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ABSTRACT Viral immunosuppression substantially affects the host immune response of 
infected patients and the protective efficacy of vaccines. Here, we found that the spike 
(S) protein, the major vaccine antigen of severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), strongly suppresses host innate immunity by inhibiting interferon-stimu­
lated gene (ISG) expression through both S1 and S2 subunits. Mechanistically, the S 
protein inhibited the formation of the classic interferon-stimulated gene factor 3 (ISGF3) 
complex composed of STAT1, STAT2, and IRF9 by competing with STAT2 for binding to 
IRF9, thereby impeding the transcription of ISGs. A strong interaction between S and the 
STAT1/STAT2 proteins further traps the ISGF3 complex in the endoplasmic reticulum and 
hinders the nuclear translocation of ISGF3. Notably, the interferon-inhibitory mechanism 
of the S protein was universal among SARS-CoV-2 variants and other human coronavi­
ruses, including SARS-CoV, Middle East respiratory syndrome coronavirus (MERS-CoV), 
human coronavirus 229E (HCoV-229E), human coronavirus NL63 (HCoV-NL63), and 
human coronavirus HKU1 (HCoV-HKU1), through the most evolutionarily conserved 
region of S2 subunit. Taken together, the findings of this study reveal a new mechanism 
by which the coronavirus S protein attenuates the host antiviral immune response and 
provides new insights into the proper design of coronavirus S-based vaccines to prevent 
immunosuppressive effects.

IMPORTANCE This study unveils a new mechanism by which the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S) protein attenuates the 
host’s antiviral immune response. The interferon-inhibitory mechanism of the S protein 
was universal among SARS-CoV-2 variants and other human coronaviruses, including 
SARS-CoV, MERS-CoV, HCoV-229E, HCoV-NL63, and HCoV-HKU1, through conserved 
S2 domains. Our study expands the understanding of SARS-CoV-2 and other human 
coronaviruses in evading antiviral immune strategies, which is very important for the 
design and optimization of vaccine antigens, thus providing a theoretical basis for 
human anti-coronavirus immunity and understanding the interaction between the host 
and coronavirus.

KEYWORDS SARS-CoV-2, spike protein, interferon JAK-STAT pathway, ISGF3 complex, 
interferon-stimulated gene

S evere acute respiratory syndrome coronavirus 2 (SARS-CoV-2) belongs to the 
betacoronavirus genus in the Coronaviridae family, which encodes 29 proteins, 

including 4 structural proteins (spike [S], membrane [M], envelope [E], and nucleocapsid 
[N]), 16 non-structural proteins (NSP1-NSP16), and 9 accessory proteins (ORF3a, ORF3b, 
ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10) (1–3). Patients infected with 
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SARS-CoV-2 mainly presented with symptoms such as fever, dry cough, and fatigue; 
however, some asymptomatic infections have also been observed (4). Clinical studies 
have reported that despite developing potent cytokines and chemokines in coronavirus 
disease 2019 (COVID-19) patients, SARS-CoV-2 infection does not induce substantial 
interferon (IFN) production which indicates the lack of an IFN response (5–9). Addition­
ally, plasma IFN-α2 protein levels are significantly lower in critical patients than in those 
with mild to moderate illness (10, 11). Although multiple SARS-CoV-2 viral proteins, 
including NSP1, NSP3, NSP6-NSP8, NSP12-NSP14, NSP16, ORF3a, ORF6, ORF7a, ORF7b, 
ORF8, ORF9b, S, M, and N, have been reported to suppress cellular innate immunity by 
inhibiting type I IFN (IFN-I) production and downstream signaling (12–21), the exclusive 
modulation of immune responses by membrane proteins, notably the S protein as a key 
antigenic component for vaccine development, needs further exploration.

The IFN-I response is the first line of host defense against invading viruses. The IFN-I 
response comprises two main facets: the generation of IFNs and the subsequent cellular 
response to IFN. During the initiation of IFN production, pattern recognition receptors 
expressed by innate immune cells detect pathogen-associated molecular patterns of 
viruses (22, 23). RNA viruses such as coronaviruses are recognized by cytoplasmic and 
endosomal RNA sensors, including RLRs (RIG-I and MDA5) and TLRs (TLR3, TLR7, and 
TLR8), respectively (24–26). Recognition of RNA viruses by TLRs and RLRs results in 
the activation of various transcription factors, such as nuclear factor-kappa light-chain 
enhancer (NF-κB) and IFN regulatory factor 3 (IRF3), leading to translocation to the 
nucleus and the induction of proinflammatory cytokine, chemokine, and IFN-I expression 
(27, 28).

In the subsequent IFN response step, IFN α/β activates the Janus kinase (JAK)-signal 
transducer and transcriptional activator (STAT) signaling pathway via the IFN receptor 
to stimulate IFN response signaling. In the JAK-STAT signaling cascade, JAK1 and TYK2 
mediate the phosphorylation of STAT1 and STAT2 to form a heterodimer, which further 
binds to IRF9 to form an IFN-stimulating gene factor 3 (ISGF3) complex (29, 30). The 
ISGF3 complex then translocates into the nucleus, where it initiates the transcription 
of more than 300 IFN-stimulated genes (ISGs), including IFN-induced transmembrane 
proteins (IFITMs) 1, 2, and 3, which restrict coronavirus infection (31, 32).

The SARS-CoV-2 S protein comprises two subunits, S1 and S2. The highly mutable 
S1 subunit mediates viral binding to the host receptor angiotensin-converting enzyme 
2 (ACE2), while evolutionarily conserved S2 mediates viral cell membrane fusion (33). 
Recent studies have shown that the S1 subunit inhibits IFN-α downstream responses 
through interaction with STAT1 to block its association with JAK1 (21). In this study, 
we further investigated the crosstalk between the S protein and host IFN responses 
and discovered that the S2 subunit also played an important role in inhibiting the IFN 
signaling pathway. The results demonstrated that the S protein, which is located in the 
endoplasmic reticulum (ER), inhibits IFN-activated downstream signaling. Specifically, the 
S protein interacts with STAT1, STAT2, and IRF9 through the S2 (aa 688–1273) domain, 
disrupting the STAT2-IRF9 interaction and thus inhibiting the formation of ISGF3 and 
sequestering the ISGF3 complex within the ER, which ultimately suppresses downstream 
ISG production. Given the structural similarities of coronaviruses, we analyzed the 
function of S proteins, including those from six variants of SARS-CoV-2, as well as the 
SARS-CoV, MERS-CoV, HCoV-229E, HCoV-NL63, and HCoV-HKU1 viruses. We found that 
the S2 domain of the aforementioned coronavirus S proteins exhibited high conser­
vation, corresponding to the conserved functionality of inhibiting the IFN-I signaling 
pathway. Our study introduces a broad-spectrum coronavirus strategy to explore the S 
proteins that counteract the host IFN response, indicating the need for the optimization 
of S-based vaccine antigens.
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RESULTS

The coronavirus S protein antagonizes IFN-stimulated response element 
activation and IFN-I-dependent ISG Induction

Previous reports have shown that SARS-CoV-2 infection does not induce an effective 
IFN-I response in COVID-19 patients, especially in critical patients (5–9). We hypothe­
sized that multiple proteins of SARS-CoV-2 are involved in the regulation of the IFN-I 
signaling pathway. To test this hypothesis, we cloned 29 genes of SARS-CoV-2 after 
codon optimization and successfully expressed 19 proteins: 11 nonstructural proteins, 
3 structural proteins, and 5 accessory proteins. We screened the genes by cotransfec­
tion of the plasmid encoding IFN-stimulated response element (ISRE) and the internal 
control plasmid pRL-SV40 into HEK293T cells, followed by a luciferase reporter assay. 
In addition, an NS1-expressing plasmid for influenza virus (A/WSN/33, H1N1) was used 
as a positive control (Fig. 1A). As expected, the positive control (NS1) and the NSP1, 
NSP3, NSP13, NSP16, ORF3a, ORF7a, ORF7b, ORF8, S, M, and N proteins exhibited ISRE 
inhibitory effects, as reported in previous articles (12–21, 34). Unexpectedly, we also 
found that the S, NSP5, NSP7, NSP10, NSP16, and ORF9b proteins significantly inhibited 
ISRE activation. As the S protein acts as a structural protein to mediate viral invasion 
and serves as a vaccine antigen, we focused on the role of the S protein in inhibiting 
ISRE activity in subsequent studies. A dose-dependent assay revealed that the S protein 
strongly inhibited IFN-I-induced activation of the ISRE, IFITM3, and MxA reporters (Fig. 
1B through D). Moreover, the S protein could also inhibit IFN-γ-induced activation of 
the IRF1 reporter and IFN-λ-induced activation of the ISRE reporter (Fig. 1E). Next, 
we overexpressed the S protein and examined the endogenous expression of IFITM1, 
IFITM2, IFITM3, MxA, ISG15, ISG54, and ISG56 induced by IFN-I through quantitative 
PCR with reverse transcription (qRT-PCR) analysis. We observed that the expression of 
these ISG genes was significantly inhibited ~200-, 192-, 8-, 20-, 115-, 13-, and 72-fold, 
respectively (Fig. 1F). Notably, we found that the S proteins of the D614G variant, Alpha 
variant (B.1.1.7), Beta variant (B.1.351), Gamma variant (P.1), Delta variant (B.1.617.2), and 
Omicron variant (B.1.1.529) significantly inhibited IFN-I-mediated ISRE activation, and 
their inhibitory effect was not significantly different from that of the wild-type virus 
(Fig. 1G). When we compared the S proteins of other human coronaviruses, including 
SARS-CoV-2, SARS-CoV, MERS-CoV, HCoV-229E, HCoV-NL63, and HCoV-HKU1, equivalent 
inhibitory effects on ISRE promoter activation were found among all the tested S 
proteins (Fig. 1H), indicating that the S protein of coronaviruses plays a conserved role in 
suppressing the host IFN response pathway.

The SARS-CoV-2 S protein antagonizes the JAK-STAT signaling pathway by 
targeting ISGF3

To investigate the mechanisms by which the SARS-CoV-2 S protein antagonizes the IFN-β 
downstream signaling pathway, we examined the phosphorylation of STAT1/STAT2 in the 
JAK/STAT pathway in response to IFN-β stimulation. Thus, HeLa cells were transiently 
transfected with the S protein or empty vector plasmid followed by treatment with IFN-β 
for 6 h or 12 h, after which the expression and phosphorylation levels of STAT1/STAT2 
were measured by western blotting. As expected, overexpression of the SARS-CoV-2 S 
protein attenuated the phosphorylation of STAT1 and STAT2 (Fig. 2A). Once STAT1/STAT2 
is phosphorylated by IFN-β stimulation, pSTAT1 and pSTAT2 form a heterodimer, which 
recruits IRF9 to form the STAT1/STAT2/IRF9 complex (ISGF3). Then, ISGF3 translocates to 
the nucleus and binds to the ISRE, thereby leading to the expression of ISGs. Thus, we 
determined the effect of the SARS-CoV-2 S protein on IFN-β-induced ISGF3 nuclear 
translocation. HeLa cells transiently expressed the S protein or empty vector plasmid and 
were subsequently treated with IFN-β for 3 h or 6 h. Western blotting showed that ISGF3 
nuclear translocation was disrupted by the overexpression of the S protein (Fig. 2B). Since 
the S protein inhibits the phosphorylation of STAT1/STAT2 and suppresses ISGF3 nuclear 
translocation, we next examined whether the S protein can interact with STAT1, STAT2, 
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FIG 1 SARS-CoV-2 S proteins inhibit the activation of ISRE and the induction of ISGs. (A) HEK293T cells were co-transfected with pISRE-Luc, Renilla luciferase 

control plasmid pRL-SV40, and SARS-CoV-2 protein-expressing plasmid. Twenty-four hours after the initial transfection, the cells were stimulated with IFN-β 

(1,000 U/mL) for 12 h, and the luciferase assays were measured. (B, C, and D) HEK293T cells were co-transfected with pISRE-Luc, pIFITM3-Luc, or pMxA-Luc 

(Continued on next page)
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and IRF9, which are components of the ISGF3 complex. We cotransfected plasmids 
encoding the S protein with STAT1, STAT2, or IRF9, followed by coimmunoprecipitation 
(Co-IP). As shown in Fig. 2C, E and G, the Flag-tagged S protein precipitated with HA-
tagged STAT1, STAT2, and IRF9. Immunofluorescence data showed that the S protein 
colocalized with STAT1, STAT2, and IRF9 (Fig. 2D, F and H). These results suggest that the S 
protein not only inhibits the phosphorylation of STAT1 and STAT2 but also binds to ISGF3 
components.

The SARS-CoV-2 S protein targets and anchors ISGF3 to the ER

To further explore the subcellular colocalization of the S protein with STAT1, STAT2, and 
IRF9, we transiently transduced GFP-Sec61b (ER markers) with the vector or S protein 
plasmid into HeLa cells. As depicted in Fig. 3A through C, STAT1, STAT2, and IRF9 were 
initially distributed in the cytoplasm in the resting state, while the S protein was found in 
the ER. However, after transfection with the S protein, STAT1, STAT2, and IRF9 colocalized 
with the ER. Upon stimulation with IFN-I, substantial nuclear translocation of individually 
transfected STAT1, STAT2, and IRF9 was observed. However, when cells were cotransfec­
ted with the S protein, the nuclear translocation of STAT1, STAT2, and IRF9 was signifi­
cantly inhibited, and these proteins colocalized with the S protein anchored on the ER. 
This finding indicates that the S protein anchored to the ER significantly inhibits the 
nuclear translocation of the activated ISGF3 complex by interacting with STAT1, STAT2, 
and IRF9. Taken together, these data revealed that the S protein interacted with STAT1, 
STAT2, and IRF9 and anchored them to the ER to prevent the nuclear translocation of 
ISGF3.

The SARS-CoV-2 S protein interferes with the formation of the ISGF3 complex

Because the formation of ISGF3 is a crucial step in the expression of ISGs, we next 
investigated whether the S protein affects the formation of the STAT1-STAT2 and STAT2-
IRF9 complexes, which are essential for ISGF3 activation. We cotransfected plasmids 
expressing STAT2 and S with the STAT1 or IRF9 protein, followed by Co-IP. The results 
demonstrated that while the interaction between STAT1 and STAT2 remained unaffected 
by the S protein (Fig. 4A), the S protein strongly inhibited the binding of STAT2 to IRF9 
under the same conditions (Fig. 4B). These results were further supported by the results 
of the immunofluorescence assay, which showed that in the absence of the S protein, 
STAT2 and IRF9 were completely colocalized, whereas this colocalization was largely 
disrupted in the presence of the S protein (Fig. 4C). These results demonstrated that the S 
protein inhibited the recruitment of IRF9 by the STAT1/STAT2 complex. Subsequently, we 
hypothesized that dose-expressing IRF9 in cells that the S protein also expressed could 
potentially reverse the inhibitory impact of S protein on ISGF3 complex formation. To test 
the hypothesis, S protein was overexpressed in HEK293T cells and IRF9 was expressed at 
increasing levels. Results from the experiments indicated that increasing the transfection 
amount of IRF9 can fully restore the inhibitory effect of S protein on IFN-I-mediated ISRE 
promoter activation (Fig. 4D). Moreover, when cells were co-transfected with S protein 

Fig 1 (Continued)

together with the pRL-SV40 plasmid and the plasmid pCAGGS-Flag-S of 0, 0.01, 0.05, 0.25, and 1.25 µg. All promoter activity was measured upon IFN-β 

(1,000 U/mL) stimulated for 12 h. (E) HEK293T cells grown in 24-well plates were co-transfected with pIRF1-Luc or pISRE-Luc and pRL-SV40 control plasmid and 

a plasmid expressing different S domain proteins. At 24 hours post transfection (hpt), cells were treated with IFN-γ or IFN-λ1 (1,000 U/mL) for 12 h, and the 

luciferase activity was measured. (F) HeLa cells were transfected with empty vector or SARS-CoV-2 S protein-expressing plasmids for 24 h and then stimulated 

with IFN-β (1,000 U/mL) for 12 h. mRNA expression levels of IFITM1, IFITM2, IFITM3, MxA, ISG15, ISG54, and ISG56 in the collected cells were detected by qRT-PCR. 

(G) HEK293T cells grown in 24-well plates were co-transfected with pISRE-Luc, pRL-SV40 control plasmid, and a plasmid expressing different SARS-CoV-2 variants 

S proteins. At 24 hpt, cells were treated with IFN-β (1,000 U/mL) for 12 h, and the luciferase activity was measured. (H) HEK293T cells grown in 24-well plates 

were co-transfected with pISRE-Luc, pRL-SV40 control plasmid, and a plasmid expressing SARS-CoV-2 wild type and variants or different coronavirus S proteins. 

At 24 hpt, cells were treated with IFN-β (1,000 U/mL) for 12 h, and the luciferase activity was measured. Error bars represent mean ± SD from three independent 

experiments. Statistical significance was determined by the one-way analysis of variance (ANOVA) test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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FIG 2 SARS-CoV-2 S protein inhibits phosphorylation of STAT1/STAT2 and blocks STAT1 nuclear translocation. (A) HeLa cells 

were transfected with empty vector plasmid or SARS-CoV-2 S protein-expressing plasmids for 24 h and then stimulated 

with IFN-β for 6 or 12 h and analyzed by western blot using anti-pSTAT1, anti-total STAT1, anti-pSTAT2, and anti-total STAT2 

(Continued on next page)
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and low-level IRF9 alongside an increasing dose expression of STAT2 or with S protein 
and low-level STAT2 alongside an increasing dose expression of IRF9, it resulted in strong 
activation of the ISRE promoter induced by IFN-I (Fig. 4E and F). These data indicated that 
the S protein does not affect the interaction between STAT1 and STAT2 but rather 
interacts with IRF9, thereby hindering the recruitment of IRF9 by STAT2.

Previous studies revealed that STAT2 interacts with IRF9 through its coil-coiled 
domain (CCD) (35). To determine whether the presence of S affects the association of 
STAT2-CCD with IRF9, we carried out Co-IP assays and found that S protein expression led 
to a notable decrease in the interaction between IRF9 and STAT2-CCD (Fig. 4G). Thus, the 
S protein competes with STAT2-CCD for binding with IRF9. To further determine the 
functional sites of the S protein that interfere with the formation of the STAT2-IRF9 
complex, we constructed an IRF9 mutant plasmid (4T) containing L233A, R236E, L274A, 
and F283A, which are located in the C-terminal IRF-association domain (IAD) and have 
been reported to eliminate the interaction between IRF9 and STAT2 (35). Our results 
showed that while IRF9-WT was able to robustly coimmunoprecipitate with S or STAT2-
CCD, the interaction between IRF9-WT and IRF9-(4T) was reduced to background levels. 
In brief, both STAT2 and S interact with IRF9 through the same domain on IRF9, wherein 
STAT2 and S compete with each other to bind to IRF9 (Fig. 4H). Together, our findings 
indicated that the SARS-CoV-2 S protein disturbs the formation of the ISGF3 complex, 
which in turn suppresses the JAK/STAT signaling pathway.

The S2 domain plays a crucial role in the inhibitory function of ISGF3

To determine the pivotal domain involved in the inhibitory effect of the S protein on the 
JAK/STAT signaling pathway, we divided the full-length S protein into five domains: S1 
(aa 12–680), N-terminal domain (NTD) (aa 12–306), RBD (aa 328–533), SD1/2 (aa 535–
680), and S2 (aa 688–1273). HEK293T cells were transfected with plasmids expressing the 
five domains, pISRE-Luc or pRL-SV40, followed by a dual-luciferase assay. The results 
showed that the S protein inhibited the activity of ISRE by ~91%, whereas the S1 and S2 
domains inhibited the activity of ISRE by ~70%. However, the NTD did not affect the 
activity of ISRE triggered by IFN-β. The RBD and SD1/2 only slightly inhibited the activity 
of ISRE by ~57% and ~36%, respectively (Fig. 5A). These data indicated that the S1 and S2 
domains play an important role in inhibiting the activity of the ISRE promoter. As the S2 
domain is more conserved among coronaviruses and had not been elucidated as a IFN 
antagonist, we focused on S2 and verified that the S2 domain can interact with STAT1, 
STAT2, and IRF9 (Fig. 5B), and the immunofluorescence results confirmed these findings 
(Fig. 5C through E). Moreover, the S2 domain suppressed STAT1 nuclear translocation 
induced by IFN-β (data not shown). We therefore speculate that other coronaviruses also 
inhibit the IFN response pathway through the S2 region. We aligned different human 
coronavirus S protein sequences, including those of SARS-CoV-2, SARS-CoV, MERS-CoV, 
HCoV-229E, HCoV-NL63, and HCoV-HKU1, and analyzed them with Simplot software. The 
S2 domain was highly similar among different human coronaviruses (Fig. 5F). As 
expected, the S2 domain of all tested coronavirus S proteins exerted a similar inhibitory 
effect on the activity of the ISRE reporter stimulated by IFN-β (Fig. 5G). Taken together, 

Fig 2 (Continued)

antibodies. Protein band intensity was quantitated using ImageJ software. Data represent the means of three independent 

experiments. (B) HeLa cells were transfected with empty vector plasmid or SARS-CoV-2 S protein-expressing plasmids. After 

24 h, the cells were stimulated with IFN-β for 3 or 6 h and fractionated into cytoplasmic and nuclear fractions. The fractions 

were analyzed by western blotting for STAT1, STAT2, and IRF9 detection. β-Tubulin and Lamin B1 were used as cytoplasmic 

and nuclear markers, respectively. (C, E, and G) HEK293T cells were transfected with the plasmid as indicated. At 48 hpt, the 

cells were harvested and subjected to a Co-IP assay with the anti-HA magnetic beads. β-Tubulin was shown as a loading 

control (input). (D, F, and H) HeLa cells were transfected with plasmid expression HA-STAT1, HA-STAT2, or HA-IRF9 along with 

Flag-S for 24 h. Cells were fixed and permeabilized, staining with anti-HA and anti-FLAG as primary antibodies and anti-Alexa 

Fluor 488, and anti-Alexa Fluor 568 as secondary antibodies. Scale bar, 10 µm.
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FIG 3 SARS-CoV-2 S strapped ISGF3 on ER. (A) HeLa cells were transfected with plasmid expression HA-STAT1, GFP-Sec61β (ER 

marker), and Flag-S for 24 h and then treated with IFN-β (1,000 U/mL) for 30 min. Cells were fixed and permeabilized, staining 

with anti-HA and anti-FLAG as primary antibodies and anti-Alexa Fluor 568 and anti-Cy5 as secondary antibodies. (B) HeLa 

(Continued on next page)
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our data highlight the critical role of the S2 region as a conserved domain in coronavi­
ruses that effectively inhibits the IFN-I pathway.

DISCUSSION

Immunosuppressive conditions strongly affect the immune response of vaccine 
recipients, resulting in a relatively suboptimal immune response after vaccination. 
Clinical studies have shown that the decline in immunity to SARS-CoV-2 starts within the 
first month following complete vaccination, persisting until the sixth month, at which 
point the immunity level may not offer sufficient protection against SARS-CoV-2 (36–41). 
In contrast, long-term studies of antibody responses to vaccinia, measles, mumps, or 
rubella suggest that these responses generally stabilize with half-lives > 10 years (42, 43). 
An increasing number of studies have suggested that SARS-CoV-2 may develop various 
strategies to limit effective IFN production, and the NSP1, NSP3, NSP6, NSP7, NSP8, 
NSP12, NSP13, NSP14, NSP16, ORF3a, ORF6, ORF7a, ORF7b, ORF8, ORF9b, M, S, and N 
proteins have been previously reported to inhibit both IFN-I production and downstream 
signaling (12–21, 34, 44, 45). For example, ORF6 antagonizes the IFN-I response via its C-
terminus and inhibits STAT1 nuclear translocation but not phosphorylation (12); another 
study reported that ORF6 hijacks Nup98 to block STAT nuclear import (15). M has been 
shown to affect RIG-I and TRIM25 to inhibit NF-κB signaling, impairing the phosphoryla­
tion of STAT1 and the nuclear translocation of STAT1 (46). N suppresses the phosphoryla­
tion and nuclear translocation of STAT1 and STAT2 (14). The S protein (S protein) serves as 
a pivotal factor for the cellular entry of SARS-CoV-2 and is a key antigenic component in 
COVID-19 vaccines (47). The substantial decline in the protective efficacy of COVID-19 
vaccines indicates that the S protein may be involved in suppressing cellular immune 
responses. Here, we reported that the coronaviral S protein can target the JAK-STAT 
pathway to block the production of downstream ISGs, especially by disrupting the ISGF3 
complex to inhibit the host antiviral immune signaling pathway (Fig. 6).

The SARS-CoV-2 S protein is composed of two subunits, namely, S1 and S2, which play 
different roles in the viral infection process. S1 contains the receptor-binding domain 
responsible for binding to the receptor on the host cell (48, 49), while S2 contains the 
fusion peptide required for viral entry, mediating virus-cell membrane fusion or entry 
into cells via endocytosis, making it one of the prime targets for antiviral drug design (50, 
51). Despite the continuous transmission and emergence of new variants of SARS-CoV-2, 
the mutation sites of the S protein in the variants are mostly concentrated in the S1 
domain. These amino acid mutations alter the infectivity of the virus, leading to the 
evasion of neutralizing antibodies, while the S2 domain remains relatively conserved 
among different SARS-CoV-2 mutant strains (52, 53). In this study, we found that the S2 
subunit plays a critical role in attenuating the IFN signaling pathway. Interestingly, our 
data showed that the S proteins of SARS-CoV-2 (variants of concern) showed inhibition of 
ISRE activity similar to that of the wild-type strains. Moreover, our analysis indicated that 
the S2 domain was highly similar among different human coronaviruses. Consistent with 
our expectations, the S2 domains of SARS-CoV, MERS-CoV, HCoV-229E, HCoV-NL63, and 
HCoV-HKU-1 also inhibited the IFN-β-induced ISRE activity (Fig. 5F and G). These results 
suggested that the ability of coronaviral S proteins to inhibit the formation of ISGF3 
through the S2 domain and thus suppress the activation of the IFN-I signaling pathway is 
conserved.

Fig 3 (Continued)

cells were transfected with plasmid expression HA-STAT2, GFP-Sec61β (ER marker), and Flag-S for 24 h and then treated with 

IFN-β (1,000 U/mL) for 30 min. Cells were fixed and permeabilized, staining with anti-HA and anti-FLAG as primary antibodies 

and anti-Alexa Fluor 568 and anti-Cy5 as secondary antibodies. (C) HeLa cells were transfected with plasmid expression 

HA-IRF9, GFP-Sec61β (ER marker), and Flag-S for 24 h and then treated with IFN-β (1,000 U/mL) for 30 min. Cells were fixed and 

permeabilized, staining with anti-HA and anti-FLAG as primary antibodies and anti-Alexa Fluor 568 and anti-Cy5 as secondary 

antibodies. Scale bar, 10 µm.
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FIG 4 SARS-CoV-2 S interferes with the formation of the STAT2-IRF9 cognate complex. (A, B) HEK293T cells were transfected 

with the plasmid as indicated for 48 h and then treated with IFN-β (1,000 U/mL) for 1 h. Cells were harvested and subjected 

to a Co-IP assay with the anti-Myc magnetic beads. β-Tubulin was shown as a loading control (input). (C) HeLa cells were 

(Continued on next page)
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The IFN response is the first line of defense against invading viruses during viral 
infection. Previous studies have shown that severe attenuation of IFN downstream 
cytokine expression is observed in patients with severe symptoms of SARS-CoV-2 
infection (7–9). For example, IFN-I and ISG56 are barely induced in the early stage of virus 
infection but increase in the late stage. This delayed antiviral response may provide a 
window into the activation and evaluation of IFN-I responses induced by SARS-CoV-2 (5, 
6, 12). Exogenous IFN-I has also been used in clinical therapy due to the insufficient 
production of IFN-I in patients with severe symptoms and asymptomatic-infected 
individuals (54). However, researchers have also proven that IFN-β does not show 
significant efficacy in the treatment of COVID-19 (55, 56), indicating that SARS-CoV-2 not 
only inhibits the production of IFN-I but also inhibits the IFN-I response, and the 
mechanism underlying inhibition of IFN-I still needs to be studied. Our results indicate 
that the S protein antagonizes the IFN-I downstream JAK-STAT pathway, partially 
explaining the attenuation of the IFN-I response in patients with COVID-19. Consistent 
with the cellular-level experimental findings, the result in a murine model post-SARS-
CoV-2 infection confirmed a substantial downregulation of downstream IFN-responsive 
genes (57). Previous studies have shown that STAT1 is diffusely distributed in the 
cytoplasm at rest, while STAT2 and IRF9 can form a complex and translocate to the 
nucleus to maintain low-level expression of ISGs. Under IFN stimulation, STAT1 and STAT2 
are phosphorylated, form an ISGF3 complex with IRF9, and enter the nucleus, which is 
the key to the strong production of ISGs (15, 46, 58). Recent studies have shown that the 
S protein interacts with STAT1 to block its association with JAK1, and S protein-mediated 
attenuation of IFN-α downstream responses is dependent mainly on its S1 subunit (21). 
In our study, we confirmed the result that the S1 subunit attenuated IFN-β downstream 
responses. Besides, we also found that S2 played a crucial role in the inhibition of IFN-β 
downstream responses. Compared with the vector, the full-length S protein attenuated 
IFN-β-induced ISRE reporter activation by approximately 91%, indicating more compre­
hensive inhibitory effects on IFN downstream signaling. Interestingly, the NTD did not 
inhibit the activation of the ISRE reporter, whereas the RBD and SD1/2 only resulted in 
approximately 57% and 36% inhibition, respectively. The S1 subunits and S2 demonstra­
ted a strong inhibitory efficiency of approximately 70%, similar to that of full-length S 
(Fig. 5A), suggesting that the IFN antagonist ability requires an intact subunit of S 
proteins. Besides JAK1/STAT1 being inhibitory in STAT1 phosphorylation signaling, we 
further disclosed that the downstream ISGF3 complex is disrupted and trapped outside 
the nucleus by S/S2 protein, suggesting an impressive IFN antagonist role of S protein. 
Moreover, we found that the S2 domain had highly similar IFN antagonist abilities in 

Fig 4 (Continued)

transfected with plasmid expression HA-STAT2, GFP-IRF9, and Flag-S for 24 h. Cells were fixed and permeabilized, staining with 

anti-HA and anti-FLAG as primary antibodies and anti-Alexa Fluor 568 and anti-Cy5 as secondary antibodies. Scale bar, 10 µm. 

(D) HEK293T cells grown in 24-well plates were co-transfected with pISRE-Luc, pRL-SV40 control plasmid, a plasmid expressing 

different S domain proteins, and a plasmid expressing IRF9 (0 ng, 50 ng, 250 ng, and 1,250 ng). At 24 hpt, cells were treated 

with IFN-β (1,000 U/mL) for 12 h, and the luciferase activity was measured. (E) HEK293T cells grown in 24-well plates were 

co-transfected with pISRE-Luc, pRL-SV40 control plasmid, a plasmid expressing S, a plasmid expressing STAT2 protein, and a 

plasmid expressing IRF9 (0 ng, 50 ng, 250 ng, and 1,250 ng). At 24 hpt, cells were treated with IFN-β (1,000 U/mL) for 12 h, and 

the luciferase activity was measured. (F) HEK293T cells grown in 24-well plates were co-transfected with pISRE-Luc, pRL-SV40 

control plasmid, a plasmid expressing S, a plasmid expressing IRF9 protein, and a plasmid expressing STAT2 (0 ng, 50 ng, 

250 ng, and 1,250 ng). At 24 hpt, cells were treated with IFN-β (1,000 U/mL) for 12 h, and the luciferase activity was measured. 

(G) Domain organization of STAT2 and IRF9. CCD, coiled-coil domain; DBD, DNA-binding domain; IAD, IRF-association domain; 

LD, linker domain; ND, N-domain; SH2, Src homology domain; TAD, transactivation domain. HEK293T cells were transfected 

with the plasmid as indicated for 48 h. Co-IP was performed with anti-HA magnetic beads. β-Tubulin was shown as a loading 

control (input). (H) HEK293T cells were transfected with the plasmid-encoded CCD, S protein, and IRF9 wild-type or mutant 

plasmid (4T), containing L233A, R236E, L274A, and F283A, for 48 h. Co-IP was performed with anti-HA magnetic beads. 

β-Tubulin was shown as a loading control (input). Error bars represent mean ± SD from three independent experiments. 

Statistical significance was determined by the one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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FIG 5 The S2 domain is mainly responsible for the inhibition mechanism. (A) HEK293T cells grown in 24-well plates were co-transfected with pISRE-Luc, 

pRL-SV40 control plasmid, and a plasmid expressing different S domain proteins. At 24 hpt, cells were treated with IFN-β (1,000 U/mL) for 12 h, and the luciferase 

activity was measured. FL, full length. (B) HEK293T cells were transfected with the plasmid as indicated. At 48 hpt, the cells were harvested and subjected to

(Continued on next page)
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different human coronaviruses, including SARS-CoV, MERS-CoV, HCoV-229E, HCoV-NL63, 
and HCoV-HKU1 (Fig. 5F and G). These results indicated that the S2 domain of the S 
protein of coronavirus also mediated the inhibition of the IFN-I pathway. We mainly 
investigated IFN-β instead of IFN-α because IFN-α is blocked in the production step, 
leaving the IFN-β response to be the major target for SARS-CoV-2 to combat (IFN-α 
production is diminished in mouse model) (59), and the potential for response to IFN-α 
was not affected in COVID-19 patients (10).

To clarify the interaction between membrane-located S protein with cytoplasmic 
STAT proteins, we further tested the IFN-antagonist ability of S protein and the S2 
domain without the transmembrane motif (TM) domain. The luciferase assay results 
demonstrated that SΔTM and S2ΔTM still significantly suppressed the activation of the 
IFN-β-induced ISRE promoter activity (Fig. S1A). In cells over-expressing STAT1 and SΔTM 
or S2ΔTM protein, the SΔTM and S2ΔTM protein could again interact with STAT1 with or 
without IFN-β stimulating in both Co-IP assay (Fig. S1B and C) and immunofluorescence 
collocalization assay (Fig. S1D and E). These data indicated that S protein interacts 
with STATs probably through its cytoplasmic body domain outside the ER lumen. The 
orientation of S on the ER membrane is still controversial and needs further studies.

The interaction between STAT2 and the IAD of IRF9 is essential for the formation of 
ISGF3 and the generation of ISGs (60). The STAT2-IRF9 complex and the NF-κB subunit 
p65 have been reported to be important elements in activating IL-6 expression (61). 
Mariani et al. also revealed that the STAT2-IRF9 complex increased the expression of 
both IFN-β- and TNF-55-stimulating genes (62). Therefore, STAT2-IRF9 and ISGF3 may 
be important complexes for regulating signaling pathways at the promoter level. Our 
study showed that the S protein was localized in the ER and could anchor STAT1 as 
well as STAT2 and IRF9 in the cytoplasm to the ER via interactions, which might reveal 
the molecular mechanism by which the S protein inhibits the interaction between JAK1 
and STAT1. Moreover, the S protein can disrupt the interaction between STAT2 and IRF9 
and inhibit the formation of ISGF3, thus inhibiting the IFN signaling pathway. A previous 
study revealed that IRF9 contains four mutant sites located in the IAD and cannot bind 
to STAT2, thus disrupting the formation of ISGF3 (35). Interestingly, our study showed 
that the S protein strongly interacts with IRF9; however, the four mutation sites located in 
the IAD of IRF9 eliminated the interaction with the S protein. This finding indicated that 
the S protein attenuated the interaction of STAT2 with IRF9 by competitively binding to 
IAD and subsequently inhibited the formation of ISGF3. In summary, our data revealed 
a novel mechanism by which the S protein inhibits the formation of ISGF3 and provided 
evidence of asymptomatic COVID-19 infection.

Taken together, our study expands the understanding of SARS-CoV-2 and other 
human coronaviruses in evading antiviral immune strategies, which is very important 
for the design and optimization of vaccine antigens, thus providing a theoretical basis for 
human anti-coronavirus immunity and understanding the interaction between the host 
and coronavirus.

Fig 5 (Continued)

a Co-IP assay with the anti-HA magnetic beads. β-Tubulin was shown as a loading control (input). (C, D, and E) HeLa cells were transfected with a plasmid 

expressing HA-STAT1, HA-STAT2, or HA-IRF9 along with Flag-S2 for 24 h. Cells were fixed and permeabilized, staining with anti-HA and anti-FLAG as primary 

antibodies and anti-Alexa Fluor 488 and anti-Alexa Fluor 568 as secondary antibodies. Scale bar, 10 µm. (F) Simplot analyses the similarity of different human 

coronavirus S protein sequences. The abscissa represents the amino acid position of the SARS-CoV-2 S protein. (G) HEK293T cells grown in 24-well plates were 

co-transfected with pISRE-Luc, pRL-SV40 control plasmid, and a plasmid expressing different coronavirus S2 domains. At 24 hpt, cells were treated with IFN-β 

(1,000 U/mL) for 12 h, and the luciferase activity was measured. Error bars represent mean ± SD from three independent experiments. Statistical significance was 

determined by the one-way ANOVA test. **P < 0.01 and ****P < 0.0001.
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MATERIALS AND METHODS

Cell culture

The HEK293T and HeLa cells were obtained from American Type Culture Collection 
and maintained in Dulbecco’s modified Eagle medium (Gibco) supplemented with 10% 
fetal bovine serum (FBS) and 1% penicillin and streptomycin (P/S, Gibco) at 37°C in an 
incubator with 5% CO2.

Quantitative real-time PCR

The mRNA levels of the indicated genes were quantified via qRT-PCR. Total RNA was 
extracted by using TRIzol (Invitrogen, cat #15596018) and reverse transcript to cDNA by 
the PrimeScrip RT Reagent Kit (Takara, cat #RR037A). The corresponding cDNAs were 
quantified by using Hieff qPCR SYBR Green Master Mix (Yeason, cat #11202ES03). The 
Primer sequences are provided below. All mRNA levels were normalized to the β-actin 
level or mActb level.

The primers are listed in Table 1.

FIG 6 Working model SARS-CoV-2 S protein blocks IFN-β signaling by impeding the phosphorylation of STAT1/STAT2 and disrupting the STAT2-IRF9 cognate 

complex.
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Plasmid and transfection

The plasmid-encoding SARS-CoV-2 ORFs were cloned into the pCAGGS vector. The 
plasmid encoding SARS-CoV-2 S protein with Flag-tag was purchased from SinoBiologi­
cal (cat #VG40589-NF). Mammalian expression plasmids for HA-, Flag-, or myc-tagged 
STAT1, STAT2, and IRF9 were constructed by standard molecular biology techniques. 
pISRE-Luc and pRL-SV40 were preserved in our laboratory. The S protein of SARS-CoV-2 
variants (Alpha, Beta, Gamma, and Delta), SARS-CoV, MERS-CoV, 229E, NL63, HKU-1, 
and S1, NTD, RBD, SD1&SD2, and S2 of SARS-CoV-2 S protein was cloned into the 
pCAGGS vector. The DNA transfection reagent using Lipofectamine 2000 (Invitrogen) and 
conducted according to the manufacturer’s protocol.

Luciferase assay

HEK293T cells were seeded in 24-well plates and were transfected with a control plasmid 
or plasmid expressing the indicated gene along with ISRE, IFITM3, MxA, or IRF1 promoter 
firefly luciferase reporter plasmid and pRL-SV40 for 24 h. Subsequently, cells were 
stimulated with IFN-β, IFN-γ, or IFN-λ1 (1000 U/mL) for 8 h; then, cells were harvested 
and cell lysates were used to determine luciferase using a Dual-Luciferase Reporter Assay 
System (Promega). The firefly luciferase activities were normalized to Renilla luciferase 
activities.

Western blot

Cells were lysed in RIPA buffer on ice for 30 min, separated by using SDS-PAGE, and 
subjected to western blot analysis. Mouse monoclonal HA-tag antibody (BioLegend, cat 
#901515, 1:10,00), mouse monoclonal Flag-tag antibody (Sigma, cat #F3165, 1:1,000), 
rabbit monoclonal HA-tag antibody (CST, cat #3724, 1:1,000), rabbit monoclonal Flag-tag 
antibody (CST, cat #14793, 1:1,000), rabbit monoclonal myc-tag antibody (CST, cat 
#2278, 1:1,000), rabbit polyclonal SARS-CoV-2 S antibody (SinoBiological, cat #40591-T62, 
1:5,000), and rabbit polyclonal anti-tubulin antibody (Antgene, cat #ANT327, 1:2,000) 
were purchased commercially. Peroxidase-conjugated secondary antibodies (Antgene, 1: 
5,000) were applied accordingly, followed by image development with a Chemilumines­
cent HRP Substrate Kit (Millipore Corporation).

Co-immunoprecipitation

Cells were harvested and washed with ice-cold PBS and lysed in RIPA buffer and a 
protease inhibitor (Roche, cat #04693116001) for 30 min on ice. The lysates were 
incubated with anti-HA or anti-Flag Agarose beads (MCE, cat #HY-K0207) as indicated 
overnight at 4°C. The immunoprecipitations were separated by SDS-PAGE and analyzed 
by immunoblotting.

TABLE 1 Primers used in this study

Gene Forward primer (5′→3′) Reverse primer (5′→3′)
IFITM1 CCAAGGTCCACCGTGATTAAC ACCAGTTCAAGAAGAGGGTGTT
IFITM2 ATGAACCACATTGTGCAAACCT CCCAGCATAGCCACTTCCT
IFITM3 CACCTCCTCCCCTTCCTCA TGTCCCCGGCTATCCACTA
ISG15 CCTCCAGCCCGCTCACTTGC AGGACAGGGTCCCCCTTGCC
ISG54 CTGCAACCATGAGTGAGAA CCTTTGAGGTGCTTTAGATAG
ISG56 TACAGCAACCATGAGTACAA TCAGGTGTTTCACATAGGC
IFN-γ TCGGTAACTGACTTGAATGTCCA TCGCTTCCCTGTTTTAGCTGC
MxA GATCATGTGCTGAATGCCTAGCAC GTGGAGCCTGACCTTGTGGCACTG
β-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT
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Immunofluorescence microscopy

HeLa cells grown on glass coverslips were fixed in 4% paraformaldehyde (in PBS) for 
15 min at room temperature and permeabilized with 0.1% Triton X-100 (in PBS) for 
15 min at room temperature. Subsequently, the cells were blocked with 1% BSA (in 
PBS) for 1 h and incubated with the rabbit monoclonal anti-HA antibody (CST, cat 
#3724, 1:500) or rabbit monoclonal anti-STAT1 antibody (CST, cat #14994, 1:500) or 
mouse monoclonal anti-Flag antibody (Sigma, cat #F3165, 1:100) overnight at 4°C. Cells 
were then washed with PBS and stained with secondary antibodies (Alexa Fluor R488, 
Invitrogen; Alexa Fluor M568, Invitrogen) for 45 min at room temperature in the dark 
and then washed three times with PBS. The cell nucleus was stained with DAPI (Sigma, 
cat #D9542) according to the standard protocols. Cell imaging was performed on a Zeiss 
LSM880 with an Airyscan confocal laser scanning microscope.

Homology analysis

The full-length S protein sequences of SARS-CoV-2 (NC_045512.2 nucleotides 21563 to 
25384), SARS-CoV (NC_004718.3 nucleotides 21492 to 25259), MERS-CoV (NC_019843.3 
nucleotides 21456 to 25517), 229E (NC_028752.1 nucleotides 20585 to 24094), NL63 
(NC_005831.2 nucleotides 20472 to 24542), and HKU-1 (NC_006577.2 nucleotides 22942 
to 27012) were aligned using MUSCLE. The aligned sequences were further confirmed 
using a similarity plot implemented in Simplot 3.5.1.

Statistical analysis

Data were analyzed with GraphPad Prism 8 software. Data are expressed as the mean 
± SD. Comparisons of groups were performed using two two-tailed Student’s t-test or 
one-way ANOVA test. The values *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 
were considered significant.
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