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MERS-CoV and SARS-CoV-1
proteins inhibit the IFN-a JAK/
STAT pathway of epithelial cells,
via IFN-I-induced USP18

Yamei Zhang and Nigel J. Stevenson*

Viral Immunology Group, Trinity Biomedical Sciences Institute, School of Biochemistry and
Immunology, Trinity College Dublin, Dublin, Ireland

The recent emergence of Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV)-2 highlights the need for greater understanding of the immune
evasion mechanisms used by Coronavirus (CoVs) to subvert antiviral responses.
Previous global outbreaks caused by Middle East respiratory syndrome
coronavirus (MERS-CoV) and SARS-CoV-1 were associated with high mortality
rates and limited therapeutic options. Interferon (IFN)-a is the body’s natural
antiviral agent; but its Janus kinase/signal transducer and activators of
transcription (JAK/STAT) signalling pathway is often antagonized by viruses,
thereby preventing the upregulation of essential, anti-viral IFN Stimulated
Genes (ISGs). Notably, therapeutic IFN-a has disappointingly weak clinical
responses in MERS-CoV and SARS-CoV-1 infected patients, indicating that
these CoVs inhibit the IFN-a JAK/STAT pathway. We previously identi ed that
MERS-CoV-non-structural protein(nsp)2 and nsp5 and SARS-CoV-1-nspl4 block
the IFN-a JAK/STAT signalling pathway in human epithelial A549 cells; however,
the mechanisms behind this inhibition remain unknown. In this study, we explored
the factors in uencing basal STAT1 and STAT2 phosphorylation and discovered
that the expression of MERS-CoV-nsp2 and SARS-CoV-1-nspl4, but not MERS-
CoV-nsp5, upregulated IFN-11/3 in A549 cells. Neutralization of IFN-11/3
revealed that this induction was responsible for the observed basal STAT1 and
STAT2 phosphorylation, resulting in reduced responsiveness to exogenous IFN-a.
Furthermore, both MERS-CoV-nsp2 and SARS-CoV-1-nspl4 induced the
expression of USP18, a negative regulator of the IFN-a JAK/STAT pathway,
resulting in reduced responsiveness to exogenous IFN-a. Silencing USP18
reinstated IFN-a-mediated STAT1 phosphorylation and ISG induction.
Collectively, these ndings shed light on the diverse strategies employed by
these CoVs to evade type | IFN antiviral responses. While providing evidence for
the ineffectiveness of exogenous IFN-a treatment during CoV infection, our
discoveries also identify these viral proteins as potential targets for
therapeutic intervention.

KEYWORDS
IFN-I, interferon, MERS-CoV, SARS-CoV-1, STAT, USP18

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1739662/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1739662/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1739662/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1739662/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1739662&domain=pdf&date_stamp=2026-02-19
mailto:N.Stevenson@tcd.ie
https://doi.org/10.3389/fimmu.2026.1739662
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1739662
https://www.frontiersin.org/journals/immunology

Zhang and Stevenson

1 Introduction

The effective antiviral role of Interferon (IFN)-a, has been
harnessed for the treatment of several viral infections, including
Hepatitis B virus (HBV) (1), Hepatitis C virus (HCV) (2), Human
papillomavirus (HPV) (3) and Human Herpes virus (HHV)
infections (4). Unfortunately, therapeutic trials have shown that
the application of IFN-a in MERS-CoV infections had
disappointingly weak clinical responses, with a retrospective study

nding that IFN-a2a treatment of MERS-CoV patients did not
improve the recovery rate (5). IFN-a has been shown to not
effectively inhibit SARS-CoV-1 replication in vitro and presented
suboptimal responses in SARS-CoV-1 patients (6, 7). This lack of
response to exogenous IFN-a suggests that these Coronavirus
(CoVs) encode antagonists that counteract JAK/STAT signalling.
Indeed, the nspl of SARS-CoV-1 has been shown to decrease
STAT1 activation, and SARS-CoV-1 ORF6 protein sequesters
STATL nuclear import factors (karyopherin alpha 2 and
karyopherin beta 1) on the endoplasmic reticulum (ER)/Golgi
membrane (8, 9). The SARS-CoV-1 ORF3a protein causes ER
stress and induces serine phosphorylation-dependent degradation
of the IFN-a receptor subunit 1 (IFNAR1) (10); while MERS-CoV
ORF4a, 4b and M proteins all inhibit IFN signalling through
ef ciently blocking ISRE promoter activity (11).

The initiation of the JAK/STAT pathway by IFN is critical within
the innate antiviral response, as it leads to the transcription of
numerous ISGs, that effectively limit viral replication (12). Having
previously shown that MERS-CoV-nsp2 and SARS-CoV-1-nspl4
expression in A549 epithelial cells inhibited IFN-a-mediated STAT
phosphorylation, downstream ISG induction and STAT nuclear
translocation (13), we postulated that these viral proteins
mechanistically modulate negative regulators of the JAK/STAT
pathway. The JAK/STAT pathway is regulated in several ways. At
the ligand level, IFN receptors undergo downregulation or
internalization to reduce signalling (14, 15). Downstream of this,
Suppressor of Cytokine Signalling (SOCS) family proteins block
signalling cascades, by interacting with activated JAK kinases and the
receptor chains (16, 17). The Ubiquitin speci c peptidase 18 (USP18),
is a key negative regulator that interacts with JAK1 and inhibits
downstream signals (18). Phosphatases and protein inhibitor of
activated STAT (PIAS), are another two families of JAK/STAT
inhibitors. Phosphatases can attenuate signalling by
dephosphorylating Tyk2 and STATSs (19). PIAS interact with STATS
and inhibit their transcriptional activity (20). In addition, the cellular
abundance of available STAT proteins can be diminished through
speci ¢ proteasomal degradation mechanisms (21). Upregulation or
activation of any of these proteins or mechanisms leads to a decrease in
STAT phosphorylation and ISG expression, thus creating a controlled
immune response to infection. As such, viruses have evolved strategies
to hijack these innate regulatory features. For instance, RSV
(Respiratory Syncytial Virus) upregulates SOCS1 and SOCS3, which
in turn inhibits the IFN antiviral response (22), and Dengue virus
(DENV) increases USP18, resulting in attenuated IFN-a-induced JAK/
STAT signalling (23).

Our previous ndings demonstrated that expression of MERS-
CoV-nsp2 and SARS-CoV-1-nspl4 in A549 cells led to basal
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STAT1 & STAT2 phosphorylation, without any exogenous IFN
treatment (13). These ndings suggested that MERS-CoV-nsp2 and
SARS-CoV-1-nsp14 induces cytokine production, that may trigger
paracrine/autocrine signalling, thus inducing basal pSTAT1 and
pSTAT2. A diverse array of cytokines can activate the JAK/STAT
signalling pathway. STAT1 and STAT2 activation is majorly
associated with IFNs and previous studies have shown that
MERS-CoV and SARS-CoV-1 patients produce numerous
cytokines, including IFNs. Indeed, cytokines were signi cantly
higher in patients with severe infection, compared to those with
milder infection (24). Given this, we hypothesised MERS-CoV-nsp2
and SARS-CoV-1-nspl4 may trigger the production of IFNSs,
contributing to basal STAT1 & STAT2 phosphorylation and
associated negative regulators, which subsequently inhibit
antiviral JAK/STAT signalling. In testing this hypothesis, we
sought to elucidate the mechanistic immune evasion roles of
MERS-CoV and SARS-CoV-1, towards the identi cation of novel
therapeutic targets for existing and possible future emergent CoVs.

2 Materials and methods
2.1 Cell culture

The alveolar basal epithelial A549 cell line (a kind gift from Dr
Kim Roberts, Trinity College Dublin), the bronchial epithelial BEAS
2b cell line (a kind gift from Prof Ultan Power, Queen’s University
Belfast), were cultured in DMEM containing 10% FBS and 1%
Penicillin/Streptomycin at 37 °C in a humidi ed incubator with
5% CO,.

2.2 Transfection

Cells were transfected with 1 mg DNA constructs encoding HA-
tagged MERS-CoV-nsp2, MERS-CoV-nsp5, SARS-CoV-1-nsp14 or
the EV control pCAGGS (kind gifts from Prof Matthew Frieman,
University of Maryland), using Lipofectamine 2000 (Invitrogen, San
Diego, CA, USA) at a ratio of 2 pL lipofectamine: 1 pg of DNA in 2
ml of medium per well (6 well plate).

2.3 Treatment of cells

After seeding and transfection cells were treated with different
cytokines or stimulus (Human IFN-a2, 10 or 100 ng/ml, Sigma-
Aldrich; Human IFN-b, 10 or 100 ng/ml, Proteintech; Human IFN-
11, 10 or 100 ng/ml, Proteintech; Human IFN-13, 10 or 100 ng/ml,
Proteintech; Brefeldin A, 3 pug/ml, Bio-Sciences; Human IgG, 10 ng/
ml, Bio-Techne; Human IFN-I1 neutralizing Ab, 10 ng/ml, Bio-
Techne; Human IFN-13 neutralizing Ab, 10 ng/ml, Bio-Techne). The
cytokines and stimulus were diluted in serum free DMEM to reach
the required concentration.

2.4 Immunoblotting

Cells were lysed in RIPA buffer (20 mM Tris-HCI pH 7.4, 150
mM NaCl, 1 mM EDTA pH 8, 1% TRITON-X, and 0.5% SDS)
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supplemented with 1 mM PMSF, 1 mM NazVO, 5 mg/mL
leupeptin, and 1 mM DTT and analysed by immunoblotting
using primary antibodies (pSTATL1, 9167, Cell Signalling
Technology; pSTAT2 88410, Cell Signalling Technology; STATZ,
9172S, Cell Signalling Technology; STAT2, SC-476, Santa Cruz
Biotechnologies; HA, 3724, Cell Signalling Technology; USP18,
4813, Cell Signalling Technology and b-actin A5441-.2ML,
Sigma-Aldrich) and HRP-linked secondary anti-mouse or anti-
rabbit antibodies (anti-Rabbit, 11859140, Fisher Scienti ¢ or anti-
Mouse, 10158113, Fisher Scienti ¢) and then visualised using the
Bio-rad ChemiDoc MP imaging system. Blots were analysed using
Image Lab software (Bio-rad laboratories, New York, NY, USA).

2.5 qRT-PCR

Total RNA was extracted from cells using TRIreagent (Sigma,
USA) following manufacture instructions. RNA was converted to
cDNA using the SensiFAST cDNA Synthesis kit (Bioline, UK).
gRT-PCR was performed using SYBR-green (Bio-Rad, USA)
following the kit instructions Data analysis was carried out using
the 2 PP°* method. The relative expression of each result was
calculated based on expression of the constitutively expressed
housekeeping reference gene ribosomal protein 15 (RSPS15).
Primer sequences: MxA forward GGTGGTGGTCC
CCAGTAATG, reverse ACCACGTCCACAACCTTGTCT, IFN-
a4 forward GTGTCTAGATCTGACAACCTCCCAGGGCACA,
reverse GTACTGCAGAATCTCTCCTTTCTCCTG, IFN-b
forward CTAGCACTGGCTGGAATGAGA, reverse CTGACTA
TGGTCCAGGCACA, IFN-g forward ACATGAAAATCCTG
CAGAGC, reverse TGGGTTGTTGACCTCAAACT, IFN-I1
forward AGCTGCAGGCCTTCAAAAAG, reverse TGGGAGTG
AATGTGGCTCAG, RSP15 forward CGGACCAAAGCGATCT
CTTC, reverse CGCACTGTACAGCTGCATCA.

2.6 Enzyme-linked immunosorbent assay

96-well plates were coated with 100 mL/well of capture antibody
diluted in coating buffer and incubated overnight at 2-8 °C. Plates
were washed four times with wash buffer and blocked with 100 mL
BSA blocking buffer for 1 h at room temperature (RT) on a plate
shaker (500 rpm). After four washes, 100 mL of standards and
samples were added in duplicate or triplicate and incubated for 2 h
at RT with shaking, followed by four washes. Detection antibody
(100 mL/well) was added and incubated for 1 h at RT, then washed
four times before adding 100 mL/well of avidin-HRP solution for 30
min at RT. Plates were washed ve times with brief soaking between
washes, and color was developed using 100 mL/well of TMB
substrate for 15-30 min at 37 °C. The reaction was stopped with
50 mL/well of phosphoric acid stop solution, and absorbance was
read at 450 nm. (IFN-I 1/3, DY1598B, R&D)

2.7 Statistical analysis
Statistical comparisons between groups were performed using

GraphPad Prism statistical analysis software (version 9). Data is
represented as the mean + SEM unless otherwise stated.
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3 Results

3.1 Expression of MERS-CoV-nsp2 and
SARS-CoV-1-nspl14 induces IFN-1 mRNA
and protein expression in A549 epithelial
cells

Having previously published that MERS-CoV-nsp2 and SARS-
CoV-1-nspl4 expression induced basal phosphorylation of STAT1
and STAT2 in A549 cells (13), we hypothesised that these viral
proteins trigger the induction of IFNs, which act in a paracrine/
autocrine manner to induce phosphorylation of both STAT1 and
STAT?2. There are three types of IFNs: type | IFN, type Il IFN and
type 1 IFN (25). To initially analyse the effect of MERS-CoV-nsp2
and SARS-CoV-1-nspl4 upon IFN expression, A549 cells were
transfected for 24 h with EV, MERS-CoV-nsp2 or SARS-CoV-1-
nspl4. MERS-CoV-nsp5 was also used as the control viral protein,
that did not induce pSTAT1 & pSTAT2. Then, by qRT-PCR, we
measured mRNA levels of the type | IFNs, IFN-a4 and IFN-b; the
type Il IFN, IFN-g and the Type 111 IFN, IFN-13. While none of the
viral proteins affected mRNA levels of IFN-a4, IFN-b and IFN-g
(Figures 1A—C), we observed a statistically signi cant induction in
IFN-13 in A549 cells after 24 h SARS-CoV-1-nspl4 expression
(Figure 1D). Induction of IFN-13 upon MERS-CoV-nsp2
expression was near signi cance (p=0.06) (Figure 1D); whereby
IFN-13 was not impacted by MERS-CoV-nsp5 (Figure 1D).

Given that an increase of IFN-13 mRNA was observed upon
expression of MERS-CoV-nsp2 and SARS-CoV-1-nspl4
(Figure 1D), we next analysed cytokine protein levels. A549 cells
were transfected with EV control, MERS-CoV-nsp2, SARS-CoV-1-
nspl4 or MERS-CoV-nsp5 for 24 h before measuring the secreted
IFN-13 and IFN-11 protein production by ELISA. We found that
IFN-13, together with IFN-11, were signi cantly evaluated in the
cell supernatants from A549 cells transfected with MERS-CoV-nsp2
and SARS-CoV-1-nsp14; while IFN-11/3 levels were not altered by
MERS-CoV-nsp5 expression (Figure 1E). Collectively, these results
reveal that MERS-CoV-nsp2 and SARS-CoV-1-nsp14 induced IFN-
I production.

3.2 MERS-CoV-nsp2 and SARS-CoV-1-
nspl4 expression induces USP18 in A549
epithelial cells

USP18 is an inhibitory protein induced by IFN-I, that can
downregulate the type I IFN signalling pathway by disrupting the
IFNAR and JAK complex (26). Having observed IFN-11/3
induction upon MERS-CoV-nsp2 and SARS-CoV-1-nspl4
(Figure 1), we hypothesised that IFN-1 might also increase
USP18 expression, possibly explaining why our previously
observed reduction in IFN-a-induced 1SGs (13). To investigate
this, A549 cells were transfected with EV control, MERS-CoV-nsp2,
SARS-CoV-1-nspl4 or MERS-CoV-nsp5 for 24 h, prior to
stimulation with IFN-a for 15 min, before USP18 protein was
analysed by western blotting. Indeed, while western blotting visually
indicated that USP18 increased upon expression in MERS-CoV-
nsp2 and SARS-CoV-1-nspl4 expressing cells (Figure 2A),
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FIGURE 1
MERS-CoV-nsp2 and SARS-CoV-1-nspl4 increase expression of IFN-13 mRNA and protein expression in A549 epithelial cells. A549 cells were
transfected with EV control, MERS-CoV-nsp2, SARS-CoV-1-nspl4 or MERS-CoV-nsp5. After 24 h, cells were isolated for total RNA before analysing
(@) IFN-a4 (b) IFN-b (c) IFN-g and (d) IFN-13 mRNAs by RT-gPCR. Gene expression was normalised to the house-keeping gene RSP15 and
compared to the EV control, which was normalised to 1. After 24 h of MERS-CoV-nsp2, SARS-CoV-1-nspl4 or MERS-CoV-nsp5 transfection, cell
supernatants were collected and analysed by ELISA for (e) IFN-11/3 protein expression from A549 cells. All graphs represent the mean + SEM of
three independent experiments. *p<0.05, ***p<0.001 ****p<0.0001 (student’s t test).
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FIGURE 2

Expression of MERS-CoV-nsp2 and SARS-CoV-1-nsp14 induces USP18 protein expression in A549 epithelial cells. A549 cells were transfected with
EV, HA-tagged MERS-CoV-nsp2, SARS-CoV-1-nspl4, or MERS-CoV-nsp5. After 24 h, cells were treated with IFN-a (10 ng/ml) for 15 min. Lysates
were generated and subjected to immunoblotting with antibodies for (a) USP18 and HA (to con rm expression of HA-tagged MERS-CoV-nsp2,
SARS-CoV-1-nspl4 and MERS-CoV-nsp5). Blots were also probed with b-actin antibody. (b) Densitometric analysis of (a) USP18 was performed
using Image Lab software and values were calculated relative to b-actin and compared to the EV transfected UT (untreated) control, which was
normalised to 1. All graphs represent the mean + SEM of three independent experiments. *p<0.05, **p<0.01 (Two-way ANOVA).

densitometric analysis revealed a statistically signi cant increase in
USP18 in MERS-CoV-nsp2 expressing cells, with IFN-a treatment,

BEAS 2b cells were transfected with EV control, MERS-CoV-nsp2,
SARS-CoV-1-nsp14 or MERS-CoV-nsp5 for 24 h before measuring

and SARS-CoV-1-nspl4 expressing cells, with or without IFN-a
treatment (Figure 2B). But USP18 did not increase upon MERS-
CoV-nsp5 expression (Figures 2A, B).

3.3 MERS-CoV-nsp2 and SARS-CoV-1-
nspl4 expression does not induce IFN-11/3
protein expression, but upregulates USP18
expression in BEAS 2b cells

Since, in our previous study, MERS-CoV-nsp2 and SARS-CoV-
1-nsp14 induced basal phosphorylation of STAT1 & STAT2 in
A549 cells, but not BEAS 2b cells (13), we hypothesised that IFN-
11/3 may be secreted by A549 cells but not by BEAS 2b cells,
thereby acting in a paracrine/autocrine manner to induce pSTAT1
& 2 in A549, but not BEAS 2b cells. To investigate this, we then
measured the IFN-11/3 cytokine production levels in BEAS 2b cells.

the IFN-11/3 cytokine production by ELISA. No induction of IFN-
11/3 was observed upon transfection of any of the viral genes,
compared to the EV control (Figure 3A), suggesting that the
transfection of MERS-CoV-nsp2 and SARS-CoV-1-nsp14 induces
IFN-1 production only in A549, and not BEAS 2b cells.

Having seen USP18 was induced by MERS-CoV-nsp2 and
SARS-CoV-1-nspl4 expression in alveolar A549 cells, we next
measured USP18 expression in bronchial BEAS 2b cells. As well
as being induced by IFN-I, USP18 serves as a distinctive inhibitor
of type | IFN signalling pathway (23). To check if USP18 is induced
after MERS-CoV-nsp2 and SARS-CoV-1-nspl4 expression in
BEAS 2b cells, BEAS 2b cells were transfected with EV control,
MERS-CoV-nsp2, SARS-CoV-1-nsp14 or MERS-CoV-nsp5 for 24
h, prior to stimulation with and without IFN-a for 15 min.
Expression of USP18 protein was determined by western blotting.
The USP18 protein expression was signi cantly induced by MERS-
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FIGURE 3

MERS-CoV-nsp2 and SARS-CoV-1-nspl4 expression does not induce IFN-11/3 protein expression, but upregulates USP18 expression in BEAS 2b
cells. (a) BEAS 2b cells were transfected with EV control, MERS-CoV-nsp2, SARS-CoV-1-nspl4 or MERS-CoV-nsp5. After 24 h, cell supernatant was
collected and analysed by ELISA for IFN-11/3 expression in BEAS 2b cells. BEAS 2b cells were transfected with EV, MERS-CoV-nsp2, SARS-CoV-1-
nspl4, or MERS-CoV-nsp5. After 24 h, cells were treated with IFN-a (10ng/ml) for 15 min. Lysates were generated and subjected to immunoblotting
with antibodies for (b) USP18 and HA. All blots were also probed with b-actin antibody. Densitometric analysis of (c) USP18 was performed using
Image Lab software and values were calculated relative to b-actin and compared to the EV transfected UT (untreated) control, which was normalised
to 1. All graphs represent the mean + SEM of three independent experiments. *p<0.05, ***p<0.001 (student’s t test, Two-way ANOVA).
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CoV-nsp2 and SARS-CoV-1-nspl4 (Figures 3B, C). Since we
previously observed no increase in IFN-I expression by MERS-
CoV-nsp2 and SARS-CoV-1-nspl4 in BEAS 2b cells (Figure 3A),
induction of USP18 may be independent of IFN-1 production in
BEAS 2b cells.

3.4 Blocking cytokine secretion inhibits
MERS-CoV-nsp2 and SARS-CoV-1-nspl4
induced pSTAT1 and IFN-11/3 in A549
epithelial cells

Next, to investigate if MERS-CoV-nsp2 and SARS-CoV-1-nspl4
expression triggered the production of cytokines, which acted in a
paracrine/autocrine fashion to induce basal pSTAT1/pSTAT2 (13)
and USP18 (Figure 2), we blocked cytokine secretion using Brefeldin

10.3389/ mmu.2026.1739662

A (BFA) (27). A549 cells were transfected with EV, MERS-CoV-nsp2
or SARS-CoV-1-nsp14 for 24 h, before being treated with/without
BFA for 16 h, before total STAT1/2 and pSTATL1/pSTAT2 were
measured by western blotting. BFA treatment statistically decreased
basal phosphorylation of pSTAT1 induced by MERS-CoV-nsp2 and
SARS-CoV-1-nspl4 (Figures 4A, B), while STAT1 protein was
unaffected (Figure 4C). While pSTAT2 was visually reduced by
BFA (Figure 4D), densitometric analysis revealed it was not
statistically signi cant (Figure 4E). STAT2 protein levels were not
affected by BFA (Figure 4F). Together these results indicate that
MERS-CoV-nsp2 and SARS-CoV-1-nspl4 expression induce
cytokine secretion, that acts in a paracrine/autocrine fashion to
induce signi cant phosphorylation of STAT1.

Next, in a bid to determine if IFN-11/3 was responsible for the
paracrine/autocrine induction of pSTATL1, we analyzed if their
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Brefeldin A decreases pSTATL and IFN-11/3 induction in MERS-CoV-nsp2 or SARS-CoV-1-nspl4 expressing A549 epithelial cells. A549 cells were
transfected with EV control, HA-tagged MERS-CoV-nsp2 or SARS-CoV-1-nspl4. After 24 h, cells were treated with or without 3 ug/ml BFA for 16 h
Lysates were generated and subjected to immunoblotting with antibodies for (a) pSTAT1, STAT1 and HA, (d) pSTAT2, STAT2 and HA. All blots were
also probed with b-actin antibody. Densitometric analysis of (b) pSTATL, (c) STATL, (e) pSTAT2 and (f) STAT2 was performed using Image Lab
software and values were calculated relative to b-actin and compared to the EV transfected UT (untreated) control, which was normalised to 1. (g)
Cell supernatants were also collected and subjected into ELISA for IFN-11/3. All graphs represent the mean + SEM of three independent
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expression was suppressed by BFA. A549 cells were transfected with
EV, MERS-CoV-nsp2 or SARS-CoV-1-nspl4 for 24 h, followed
with/without BFA treatment for 16 h. Indeed, analysis of the cell
supernatants by ELISA revealed that BFA statistically reduced
MERS-CoV-nsp2- and SARS-CoV-1-nspl4-induced IFN-11/3
(Figure 4G), suggesting their possible role in basal
STATL1 phosphorylation.

3.5 IFN-11 & IFN-13 neutralizing antibodies
block MERS-CoV-nsp2 and SARS-CoV-1-
nspl4 expression induced pSTAT1 and
USP18 in A549 epithelial cells

To determine if MERS-CoV-nsp2- and SARS-CoV-1-nspl4-
induced pSTAT1 and USP18 were speci cally due to secreted IFN-
11/3, neutralizing antibodies for IFN-11 and IFN-I3 were
administered. A549 cells were transfected with EV control,
MERS-CoV-nsp2 or SARS-CoV-1-nsp14 for 24 h, followed with
19G control, IFN-11, IFN-13, or IFN-11 and IFN-13 neutralizing
antibody treatment for 20 h. We observed that while pSTAT1 was
not reduced by individual IFN-11 or IFN-13 blocking antibodies, it
was signi cantly abrogated when the two blocking antibodies were
combined (Figures 5A, B). Also, the increase in total STAT1
mediated by MERS-CoV-nsp2 and SARS-CoV-1-nspl4 was
reduced by IFN-13 neutralizing antibody alone. IFN-11 blockade
signi cantly suppressed the MERS-CoV-nsp2-induced STATI,
while the reduction of SARS-CoV-1-nspl4-induced STAT1 was
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near signi cance (p=0.08). Added together IFN-11 and IFN-13
neutralizing antibodies reduced MERS-CoV-nsp2-induced STATL,
while the reduction of SARS-CoV-nspl4-induced STAT1 was not
signi cant (Figures 5A, C). While individual neutralizing antibodies
did not reduce USP18, treatment with both IFN-11 and IFN-13
blocking antibodies signi cantly reduced MERS-CoV-nsp2- and
SARS-CoV-1-nspl4-induced USP18 (Figures 5A, D). Collectively,
these results indicate that IFN-11/3 produced by MERS-CoV-nsp2
and SARS-CoV-1-nspl4 expressing A549 cells, may activate
STATL, while also increasing the inhibitory protein, USP18.

3.6 IFN-11 & IFN-13 neutralization restores
IFN-a responsiveness of MERS-CoV-nsp2
and SARS-CoV-1-nspl4 expressing A549
cells

Having previously shown that MERS-CoV-nsp2 and SARS-
CoV-1-nspl4 expression blocked IFN-a-mediated pSTAT1 and
ISGs (13), we wondered if the induction of IFN-11/3, its
paracrine/autocrine effect and its induction of USP18, might be
responsible for this inhibition. To investigate this, A549 cells were
transfected with EV, MERS-CoV-nsp2 or SARS-CoV-1-nsp14 for
24 h, followed with IgG or IFN-11 & IFN-13 neutralizing antibody
treatment. After 20 h cells were further treated with IFN-a for 15
min. We found that when cells were treated with 1gG control, both
MERS-CoV-nsp2 and SARS-CoV-1-nspl4 expression signi cantly
reduced IFN-a-mediated pSTAT1. However, treatment with IFN-
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FIGURE 5

IFN-11 & IFN-13 neutralizing antibodies reduce pSTAT1 and USP18 in MERS-CoV-nsp2 and SARS-CoV-1-nspl4 expressing A549 cells. A549 cells
were transfected with EV control, HA-tagged MERS-CoV-nsp2 or SARS-CoV-1-nspl4. After 24 h, cells were treated with 100 ng/ml IgG, IFN-11,
IFN-13 or IFN-11 & 3 neutralizing antibodies for 20 h Lysates were generated and subjected to immunoblotting with antibodies for (a) pSTATL,
USP18 and HA. All blots were also probed with b-actin antibody. Densitometric analysis of (b) pSTATL, (c) STAT1 and (d) USP18 was performed using
Image Lab software and values were calculated relative to b-actin and compared to the EV transfected IgG treated control, which was normalised to
1. All graphs represent the mean = SEM of three independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (Two-way ANOVA).
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11 and IFN-13 neutralizing antibodies restored IFN-a-induced
pSTATL (Figures 6A, B). These data indicate that IFN-11/3,
secreted upon MERS-CoV-nsp2 and SARS-CoV-1-nspl4
expression, reduced IFN-a responsiveness of A549 cells.

3.7 Silencing USP18 in A549 cells
expressing MERS-CoV-nsp2 and SARS-
CoV-1-nspl4, restores IFN-a-mediated
pSTAT1 and IFN-a-mediated MxA
induction in SARS-CoV-1-nspl4 expressing
cells

Having observed that MERS-CoV-nsp2 and SARS-CoV-1-
nspl4 expression induced IFN-11/3, we wondered if USP18,
which is known to diminish IFN-a signalling (26), might be
responsible for reduced IFN-a responsiveness. To investigate this,
USP18 siRNA knock-down experiments were conducted. USP18
expression was con rmed to decrease signi cantly after USP18
SiIRNA transfection (Figures 7A, C). In control siRNA-transfected
cells, MERS-CoV-nsp2 or SARS-CoV-1-nspl4 transfection
attenuated IFN-a-mediated pSTAT1, however, pSTAT1 was
restored upon USP18 siRNA knock-down (Figures 7A, B). We
next investigated if downstream ISG induction was consequently
restored. We found that MxA mRNA expression was signi cantly
increased after knock-down of USP18 in A549 cells transfected with
SARS-CoV-1-nsp14; MxA induction was not statistically restored in
cells transfected with MERS-CoV-nsp2 (Figure 7D). Combined our
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results indicate that IFN-a unresponsiveness in A549 cells
expressing MERS-CoV-nsp2 and SARS-CoV-1-nspl4 is, at least
in part, regulated by USP18.

3.8 Silencing USP18 in BEAS 2b cells
expressing MERS-CoV-nsp2 and SARS-
CoV-1-nspl4, restores IFN-a-mediated
pPSTAT1 and IFN-a-mediated MxA
induction in MERS-CoV-nsp2 and SARS-
CoV-1-nspl4 expressing cells

Since we also observed induced USP18 (Figure 3) and inhibited
STATSs phosphorylation upon the expression of MERS-CoV-nsp2
and SARS-CoV-1-nsp14 in BEAS 2b bronchial epithelial cells (13),
we hypothesised that USP18 could be responsible for the
unresponsiveness to IFN-a in BEAS 2b cells. To explore this, we
next performed the same experiments in BEAS 2b cells to
investigate the role of USP18 in IFN-a unresponsiveness.
Transfection of USP18 siRNA resulted in a visibly decreased level
of USP18 observed from blots, although this decrease was not
statistically signi cant. (Figures 8A, C). Similarly to A549 cells,
knock-down the expression of USP18 restored IFN-a-induced
STAT1 phosphorylation by approximately 4-fold and 3-fold in
BEAS 2b cells expressing MERS-CoV-nsp2 and SARS-CoV-1-
nspl4, respectively (Figures 8A, B). Although the densitometry
analysis is not statistically signi cant, the enhanced STAT1
phosphorylation levels after USP18 knock-down was clearly
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IFN-11 & IFN-13 neutralizing antibodies restore IFN-a responsiveness in MERS-CoV-nsp2 and SARS-CoV-1-nspl4 expressing A549 cells. A549 cells
were transfected with EV control, HA-tagged MERS-CoV-nsp2 or SARS-CoV-1-nspl4. After 24 h, cells were treated with 100 ng/ml IgG or IFN-11
and IFN-13 neutralizing antibodies for 20 h and followed with IFN-a treatment (10 ng/ml) for 15 min. Lysates were generated and subjected to
immunoblotting with antibodies for (a) pSTAT1 and HA. All blots were also probed with b-actin antibody. Densitometric analysis of (b) pSTAT1 was
performed using Image Lab software and values were calculated relative to b-actin and compared to the EV transfected IgG treated IFN-a untreated
control, which was normalised to 1. All graphs represent the mean + SEM of three independent experiments. *p<0.05 (Two-way ANOVA).

Frontiers in Immunology

frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang and Stevenson

10.3389/ mmu.2026.1739662

A MERS-CoV SARS-CoV-1
EV nsp2 nspl4
siCont + o+ - - + + - + - -
siUsP1I8 - -+ + - -+ 4+ -+ o+
IFN-a - + - + - + - - + - +
pSTATL| P PR SR o cugmea - SA8S
B-actin (GEES GHD GHD Sue GHD D GHD GHL GHD GED G- w—
STAT1 e c.—---——al
B-actin [—.—.——-—|
- e .
usp1s | B == |
HA | “- - |
— -
pSTAT1 USP18
= 30 es ok
E - EV % - EV
2 MERS-CoV-nsp2 §4 . *rk =1 MERS-CoV-nsp2
2 20 B3 SARS-CoV-1-nsp14 3 . I SARS-CoV-1-nspl4
s 23
-2 g?
g g1
SEE SR S SRE SRR s
s e}}z’»&" < e\‘}&" o é‘\;’»&’ CERF TR D
& S & S o & & ,,@éz & é\@q & e\gf
MxA
10 * %
N 1
3 mm EV
6 8- MERS-CoV-nsp2
c
K] E SARS-CoV-1-nsp14
2
2
S 4 p=053 p=0.12
]
o
2 27
5
& o
PRI RN R
FLSL L LK
S L
FIGURE 7
Silencing USP18 restores IFN-a-mediated STAT1 phosphorylation in A549 cells expressing MERS-CoV-nsp2 and SARS-CoV-1-nsp14 and MxA in
SARS-CoV-1-nspl4 expressing A549 cells. A549 cells were transfected with EV control, HA-tagged MERS-CoV-nsp2 or SARS-CoV-1-nspl4. After
24h, cells were transfected with 1 ug control siRNA or USP18 siRNA for 24 h followed with IFN-a treatment (10 ng/ml) for (a—c) 15 min or (d) 4h.
(a—c) Lysates were generated and subjected to immunoblotting with antibodies for (a) pSTATL, STAT1, USP18 and HA. All blots were also probed
with b-actin antibody. Densitometric analysis of (b) pSTAT1 and (c) USP18 was performed using Image Lab software and values were calculated
relative to b-actin and compared to the control siRNA transfected IFN-a untreated EV control, which was normalised to 1. (d) MxA mRNA in A549
cells was measured by RT-gPCR. Gene expression was normalised to house-keeping gene RSP15 and IFN-a treated samples were compared to the
control siRNA transfected, IFN-a treated EV control, which was normalised to 1. All graphs represent the mean + SEM of three independent
experiments. **p<0.01, ***p<0.001 (Two-way ANOVA).

visible from blots. We next measured downstream 1SG induction to
determine if it was consequently restored. As shown in Figure 8D,
MxA mRNA expression was signi cantly increased after knock-
down of USP18 expression in BEAS 2b cells expressing MERS-
CoV-nsp2 and SARS-CoV-1-nspl4. Combined with our previous
results showing restored STAT1 phosphorylation after USP18
knock-down (Figure 7), these data together suggest that IFN-a
unresponsiveness in both A549 and BEAS 2b cells depends
on USP18.
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3.9 Pretreatment of A549 epithelial cells
with IFN-11 or IFN-13 attenuates IFN-a-
mediated STAT1 phosphorylation

Since IFN-1 induces USP18 (28, 29), we wondered if this was
responsible for the reduced responsiveness to IFN-a we observed in
the presence of MERS-CoV-nsp2 or SARS-CoV-1-nspl4 in A549
epithelial cells (Figure 7). To investigate this, A549 cells were
pretreated with 10 ng/mL IFN-11 for 24 h, then 10 ng/ml of IFN-
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FIGURE 8

a, IFN-b, IFN-I11 or IFN-13 for another 15 min. We found that
pretreatment with IFN-I1 resulted in a statistically signi cant
induction of USP18, in all treatments except IFN-11 24h plus
IFN-I1 15min (Figures 9A, D). Pretreatment with IFN-I1 also
resulted in a statistically signi cant or near signi cant (P = 0.05-
0.06) induction of STAT1 expression (Figures 9A, C). Cells
pretreated with IFN-I1 showed much weaker IFN-a-induced
pSTATL after treatment with exogenous IFN-a, than in control
cells (without IFN-11 pretreatment) (Figures 9A, B). However,
attenuated responses in STAT1 phosphorylation were not
observed after treatment with exogenous IFN-b, IFN-11 or IFN-
13 in IFN-I1-pretreated cells (Figures 9A, B). Having seen that
IFN-11 pretreatment attenuated response to IFN-a, we next
investigated the effect of IFN-13 pretreatment. A549 cells were
pretreated with 10 ng/mL IFN-13 for 24 h followed with 10 ng/ml of
IFN-a, IFN-b, IFN-I1 or IFN-13 treatment for another 15 min.

Frontiers in Immunology

10

Silencing USP18 restores IFN-a-mediated STAT1 phosphorylation and MxA in MERS-CoV-nsp2 and SARS-CoV-1-nspl14 expressing BEAS 2b cells. BEAS
2b cells were transfected with EV control, HA-tagged MERS-CoV-nsp2 or SARS-CoV-1-nspl4. After 24 h, cells were transfected with 1 ug control siRNA
or USP18 siRNA for 24 h followed with IFN-a treatment (10 ng/ml) for (a—c) 15 min or (d) 4h. Lysates were subjected to immunoblotting with antibodies
for (a) pSTATL, STATL, USP18 and HA. All blots were also probed with b-actin antibody. Densitometric analysis of (b) pSTAT1 and (c) USP18 was
performed using Image Lab software and values were calculated relative to b-actin and compared to the control siRNA transfected IFN-a untreated EV
control, which was normalised to 1. (d) MxA mRNA in BEAS 2b cells was measured by RT-gPCR. Gene expression was normalised to house-keeping
gene RSP15 and IFN-a treated samples were compared to the control siRNA transfected, IFN-a treated EV control, which was normalised to 1. All
graphs represent the mean + SEM of three independent experiments. *p<0.05, ***p<0.001 (Two-way ANOVA).

Similarly, IFN-13 pretreatment also attenuated response to
exogenous IFN-a, as demonstrated with reduced pSTAT1
(Figures 9E, F). We also observed that STAT1 protein was
signi cantly increased (Figures 9E, G). We found that stimulation
with IFN-13 visually increased USP18, with UT cells showing a
statistically signi cant increase upon IFN-I1 pretreatment, and
IFN-a (p=0.06) and IFN-b (p=0.05) treated cells showing a near
signi cant increase in USP18 upon IFN-13 pretreatment
(Figures 7E, H).

3.10 IFN-11 or IFN-13 pretreatment of
A549 epithelial cells reduces IFN-a-
mediated MxA induction

Since IFN-a-mediated pSTAT1 was reduced by IFN-11/3
pretreatment we hypothesised that downstream ISG induction
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