nsps and pRL-TK plasmids expressing TK promoter-driven Rluc. As a positive con-
trol, we used Nsp1 of severe acute respiratory syndrome coronavirus (SARS-CoV)
because previous studies have shown that it inhibits host gene expression (42). IBV
Nsp6 and Nsp15 significantly reduced luciferase reporter gene expression (Fig. 8A).
The inhibitory effect of Nsp15 was dose dependent, and greater transfection doses
more strongly inhibited reporter gene expression (Fig. 8B). This inhibitory effect is
related to the Nsp15 endoribonuclease; destroying this endoribonuclease removes its
inhibitory effect (Fig. 8C). To further explore whether IBV Nsp15 could broadly inhibit
protein synthesis in HEK-293T cells, we examined host proteins using a ribopuromycy-
lation assay. Interestingly, IBV Nsp6 and Nsp15 exerted no broad-spectrum inhibitory
activity on host protein synthesis in this experiment (Fig. 8D). These results indicate
that the viral Nsp15 only inhibits reporter gene expression but not host gene
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FIG 8 Transient Nsp15 expression did not affect cellular gene expression. (A) IBV Nsp6 and Nsp15 reduced
luciferase reporter gene expression. HEK-293T cells were cotransfected with plasmids expressing the IBV
Nsp2-16 protein in vector pCMV-Myc and pRL-TK plasmids expressing TK promoter-driven Rluc. SARS-CoV
Nsp1 was used as a positive control. At 24 hpt, cells were used for luciferase activity assays. (B) The
inhibitory effect of Nsp15 was dose dependent. Different doses of Nsp15 protein (0.5-2.0 ug) and pRL-TK
plasmids were cotransfected into 293T cells, and luciferase activity was detected. (C) Endoribonuclease
activity affected inhibition of reporter genes. Nsp15 and EndoU-mutants (Nsp15-H223A, Nsp15-H238A,
Nsp15-K278A, and Nsp15-Y334A) were transfected with pRL-TK plasmids. (D) Cells were transfected with IBV
Nsp6 and Nsp15 plasmid for 24 h. The cells were pulsed with 3 um puromycin for 1 h at 37°C and then
subjected to Western blot analysis (left). The grayscale values of the protein bands were analyzed using
ImageJ (right). ***, P < 0.001.
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expression, which differs from the function of Nsp1. EndoU-deficient viruses induced
defective replication but not by inhibiting host protein expression.

DISCUSSION

The increasing number of viruses that disrupt or evade SG formation during infec-
tion has led to recognition of cellular stress responses, which are important antiviral
mechanisms. We found that IBV infection induced no SG formation in most CEK cells at
any time point. Several other viruses, including the Ebola, Zika, West Nile, and Junin
viruses, can inhibit SG signaling by regulating the elF2a-dependent pathway (43-46).
These viruses achieve this by inhibiting PKR activation, thereby preventing elF2« phos-
phorylation, or by dephosphorylating elF2a. SG formation or inhibition has been
reported for various coronaviruses; for example, mouse hepatitis virus and transmissi-
ble gastroenteritis virus induce SGs or SG-like granules, whereas Middle East respira-
tory syndrome virus does not (47-49). IBV was reported to induce SG formation but
only in 20% of infected Vero cells (50). These results are based on IBV strain Beau-R, an
apathogenic strain that differs completely from the current epidemic and pathogenic
strains. However, the biological significance of SGs in epidemic IBV replication is
unclear. Here, we identified epidemic IBV-induced SGs in approximately 5% of CEK
cells, which is less than that of the apathogenic virus, and IBV infection inhibited arsen-
ite-induced elF2a-dependent SG formation. Thus, SGs likely have antiviral functions
during CoV replication.

Our previous studies showed that IBV Nsp15 alone can inhibit phosphorylation of PKR,
which phosphorylates the alpha subunit of elF2 (10). This inhibits translation and leads to
SG formation. Thus, we suspect that Nsp15 is a specific stress-response antagonist of coro-
naviruses. We found that Nsp15 inhibited SG production in CEK cells and depended on
endoribonuclease activity. Immunofluorescence analysis of fixed cells infected with
recombinant EndoU-deficient IBV revealed SGs in a substantial fraction of the infected cells.
Previous studies indicated that coronaviral Nsp15 is an EndoU RNase and the main inter-
feron antagonist for coronaviruses to evade host innate immune responses (9, 50). EndoU
mediates evasion of viral dsRNA recognition by host sensors in macrophages, and the
RNase is a unique strategy for viruses to subvert SGs. Several reports have shown that SGs
serve as platforms for viral dsSRNA sensing by retinoic acid-inducible gene I-like receptors
and subsequent activation of viral immune responses (51, 52). Recent studies reported that
several other interferon-regulatory molecules, such as MEX3C, Riplet, DHX36, and Pumilios,
also localize to SGs (53). EndoU-deficient IBV infection revealed that deficient replication
may be related to the antiviral responses of SGs, which requires further study.

G3BP1 and TIA1 are two classic SG markers, which we used to show SG formation.
Immunofluorescence analysis showed that TIA1 aggregated into larger granules that
were morphologically distinct from classic SGs and the viral N protein localized with TIA1
in EndoU-deficient IBV-infected cells, while viral dsRNA simultaneously localized with TIA1.
Coronavirus Nsp15 has uridine-specific endoribonuclease activity (8). EndoU-deficient mu-
tant infection induced more AU-rich RNA. TIA1 is a robust SG marker, and the N-terminal
RNA recognition motifs domain preferentially binds to RNA transcripts with AU-rich or C-
rich elements in the 5'- or 3'-untranslated regions (54-56). Colocalization of N protein/
dsRNA and TIAT in EndoU-deficient virus-infected cells may be related to these factors.
Hackbart et al. (57) reported that EndoU cleaved the 5'-polyuridines from negative-sense
viral RNA, termed PUN RNA, which is the product of polyA-templated RNA synthesis, and
the EndoU-deficient coronavirus-infected cytoplasm contained more PUN RNA than did
WT-infected cells. In our study, viral dsRNA localized with TIA1 in EndoU-deficient IBV-
infected CEK cells. Many PUN RNAs were present in EndoU-deficient IBV-infected CEK cells.
These PUN RNAs are often produced in viral (v)RNA synthesis sites and recruit cellular TIA1
aggregates with them because TIAT preferentially binds to AU-rich RNAs. Coronavirus
N protein, an RNA-binding protein, and dsRNA are located in VRNA synthesis sites (58);
therefore, colocalization of N protein/dsRNA and TIA1 can be visualized in EndoU-deficient
IBV-infected cells. Coronavirus VRNA replication occurs in a special double-membrane
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vesicle (DMV) structure, which can effectively prevent the innate immune system from rec-
ognizing VRNA (59). Whether TIA1 can interact with PUN RNA, how TIA1 crosses the DMV
structure into the interior, and whether the DMV structure is destroyed in the absence of
viral endoribonuclease activity are interesting questions that can be explored in future
studies.

TIAT may be a factor in reducing viral replication during EndoU-deficient IBV infection.
Infecting cells with IBV after overexpressing TIA1 restricted IBV replication, meaning that
TIAT may be a potential antiviral molecule. To replicate IBV genome, the replicase gene
ORFs 1a and 1b are first translated into large polyproteins in host cells, which is further
cleaved by Papain-Like and 3C-like protease to yield 15 mature Nsps (5). Multiple Nsps
compose viral RTCs to initiate the positive-strand genomic RNA, subgenomic and nega-
tive-strand RNAs synthesis. We suspect that TIA1 preferentially binds to AU-rich RNA, which
is abundant in EndoU-deficient IBV-infected cells, and it colocalizes with the viral N protein
and dsRNA, which are RTC components, resulting in aggregation of larger particles. Such
aggregation further interferes with viral replication.

We further explored whether the endoribonuclease activity of Nsp15 affected viral repli-
cation by inhibiting host protein synthesis. Many viruses disrupt host gene expression by
degrading host mRNA and/or manipulating translation activities to create a cellular environ-
ment favorable for viral replication. Various a- and B-coronaviruses have been shown to
induce host shutoff via viral Nsp1 (42, 60), whereas  and &-coronaviruses lack Nsp1.
Additionally, dsRNA generated during viral replication activates PKR, which inhibits protein
synthesis by phosphorylating the elF2« on Ser51. Phosphorylation of elF2« blocks GTP/GDP
exchange; thus, elF2 must be recycled between rounds of translation initiation. Nsp15 inhib-
ited PKR activation; therefore, we speculated whether it affects protein synthesis after PKR
activation. IBV Nsp15 did not affect host protein expression, indicating that the endoribonu-
clease activity of Nsp15 affected viral replication but not by inhibiting host protein synthesis.

Insufficient endoribonuclease activity reduced the viral replication levels, thus
attenuating the viral pathogenicity to chickens. This may have occurred for the follow-
ing reasons. First, SG formation in infected cells recruited PKR to promote multiple
innate antiviral responses when CEK cells were infected with EndoU-deficient virus.
Second, coronavirus Nsp15 is a uridine-specific endoribonuclease, and PUN RNA was
increased in infected cells, which activated the host’s innate immune response. Third,
TIA1 preferentially binds to AU-rich RNA, which is abundant in EndoU-deficient corona-
virus-infected cells and interferes with viral replication. Fourth, RTCs are critical replica-
tion factories in coronaviruses, and certain cellular stress proteins, such as TIA1, enter
these factories and interfere with normal viral replication progression.

How the conserved EndoU activity of coronaviruses regulates viral replication
remains unclear. Meaningful discoveries of the role of EndoU were revealed in recent
studies: EndoU mediates the evasion of viral double-stranded RNA recognition by host
sensors in macrophages (61), suppresses type | and type lll interferon responses (9, 62),
attenuates pathogenesis (10), and targets viral polyuridine sequences to evade activat-
ing host sensors (57). In this study, we provide another way that coronavirus EndoU
promote virus replication via inhibiting SGs formation and regulated SG-associated
protein TIA1 distribution, which is a potential antiviral factor that impairs viral replica-
tion. These results provide a solid foundation for future investigations of the mecha-
nisms by which coronavirus endoribonuclease activity affects viral replication.

MATERIALS AND METHODS

Cells and viruses. Cell lines used in this study included African green monkey kidney cells (Vero and
Vero E6; CRL-1586, ATCC, Manassas, VA, USA), human embryonic kidney cells (HEK293T; ATCC CRL-11268),
and hamster kidney cells (BHK; ATCC CCL-10). Cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (50 U/mL), and streptomycin (50 mg/
mL). The recombinant viruses rSD (GenBank accession number MW351623), rSD-H238A (GenBank accession
number MW351624), and rSD-Y334A (GenBank accession number MW351628) were constructed in our
laboratory.

Plasmid construction and transfection. IBV Nsp15, Nsp15-H238A, and Nsp15-Y334A carrying a C-
terminal EGFP were cloned into PRK5 vectors, and a linker sequence (GGGGS) was inserted between the
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target proteins (Nsp15, Nsp15-H238A, and Nsp15-Y334A) and EGFP, thus yielding PRK5-IBV-Nsp15,
PRK5-IBV-Nsp15-H238A, and PRK5-IBV-Nsp15-Y334A. The plasmids encoding IBV Nsp2, Nsp3, Nsp4,
Nsp5, Nsp6, Nsp7, Nsp8, Nsp9, Nsp12, Nsp15, Nsp16, and IAV NST were generated by amplification of
cDNA from IBV rSD or IAV using corresponding primers and cloned into pCMV-myc or pRK5-EGFP. The
SARS-CoV Nsp1 gene was synthesized and purchased from Sangon Biotech. The catalytic mutant plas-
mids of Nsp15 were cloned using the Fast MultiSite Mutagenesis System (TransGen Biotech, Beijing,
China). The chicken-derived TIAT gene was amplified from chicken embryo primary kidney cells.

Cells were seeded on glass coverslips in a 24-well cluster (25,000 cells/well). The indicated plasmids
were transfected into cells using Lipofectamine 2000 (Invitrogen) per the manufacturer's handbook.
Briefly, 0.5 ng plasmid and 1.5 ulL Lipofectamine 2000 (m/vol = 1:3) were diluted and incubated in
0.10 mL Opti-MEM (Gibco). After 5 min, the plasmid and Lipofectamine 2000 were mixed and incubated
at room temperature for 20 min, allowing formation of the lipid-plasmid complex, which was added to
the cultured cells and incubated for 24 h.

Antibodies and chemicals. The following antibodies were used in the experiments: anti-IBV-N (mouse;
3BN1; HyTest, Turku, Finland), anti-G3BP1 (mouse; Ab32506; Abcam, Cambridge, UK), anti-TIAR (rabbit; Ab32036;
Abcam), anti-TIAT (rabbit; 12133-2-AP; Proteintech, Wuhan, China), anti-g3-actin (mouse; 3700S; Cell Signaling
Technology, Danvers, MA, USA), anti-«/ 8-tubulin (rabbit; 2148; Cell Signaling Technology), anti-Myc-tag (mouse;
2276; Cell Signaling Technology), and J2 (mouse, anti-dsRNA; English and Scientific Consulting Kft, Hungary).
Goat anti-rabbit IgG (H+L) (AS014) and goat anti-mouse IgG (H+L) (AS003) conjugated with horseradish peroxi-
dase (HRP) were from Abcam. Alexa Fluor goat anti-rabbit-488 (4412), Alexa Fluor goat anti-rabbit-555 (4413),
Alexa Fluor goat anti-mouse-488 (4408), and Alexa Fluor goat anti-mouse-555 (4409) were obtained from Cell
Signaling Technology. Sodium arsenite (S7400) was purchased from Merck.

Indirect immunofluorescence and confocal microscopy. Cells seeded onto glass coverslips in
12-well plates were transfected with plasmids by Lipofectamine 2000 or infected with IBV (10%° 50% egg in-
fective dose [EIDs]). At the indicated time points, cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 15 min at room temperature (RT), permeabilized in 0.5% Triton X-100 for 15 min,
and incubated in blocking buffer (5% bovine serum albumin in PBS) for 30 min. Permeabilized cells were
stained with the following primary antibody overnight at 4°C: mouse monoclonal anti-Myc antibody (Cell
Signaling Technology); mouse monoclonal anti-G3BP1 antibody (Abcam); rabbit polyclonal anti-TIAR anti-
body (Abcam); rabbit polyclonal anti-TIA1 antibody (Proteintech); mouse monoclonal anti-IBV-N antibody
(HyTest); rabbit polyclonal anti-IBV-Nsp2 antibody; and mouse monoclonal anti-dsRNA J2 (English and
Scientific Consulting). Next, cells were incubated with Alexa Fluor conjugated secondary antibody (Cell
Signaling Technology; dilution 1:1,000) for 1 h at RT. DAPI (4',6-diamidino-2-phenylindole) (Sigma-Aldrich, St.
Louis, MO, USA) was used to stain the nuclei for 5 min at RT.

Western blotting. CEK cells were infected with IBV (10%° EIDy,), and cells were harvested at indicated
time points. Whole-cell lysates were extracted from the infected CEK cells using the ProteinExt mammalian
total protein extraction kit (TransGen). The concentration of total protein was detected with a bicinchoninic
acid protein assay kit (CWBIO, Beijing, China). Protein samples were separated on 10% SDS-PAGE and then
transferred to Immun-Blot PVDF membrane (Amersham Biosciences, Freiburg, Germany). Membranes were
blocked with 5% skim milk in 0.1% Tween 20 in Tris-buffered saline for 2 h at RT and then incubated with
indicated primary antibody overnight at 4°C and subsequently incubated with the HRP-conjugated anti-
mouse or anti-rabbit antibody for 1 h at RT. Primary antibodies used in this experiment were anti-G3BP1 anti-
body (Abcam); anti-TIA1 antibody (Proteintech); anti-IBV-N antibody (HyTest); anti-Myc antibody (Cell
Signaling Technology); anti-actin antibody (Abcam); anti-tubulin antibody (Abcam); and anti-puromycin
(Sigma-Aldrich). Results were observed with BeyoECL Moon (Beyotime).

Construction of recombinant virus NDV-Nsp15/H238A/Y334A/NS1. The full-length aSG10 cDNA
clone pOK-aSG10 was used as the backbone to construct a recombinant cDNA clone containing the IBV
Nsp15, IBV Nsp15-H238A, IBV Nsp15-Y334A, and IAV-NS1 genes between the P and M genes in the aSG10
genome as an additional transcription unit (Fig. 4A). Briefly, the unique restriction enzyme site Pmel was
introduced into the region between the P and M genes of the infectious pOK-aSG10 clone using overlap
extension PCR. The target gene, amplified with the appropriate primer pair, was engineered to contain the
NDV gene-start and gene-end signal sequences and then inserted into the Pmel restriction sites in pOK-
aSG10 according to the “rule of six.” To rescue the infectious NDV, BSR T7/5 cells stably expressing the T7
phage RNA polymerase were grown to 90% confluence in six-well plates and then cotransfected with 10 ug
DNA consisting of a mixture of pOK-rSG10-target gene, pCI-NP, pCI-P, and pCI-L at a 4:2:1:1 ratio using
Lipofectamine 2000 per the manufacturer’s instructions. At 6 hpi, the cells were washed once with PBS and
maintained in DMEM containing 2% (vol/vol) FBS. Three days later, the culture supernatants and cell mono-
layers were harvested by freeze-thawing the infected cells three times. The allantoic cavities of 10-day-old
embryonated specific-pathogen-free chicken eggs were then inoculated with 200 uL of cells to amplify the
recovered viruses. After incubating for 4 days, the allantoic fluid was harvested, and the rescued virus was
detected via the hemagglutination test. The target genes were confirmed by nucleotide sequencing.

Growth kinetics and titration. In a 12-well plate, CEK cells were electroporated with PRK-EGFP or
PRK-EGFP-TIA1 plasmids. After 36 h posttransfection, cells were infected with IBV at 10°° EID,, per well.
The inoculum was removed and replaced with cell maintenance medium after 1.5 h of incubation. Cell cul-
ture supernatant was collected after infection and titrated using viral copies based on standard curves (63).

Reporter and ribopuromycylation assays. To measure the effect of Nsp15 on the amount of lucifer-
ase (Rluc) production, a Rluc reporter assay was performed. Briefly, the functional plasmid and Rluc reporter
plasmid pRL-TK were cotransfected into HEK-293T cells with Lipofectamine 2000. Twenty-four hours later,
cells were subjected to Rluc activity assay according to the manufacturer’s instructions (Promega). A ribo-
puromycylation assay was performed as described previously (64). Briefly, cultured HEK-293T cells were
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transfected with plasmids expressing IBV-WT Nsp15 or mutants. At 36 h posttransfection, the cells were
pulse labeled with 3 «M puromycin and cultured for 1 h at 37°C with 5% CO,. After three washes with PBS,
the cells protein lysates were extracted and subjected to Western-blot analysis. Total protein expression
was analyzed using an anti-puromycin antibody (Sigma-Aldrich) and quantified by ImageJ.

Statistical analysis. The data were analyzed with GraphPad Prism8 software (GraphPad Software,
Inc., La Jolla, CA, USA). The data are presented as the mean * standard deviation of three independent
experiments. Significance was determined using t test analysis of variance. ImageJ (NIH, Bethesda, MD,
USA) was used to quantify the intensities of the corresponding bands on the Western blots.
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