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ABSTRACT Coronavirus disease 2019 (COVID-19) is caused by severe acute respira­
tory syndrome coronavirus 2 (SARS-CoV-2) infection and characterized by dysregula­
ted immune response. Studies have shown that the SARS-CoV-2 accessory protein 
ORF7b induces host cell apoptosis through the tumor necrosis factor alpha (TNF-α) 
pathway and blocks the production of interferon beta (IFN-β). The underlying mech­
anism remains to be investigated. In this study, we found that ORF7b facilitated 
viral infection and production, and inhibited the RIG-I-like receptor (RLR) signaling 
pathway through selectively interacting with mitochondrial antiviral-signaling protein 
(MAVS). MAVS439-466 region and MAVS Lys461 were essential for the physical associa­
tion between MAVS and ORF7b, and the inhibition of the RLR signaling pathway by 
ORF7b. MAVSK461/K63 ubiquitination was essential for the RLR signaling regulated by 
the MAVS–ORF7b complex. ORF7b interfered with the recruitment of tumor necrosis 
factor receptor-related factor 6 (TRAF6) and the activation of the RLR signaling pathway 
by MAVS. Furthermore, interfering peptides targeting the ORF7b complex reversed the 
ORF7b-suppressed MAVS-RLR signaling pathway. The most potent interfering peptide V 
disrupts the formation of ORF7b tetramers, reverses the levels of the ORF7b-inhibited 
physical association between MAVS and TRAF6, leading to the suppression of viral 
growth and infection. Overall, this study provides a mechanism for the suppression 
of innate immunity by SARS-CoV-2 infection and the mechanism-based approach via 
interfering peptides to potentially prevent SARS-CoV-2 infection.

IMPORTANCE The pandemic coronavirus disease 2019 (COVID-19) is caused by severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and continues to 
be a threat to public health. It is imperative to understand the biology of SARS-
CoV-2 infection and find approaches to prevent SARS-CoV-2 infection and ameliorate 
COVID-19. Multiple SARS-CoV-2 proteins are known to function on the innate immune 
response, but the underlying mechanism remains unknown. This study shows that 
ORF7b inhibits the RIG-I-like receptor (RLR) signaling pathway through the physi­
cal association between ORF7b and mitochondrial antiviral-signaling protein (MAVS), 
impairing the K63-linked MAVS polyubiquitination and its recruitment of tumor necrosis 
factor receptor-related factor 6 (TRAF6) to MAVS. The most potent interfering peptide V 
targeting the ORF7b–MAVS complex may reverse the suppression of the MAVS-mediated 
RLR signaling pathway by ORF7b and prevent viral infection and production. This study 
may provide new insights into the pathogenic mechanism of SARS-CoV-2 and a strategy 
to develop new drugs to prevent SARS-CoV-2 infection.
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C oronavirus disease 2019 (COVID-19), which is caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) infection, continues to be a significant health 

concern worldwide (1, 2). As of 11 February 2024, more than 774 million people 
have been affected and 7.03 million cumulative deaths have been caused (https://
covid19.who.int). It is imperative to understand the biology of SARS-CoV-2 infection 
and find approaches to prevent and ameliorate COVID-19. The coronavirus SARS-CoV-2 
is a single-stranded positive-sense RNA virus found in several animal species (3). The 
genome of SARS-CoV-2 encodes more than 28 proteins for viral assembly and functions, 
including 4 structural proteins, 16 non-structural proteins, and 8 accessory proteins 
(4). After angiotensin-converting enzyme 2 (ACE2)-mediated entrance (5), SARS-CoV-2 
virus produces non-structural, structural, and accessory proteins and reproduces through 
genome replication, transcription, viral assembly, and release from host cells (6). 
SARS-CoV-2 infection also perturbs the immune system by suppressing type I responses 
and enhancing the proinflammatory response, promoting viral replication and host 
tissue damage (7–10). The significant feature of SARS-CoV-2 infection is that the levels of 
type I interferon (IFN) are extremely low (10).

The host innate immune response is one of the first lines of defense against viral 
infection (11). Upon recognition of viral dsRNA, the viral RNA sensor RIG-I-like receptor 
(RLRs) bind with mitochondrial antiviral-signaling protein (MAVS) through K63-linked 
ubiquitination and their caspase recruitment domains (CARDs) (12). Subsequently, the 
MAVS rapidly forms prion-like aggregates through CARDs, binds with the tumor necrosis 
factor receptor-related factors (TRAFs) 2,5,6 via its proline-rich region (PRR) domain, 
and then activates IKK and TBK1. Upon activation, the cytosolic kinase TBK1 promotes 
the phosphorylation and homodimerization of IRF3, which induces the transcription 
of type I IFNs. The cytosolic kinase IKK activates NF-κB to promote the transcription 
of proinflammatory cytokines, including tumor necrosis factor alpha (TNF-α) (13–15). 
SARS-CoV accessory protein ORF9b localizes in mitochondria and directly manipulates 
mitochondrial function to evade host cell immunity and facilitate virus replication and 
disease (16). Upon SARS-CoV-2 infection, ORF9b protein inhibits the IFN-I pathway by 
interacting with MAVS and preventing the phosphorylation and nuclear translocation of 
IRF3 (17). ORF9b inhibits the binding between hTOM70 and Hsp90, which undermines 
the recruitment of Hsp90 to TBK1/IRF3, thus weakening the signaling cascade for the 
IFN-I pathway (18, 19). ORF10 inhibits the IFN-I pathway by inducing mitophagy-medi­
ated degradation of MAVS (20). The localization of SARS-CoV-2 proteins in mitochondria 
may play critical roles in the pathogenesis of COVID-19, activating inflammasome and 
suppressing the innate and adaptive immunity after viral infection (21).

The SARS-CoV-2 accessory protein ORF7b encodes 43 amino acid residues, includ­
ing a fully conserved transmembrane domain (22). ORF7b may be involved in cellular 
infection processes of SARS-CoV-2 (23). Recently, studies in our lab and by other groups 
have shown that SARS-CoV-2 ORF7b induces host cell apoptosis through the TNF-α 
pathway and blocks the production of IFN-β (24, 25). We hypothesized that ORF7b 
interferes with the upstream of the RLR signaling pathways and thus blocks TNF-α and 
IFN-β production.

Increasing evidence suggests that peptide drugs targeting disease-relevant 
protein–protein interactions could be key factors in clinical success (26). Interfering 
peptides targeting the SARS-CoV-2 nuclear coat protein dimer structure have been 
designed to disrupt the liquid–liquid phase separation (LLPS) of SARS-CoV-2-NP, thereby 
enhancing the intrinsic antiviral response of the host in vitro and in vivo (27). Interfering 
peptides targeting the ORF7b may prevent infection and production of SARS-CoV-2 and 
reverse the suppression of innate immunity by ORF7b.

In this study, we investigated the mechanism of inhibition of the RLR signal­
ing pathway by ORF7b and developed interfering peptides targeting the ORF7b to 
prevent SARS-CoV-2 infection and innate immunity compromise. We found that ORF7b 
specifically binds to MAVS, impairing the K63-linked MAVS polyubiquitination and its 
recruitment of downstream adaptors and resulting in inhibiting the RLR signaling 
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pathway. We also identified interfering peptides that targeted the ORF7b–MAVS complex 
and reversed the suppression of the MAVS-mediated RLR signaling pathway by ORF7b, 
preventing viral infection and growth. Our study may provide new insights into the 
pathogenic mechanism of SARS-CoV-2 and a strategy to develop new drugs to prevent 
SARS-CoV-2 infection.

RESULTS

SARS-CoV-2 accessory protein ORF7b facilitated viral infection and produc­
tion, and inhibited the RLR signaling pathway

To investigate the role of ORF7b in viral infection and production, we transfected 
HEK293T cells with pCAGGS-ORF7b-FLAG or empty vector (pCAGGS) and pMD2G, and 
then infected the cells with VSV-ΔG-GFP and determined the infection and production 
of VSV-ΔG-GFP. The results showed that GFP was expressed in the HEK293T cells infected 
with VSV-ΔG-GFP as determined by fluorescence microscopy (Fig. 1A) and Western 
blotting (Fig. 1B), suggesting that the production of viral VSV-ΔG-GFP was present in 
the HEK293T cells. Overexpression of ORF7b-FLAG resulted in enhanced VSV-ΔG-GFP 
production, compared with the control (Fig. 1A and B). Furthermore, the flow cytome­
try results confirmed the presence of GFP-expressing HEK293T cells after VSV-ΔG-GFP 
infection (Fig. 1C) and showed that overexpression of ORF7b-FLAG resulted in increase 
in the rate of GFP-positive HEK293T cells, compared with the control (Fig. 1C and D). The 
viral VSV-ΔG-GFP titer was significantly increased by overexpression of ORF7b-FLAG (Fig. 
1E). These results suggested that ORF7b enhanced the infection and production of viral 
VSV-ΔG-GFP in the HEK293T cells.

Previous proteomic study indicates that there is a functional association between 
ORF7b and MAVS (28), suggesting that ORF7b affects the innate immune function. To 
examine the potential effect of ORF7b on the innate immune function, we transfected 
HEK293T cells and HEK293T-ORF7b-GFP cells, which stably expressed ORF7b-GFP, with 
IFN-β-pGL3, pRL-SV40, RLR signaling components RIG-I, MDA5, MAVS, TBK1 expression 
plasmids, and the control mock plasmid (pCMV-Flag), followed by poly (I:C) treatment. 
We determined the relative luciferase activity, which indicates the IFN-β promoter 
activity. The results showed that the IFN-β promoter was significantly activated in the 
HEK293T cells and HEK293T-ORF7b-GFP cells transfected with RIG-I, MDA5, MAVS, and 
TBK1 plasmids, compared with the mock control group (Fig. 1G). The magnitudes of 
activation of the IFN-β promoter by RIG-I, MDA5, MAVS, and TBK1 in the HEK293T-ORF7b-
GFP cells were significantly lower (by RIG-I, MDA5, MAVS) or tended to be lower (by TBK1) 
than those in the HEK293T cells (Fig. 1G). These results suggested that ORF7b inhibited 
the RLR signaling pathway.

ORF7b was physically associated with MAVS, and MAVS439-466 region was 
essential for this association

To investigate the potential mechanism underlying the inhibition of the RLR signaling 
pathway by ORF7b, we transfected HEK293T-ORF7b-GFP cells with RIG-I, MDA5, MAVS, 
and TBK1 expression plasmids, and treated the cells with poly (I:C). We examined 
whether ORF7b formed complexes with RIG-I, MDA5, MAVS, and TBK1 in the HEK293T 
cells using co-immunoprecipitation (co-IP) assays. The results indicated that ORF7b was 
physically associated with MAVS but not with RIG-I, MDA5, or TBK1 in the HEK293T cells 
(Fig. 2A).

MAVS is a 540-amino acid protein that contains three domains: N-terminal CARD, 
middle PRR, and C-terminal transmembrane (TM) domain (29). To further investigate the 
specific domain/region of MAVS responsible for the physical association between ORF7b 
and MAVS, we transfected HEK293T-ORF7b-GFP cells with plasmids encoding MAVS and 
its truncations (Fig. 2B), and performed co-IP assays. The results indicated that ORF7b 
was associated with MAVS, MAVS181-541, MAVS362-541, and MAVS1-90,439-541, but not with 
the truncates MAVS1-180, MAVS1-438, or MAVS1-90,467-541 (Fig. 2C). Therefore, the 
MAVS439-466 domain was required for MAVS to interact with ORF7b.
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Furthermore, the confocal microscopy results showed that ORF7b was fully co-
localized with full-length MAVS, MAVS1-180, MAVS1-438, MAVS181-541, MAVS362-541, and 
MAVS1-90,439-541, and partially co-localized with MAVS91-180,467-541, but not with 
MAVS1-90,467-541 (Fig. 2D). Pearson’s correlation coefficient (PCC) (Fig. 2D) indicates the 
extent of co-localization of the two fluorescence signals (30). These results suggested 
that MAVS439-466 was essential for the co-localization of MAVS and ORF7b. Therefore, 
ORF7b was physically associated with MAVS, and MAVS439-466 region was essential for 
this association.

FIG 1 SARS-CoV-2 accessory protein ORF7b facilitated viral infection and production, and inhibited the RLR pathway-mediated IFN-β promoter activity in 

HEK293T cells. (A–E) ORF7b facilitated viral infection and production. The HEK293T cells were co-transfected with pCAGGS-ORF7b-FLAG or pCAGGS plasmids and 

pMD2G. Twenty-four hours later, the cells were infected with VSV-ΔG-GFP for 1 h and then incubated for 12 h. The cells and media were subjected to subsequent 

examination. (A, B) ORF7b enhanced GFP expression in the HEK293T cells infected with VSV-ΔG-GFP. GFP expression was observed and photographed using 

a fluorescence microscope (A) and was determined using Western blotting (B). (C, D) ORF7b enhanced the viral infection of VSV-ΔG-GFP in the HEK293T 

cells. The GFP-positive cells were identified using the flow cytometry assay (C). Infection rate was calculated according to the result of the flow cytometry 

assay (D). (E) ORF7b enhanced the viral production in the HEK293T cells infected with VSV-ΔG-GFP. Viral titers in the media were determined using the 

Spearman-Karber method. (F) ORF7b inhibited the RLR pathway-mediated IFN-β promoter activity. The HEK293T cells and HEK293T-ORF7b-GFP cells, which 

stably expressed ORF7b-GFP, were transfected with IFN-β-pGL3, pRL-SV40, and the RIG-I, MDA5, MAVS, TBK1 expression plasmids or control mock plasmid 

(pCMV-Flag) for 18 h, followed by 10 µg/mL poly (I:C) treatment for 6 h. Relative luciferase activity, which indicates the IFN-β promoter activity, was determined. 

*P < 0.05, **P < 0.01, ***<I>P < 0.001, and ****<I>P < 0.0001; Student’s t-test or one-way ANOVA, Tukey’s post-hoc test. NC, negative control. ns, no significant 

difference.
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MAVS Lys461 was essential for physical association between MAVS and 
ORF7b, and for inhibition of the RLR signaling pathway by ORF7b

Studies have shown that several key amino acid residues in the MAVS439-466 region 
play essential roles in the RLR signaling pathway. Ser442 is essential for IRF3 binding 
and activation (31), Glu457 is essential for MAVS to interact with TRAF6 and mediates 
the activation of NF-κB and IRF3 pathways (32), and Lys461 promotes K63-linked 
polyubiquitination, which facilitates the formation of prion-like MAVS aggregates (33). 

FIG 2 ORF7b was physically associated with MAVS, and MAVS439-466 region was essential for this association. (A) ORF7b was physically associated with MAVS. 

HEK293T-ORF7b-GFP cells were transfected with RIG-I, MDA5, MAVS, TBK1 expression plasmids, and the respective control vectors for 18 h, and then treated 

with poly (I:C) for 6 h. The cells were collected and subjected to co-IP assays using the anti-GFP magnetic beads. The control vector expressing GFP alone in 

HEK293T was used as the control group. (B) Schematic domains/regions of the full-length MAVS and its truncation mutants. (C) MAVS439-466 region was essential 

for the physical association between ORF7b and MAVS. The HEK293T-ORF7b-GFP cells were transfected with plasmids encoding MAVS and its truncations 

MAVS1-180-FLAG, MAVS181-541-FLAG, MAVS1-90,467-541-FLAG, MAVS362-541-FLAG, MAVS1-438-FLAG, and MAVS1-90,439-541-FLAG for 18 h, and then treated with 

10 µg/mL poly (I:C) for 6 h. The cells were collected and subjected to co-IP assays using the anti-GFP magnetic beads. The empty vector expressing GFP alone 

in HEK293T was used as the control group. (D) Subcellular co-localization analysis of ORF7b with MAVS and its truncations. The HEK293T-ORF7b-GFP cells were 

transfected with plasmids encoding MAVS and its truncations for 18 h, and then treated with poly (I:C) for 6 h. The cells were subjected to immunocytochemistry 

and confocal microscopy analysis using Alexa-Fluor-555-conjugated goat anti-rabbit IgG secondary antibody (anti-flag, red). Pearson’s correlation coefficients 

indicating the extent of co-localization of the two fluorescence signals were calculated. Scale bars, 10 µm.
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To investigate whether these amino acid residues play essential roles in the interac­
tion between MAVS and ORF7b, we transfected HEK293T-ORF7b-GFP cells with MAVS, 
MAVSS442A, MAVSE457D, and MAVSK461R expression plasmids, treated the cells with poly 
(I:C), and performed co-IP assays. The results showed that the amounts of MAVSE457D and 
MAVSK461R proteins precipitated by ORF7b were less than those of MAVS and MAVSS442A. 
The reduction in the amount of MAVSK461R protein was dramatic (Fig. 3A). The results 
suggested that MAVS Lys461 was essential for the physical association between MAVS 
and ORF7b.

To investigate whether Ser442, Glu457, and Lys461 play essential roles in the 
inhibition of the MAVS-mediated IFN-β promoter activity by ORF7b, we transfec­
ted HEK293T cells and HEK293T-ORF7b-GFP cells with IFN-β-pGL3, pRL-SV40, MAVS, 
MAVSS442A, MAVSE457D, MAVSK461R expression plasmids, and the control plasmid, 
followed by poly (I:C) treatment. We determined the relative luciferase activity, which 
indicates the IFN-β promoter activity. The results showed that the IFN-β promoter 
activity was significantly activated by MAVS, MAVSS442A, MAVSE457D, and MAVSK461R 
(Fig. 3B). The magnitudes of activation by MAVSS442A, MAVSE457D, and MAVSK461R were 

FIG 3 MAVS Lys461 was essential for physical association between MAVS and ORF7b, and for inhibition of the RLR signaling pathway by ORF7b. (A) MAVS Lys461 

was essential for physical association between MAVS and ORF7b. HEK293T-ORF7b-GFP cells were transfected with MAVS, MAVSS442A, MAVSE457D, and MAVSK461R 

expression plasmids for 18 h, and treated with 10 µg/mL poly (I:C) for 6 h. The cells were collected, and co-IP assays were performed. (B) MAVS Lys461 was 

essential for inhibition of the MAVS-mediated IFN-β promoter activity by ORF7b. Luciferase-based IFN-β promoter activity was detected in the HEK293T cells and 

HEK293T-ORF7b-GFP cells. The cells were co-transfected with reporter plasmids and a plasmid expressing wild-type MAVS or its mutants, followed by stimulation 

with poly (I:C). The HEK293T cells and HEK293T-ORF7b-GFP cells were transfected with IFN-β-pGL3, pRL-SV40, MAVS, MAVSS442A, MAVSE457D, MAVSK461R 

expression plasmids, and the control plasmid for 18 h, followed by 10 µg/mL poly (I:C) treatment for 6 h. The relative luciferase activity was determined. 

(C–E) MAVS Lys461 was essential for inhibition of the IFN-β signal pathway and TNF-α expression by ORF7b. The HEK293T cells and HEK293T-ORF7b-GFP 

cells were transfected with MAVS, MAVSS442A, MAVSE457D, MAVSK461R expression plasmids, and the control plasmid for 18 h, followed by 10 µg/mL poly (I:C) 

treatment for 6 h. IFN-β (C), IFITM3 (D), and TNF-α (E) mRNA levels were determined using qPCR. *P < 0.05, **<I>P < 0.01, ***<I>P < 0.001, and ****<I>P < 0.0001; 

ns, no significant difference, Student’s t-test.
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significantly lower than that by MAVS (Fig. 3B), suggesting that Ser442, Glu457, and 
Lys461 were essential for MAVS-mediated IFN-β promoter activity. Furthermore, the 
IFN-β promoter activity activated by MAVS, MAVSS442A, and MAVSE457D, but not by 
MAVSK461R, was significantly inhibited by ORF7b (Fig. 3B), suggesting that MAVS Lys461 
was essential for the inhibition of the MAVS-mediated IFN-β promoter activity by ORF7b.

To investigate whether Ser442, Glu457, and Lys461 play essential roles in the 
inhibition of the MAVS-mediated RLR signal pathway by ORF7b, we transfected HEK293T 
cells and HEK293T-ORF7b-GFP cells with MAVS, MAVSS442A, MAVSE457D, MAVSK461R 
expression plasmids, and the control plasmid, and treated the cells with poly (I:C). We 
determined the IFN-β, IFITM3, and TNF-α mRNA levels with quantitative PCR (qPCR). The 
results showed that IFN-β, IFITM3, and TNF-α mRNA expression was significantly activated 
by MAVS, MAVSS442A, MAVSE457D, and MAVSK461R (Fig. 3C through E). The magnitudes of 
activation by MAVSS442A, MAVSE457D, and MAVSK461R were significantly lower than that 
by MAVS (Fig. 3C through E), suggesting that Ser442, Glu457, and Lys461 were essential 
for the MAVS-mediated IFN-β, IFITM3, and TNF-α mRNA expression. Furthermore, the 
IFN-β, IFITM3, and TNF-α mRNA expression by MAVS, MAVSS442A, and MAVSE457D, but 
not by MAVSK461R, was significantly inhibited by ORF7b (Fig. 3C through E). The results 
suggested that MAVS Lys461 was essential for the inhibition of the MAVS-mediated RLR 
signal pathway by ORF7b.

MAVSK461/K63 ubiquitination was essential for the RLR signaling regulated 
by the MAVS–ORF7b complex

It has been shown that K63 polyubiquitin chains are required to activate MAVS and RIG-I 
(34, 35). To investigate whether MAVS K63 ubiquitination mediated the repression of the 
RLR signaling pathway by ORF7b, we transfected HEK293T cells and HEK293T-ORF7b-GFP 
cells with MAVS and ubiquitin (wild type [WT], K48, K63) expression plasmids, and 
then infected the cells with Sendai virus. We determined the IFN-β, IFITM3, and TNF-α 
mRNA levels with qPCR. The results showed that IFN-β, IFITM3, and TNF-α mRNA levels 
were significantly increased by MAVS and ubiquitin WT overexpression. The increases 
were inhibited by ORF7b as expected (Fig. 4A through C). Compared with the control, 
overexpression of ubiquitin WT, K48, and K63 resulted significant increases in the IFN-β, 
IFITM3, and TNF-α mRNA levels (Fig. 4A through C), suggesting that ubiquitin WT, K48, 
and K63 were involved in the regulation of IFN-β, IFITM3, and TNF-α mRNA expression 
by MAVS and ORF7b. Compared with the ubiquitin WT, overexpression of ubiquitin K48 
resulted in decreases, and overexpression of ubiquitin K63 resulted in increases in the 
IFN-β, IFITM3, and TNF-α mRNA expression (Fig. 4A through C). These results suggested 
that ubiquitin K63 was more involved, and K48 was less involved in the regulation of 
IFN-β, IFITM3, and TNF-α mRNA expression by MAVS and ORF7b.

K63-linked polyubiquitination of MAVS Lys461 facilitates the formation of prion-like 
MAVS aggregates (33). To investigate the role of MAVS Lys461 in the physical association 
between MAVS and ORF7b, we transfected HEK293T cells and HEK293T-ORF7b-GFP cells 
with ORF7b, MAVS or MAVSK461R, and ubiquitin K63 expression plasmids, treated the 
cells with poly (I:C), and performed co-IP assays. The results showed that overexpression 
of ubiquitin K63 resulted in a dramatic K63-linked polyubiquitination and reduction in 
the association between MAVS and ORF7b. Overexpression of ubiquitin K63 resulted in a 
more dramatic K63-linked polyubiquitination and reduction in the association between 
MAVSK461R and ORF7b (Fig. 4D). The results suggested that K63-linked polyubiquitina­
tion inhibited the association between MAVS and ORF7b. MAVS Lys461 was essential in 
the inhibition of the association between MAVS and ORF7b by K63-linked polyubiquiti­
nation.

The E3 ubiquitinase catalyzes K63-mediated ubiquitination at MAVS and results in the 
activation of the MAVS, following the phosphorylation of TBK1 and downstream IRF3, 
and IKKα/β and downstream NF-κB, which in turn result in the induction of IFN-β and 
TNF-α, respectively (13–15). To investigate the role of MAVS Lys461 in the activation of 
TBK1, IRF3, and IKKα/β by MAVS and in the regulation by ORF7b and ubiquitin K63, we 
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transfected HEK293T cells and HEK293T-ORF7b-GFP cells with ORF7b, MAVS or 
MAVSK461R, and ubiquitin K63 expression plasmids, and then treated the cells with poly 
(I:C). We determined the total and the phosphorylated protein levels of TBK1, IRF3, and 
IKKα/β using Western blotting. The results showed that overexpression of ORF7b resulted 
in reduction in the phosphorylated protein levels but not in the total protein levels of 
TBK1 and IRF3, and reduction in the phosphorylated protein level and increases in the 
total protein level of IKKα/β in the HEK293T cells overexpressing MAVS (Fig. 4E). Overex­
pression of ubiquitin K63 resulted in significant increases in K63-linked polyubiquitina­
tion and increases in the phosphorylated protein levels but not in the total protein levels 

FIG 4 MAVSK461/K63 ubiquitination was essential for the RLR signaling regulated by the MAVS–ORF7b complex. (A–C) Ubiquitin K63 was more involved and 

K48 was less involved in the regulation of IFN-β, IFITM3, and TNF-α mRNA expression by MAVS and ORF7b. HEK293T cells and HEK293T-ORF7b-GFP cells were 

transfected with MAVS and ubiquitin (WT, K48, K63) expression plasmids for 18 h, and then infected with Sendai virus for 6 h. IFN-β, IFITM3, and TNF-α mRNA 

levels in the cells were determined using qPCR. (D) MAVS K461 was essential in the inhibition of the association between MAVS and ORF7b, and regulated 

K63-linked polyubiquitination. The HEK293T cells and HEK293T-ORF7b-GFP cells were transfected with ORF7b, MAVS or MAVSK461R, and ubiquitin K63 expression 

plasmids for 18 h, and then treated with 10 µg/mL poly (I:C) for 6 h. Co-IP assays were performed. (E) MAVS K461 was essential in the regulation of TBK1, IRF3, 

and IKKα/β by ORF7b and MAVS as well as K63-linked polyubiquitination. The HEK293T cells and HEK293T-ORF7b-GFP cells were transfected with ORF7b, MAVS 

or MAVSK461R, and ubiquitin K63 expression plasmids for 18 h, and then treated with 10 µg/mL poly (I:C) for 6 h. The total and the phosphorylated protein 

levels of TBK1, IRF3, and IKKα/β were determined using Western blotting. (F) ORF7b inhibited the interaction between TRAF6 and MAVS. The HEK293T cells and 

HEK293T-ORF7b-GFP cells were transfected with TRAF6, ORF7b, MAVS, or MAVS1-90,439-541 expression plasmids for 18 h, and then treated with 10 µg/mL poly 

(I:C) for 6 h. Co-IP assays were performed. *P < 0.05, **<I>P < 0.01, and ***<I>P < 0.001; ns, no significant difference compared with the MAVS plus ORF7b and 

Ub-WT group (one-way ANOVA and Tukey’s post-hoc test). ****</>P < 0.0001.
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of TBK1, IRF3, and IKKα/β regulated by MAVS and ORF7b (Fig. 4E). Compared with those 
of wild-type MAVS, the phosphorylated protein levels but not the total protein levels of 
TBK1 and IRF3 were significantly decreased, the phosphorylated protein level of IKKα/β 
was significantly increased, and the total protein level of IKKα/β was decreased by 
MAVSK461R (Fig. 4E). These results suggested that K63-linked polyubiquitination was 
involved in the regulation of TBK1, IRF3, and IKKα/β by ORF7b and MAVS. MAVS Lys461 
was essential in the regulation of TBK1, IRF3, and IKKα/β by ORF7b and MAVS.

TRAF6 is required for MAVS signaling complex to activate IKK and TBK1 (13). To 
investigate the effect of ORF7b on the interaction between TRAF6 and MAVS, we 
transfected HEK293T cells and HEK293T-ORF7b-GFP cells with TRAF6, ORF7b, MAVS, or 
MAVS1-90,439-541 expression plasmids, treated the cells with poly (I:C), and performed 
co-IP assay. The results showed that overexpression of ORF7b resulted in decreases in the 
amount of immune-precipitated TRAF6 by MAVS or MAVS1-90,439-541 (Fig. 4F). The results 
suggested that ORF7b inhibited the interaction between TRAF6 and MAVS. Furthermore, 
these results suggested that MAVSK461/K63 ubiquitination was essential for the RLR 
signaling regulated by the MAVS–ORF7b complex. ORF7b interfered with the recruitment 
of downstream component TRAF6 and the activation of the RLR signaling pathway by 
MAVS.

Interfering peptides targeted the ORF7b tetramer and reversed the suppres­
sion of the MAVS-mediated RLR signaling pathway by ORF7b

ORF7b was predicted to be a transmembrane protein (Fig. S1). It has been speculated 
that the SARS-CoV-2 ORF7b protein may form homotetramers with ion channel activity 
(36, 37). To examine whether ORF7b forms tetramers in cells, we resolved the lysate of 
cells overexpressing ORF7b-GFP using tricine SDS-denatured PAGE and tricine incom­
plete-denatured PAGE, and probed with an anti-GFP antibody. The results showed that 
the ORF7b-GFP band was located along with the 33kD marker resolved in the tricine 
SDS-denatured PAGE (Fig. 5A), suggesting that the molecular weight of ORF7b-GFP was 
around 33 kD. Consistently, there was an ORF7b-GFP band along with the 33kD marker 
in the tricine incomplete-denatured PAGE. Furthermore, there was a broader ORF7b-GFP 
band located around the 130kD marker in the tricine incomplete-denatured PAGE (Fig. 
5B). The results suggested ORF7b-GFP formed tetramers in cells. A tetramer model of 
SARS-CoV-2 ORF7b was generated from the GalaxyWEB server (38) and I-TASSER server 
(39). The ORF7b tetramer possessed an N-terminal, a transmembrane domain that may 
insert into the mitochondrial membrane, and a C-terminal random coli exposed outside 
(Fig. 5C). The interaction model of ORF7b and MAVS oligomers generated using the 
HDOCK SERVER showed that ORF7b30-36 was essential for the interaction with amino 
acid residues 442, 443, 461 to 463 of MAVS (Fig. S2; Table S1).

Interfering peptides are promising drug candidates to disrupt protein–protein 
interactions (PPIs) and target intracellular molecules (40). To prevent ORF7b from 
repressing MAVS-mediated innate immune response (27), we designed several interfer­
ing peptides (IntPep I–V) according to the interaction model of ORF7b and MAVS 
oligomers. These peptides contained ORF7b-homologous sequences involved in the 
interaction between MAVS and ORF7b tetramers, contained HIV-TAT in the C-terminal of 
peptides to facilitate the entrance of the interfering peptides into cells (41, 42), and were 
biotin-labeled (Fig. 5D). These peptides entered the cells (Fig. S3A and B) and exhibited 
minimal cytotoxicity at doses below 50 µM (Fig. S3C).

To examine the effects of IntPep I–V on the MAVS-activated RLR signaling pathway, 
we transfected HEK293T cells and HEK293T-ORF7b-GFP cells with IFN-β-pGL3, MAVS-
FLAG expression plasmids, and the control plasmid (pCMV-Flag), followed by poly (I:C) 
and IntPep I–V treatment. We then determined the relative luciferase activity. The results 
showed that the ORF7b/MAVS-regulated IFN-β promoter activity was significantly 
increased by IntPeps I, II, III, and V but not by IntPep IV. The magnitude of increase by 
IntPep V was the biggest (Fig. 5E). Similar results were observed in the IFN-β, IFITM3, and 
TNF-α mRNA levels in the HEK293T-ORF7b-GFP cells transfected with MAVS-FLAG 
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expression plasmids (Fig. 5F through H). These results suggested that interfering 
peptides reversed the suppression of the MAVS-mediated RLR signaling pathway by 
ORF7b.

To examine whether IntPep V interferes with the formation of ORF7b tetramer, we 
resolved the lysate of HEK293T-ORF7b-GFP cells treated with IntPeps IV or V using tricine 
non-denatured PAGE, and probed with an anti-GFP antibody. The results showed that 
there was only one major band along with the 130kD marker in the lanes loaded with 
samples from the groups with the vehicle and IntPep IV treatments. There was only one 
major band along with the 33kD marker in the lane loaded with the sample from the 
group with the IntPep V treatment (Fig. 5I). The results suggested that IntPep V but not 
IntPep IV prevented the formation of ORF7b tetramer in the HEK293T cells.

Interfering peptide V reversed the levels of the ORF7b-inhibited physical 
association between MAVS and TRAF6, and suppressed viral infection and 
growth

To examine the effects of IntPep V on the association between ORF7b and MAVS, we 
transfected HEK293T-ORF7b-GFP cells with MAVS expression plasmids, treated the cells 
with poly (I:C) and IntPep IV or V, and performed co-IP assays. The results showed that 

FIG 5 Interfering peptides targeted the ORF7b tetramer and reversed the suppression of the MAVS-mediated RLR signaling pathway by ORF7b. (A, B) ORF7b–

GFP formed a tetramer in cells. The lysate of HEK293T cells expressing ORF7b-GFP was separated by tricine SDS-PAGE (A) or tricine incomplete-denatured-PAGE 

(B). Arrows indicate the tetramer and monomer. Cells expressing ORF8-GFP were set as a control group (B). (C) ORF7b tetramer was obtained from the GalaxyWEB 

server (38) and I-TASSER server (39). (D) IntPep I–V was designed to block the interaction between ORF7b and MAVS. The peptides were biotin-labeled and 

contained ORF7b-homologous sequences and C-terminal HIV-TAT sequences. (E) Interfering peptides reversed the ORF7b-suppressed IFN-β promoter activity 

activated by MAVS. HEK293T cells and HEK293T-ORF7b-GFP cells were transfected with IFN-β-pGL3, MAVS-FLAG expression plasmids, and the control plasmid 

(pCMV-Flag) for 18 h, followed by 10 µg/mL poly (I:C) and 50 µM IntPep I–V treatment for 6 h. The relative luciferase activity in cells was determined. (F–H) 

Interfering peptides reversed the ORF7b-suppressed IFN-β, IFITM3, and TNF-α mRNA levels activated by MAVS in the HEK293T cells. The HEK293T cells and 

HEK293T-ORF7b-GFP cells were transfected with the MAVS-FLAG expression plasmids and the control plasmid (pCMV-Flag) for 18 h, followed by 10 µg/mL poly 

(I:C) and 50 µM IntPep I–V treatment for 6 h. The IFN-β, IFITM3, and TNF-α mRNA in cells were determined using qPCR. (I) IntPep V but not IntPep IV prevented 

the formation of ORF7b tetramer in the HEK293T cells. The HEK293T-ORF7b-GFP cells were treated with 50 µM IntPeps for 6 h. The cell lysate was resolved in a 

tricine-native PAGE. Arrows indicate the tetramer and monomer. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; ns, no significant difference compared 

with the MAVS plus ORF7b group (one-way ANOVA and Tukey’s post-hoc test).
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FIG 6 Interfering peptide V reversed the levels of the ORF7b-inhibited physical association between MAVS and TRAF6, and suppressed viral production and 

infection. (A) IntPep V but not IntPep IV dramatically inhibited the physical association between ORF7b and MAVS. HEK293T-ORF7b-GFP cells were transfected 

with MAVS-FLAG expression plasmids for 18 h and treated with 10 µg/mL poly (I:C) and 50 µM IntPep (IV, V) for 6 h. Co-IP assays were performed. (B) IntPep 

V reversed the levels of the ORF7b-inhibited physical association between MAVS and TRAF6. HEK293T cells and HEK293T-ORF7b-GFP cells were transfected 

with MAVS-FLAG and TRAF6-HA expression plasmids for 18 h, and treated with 10 µg/mL poly (I:C) and 50 µM IntPep (IV, V) for 6 h. Co-IP assays were 

performed. (C-G) IntPep IV suppressed the viral production and infection of viral VSV-ΔG-GFP in the HEK293T cells. The HEK293T cells were co-transfected with 

pCAGGS-ORF7b-FLAG or pCAGGS plasmids and pMD2G. Eighteen hours later, the cells were treated with 50 µM IntPep (IV, V) for 6 h and then infected with 

VSV-ΔG-GFP for 12 h. The cells and media were subjected to subsequent examination. (C, D) IntPep V but not IntPep IV dramatically suppressed VSV-ΔG-GFP 

production. GFP expression was observed and photographed using a fluorescence microscopy (C) and was determined using Western blotting (D). (E, F) IntPep 

V treatment resulted in decreases in the rate of GFP-positive HEK293T cells. The GFP-positive cells were identified using flow cytometry assay (E). Infection rate 

was calculated according to the result of the flow cytometry assays (F). (G) The viral VSV-ΔG-GFP titer was significantly decreased by IntPep V. Viral titers in the 

media were determined using the Spearman-Karber method. (H, I) IntPep V treatment resulted in an inhibited growth and infection rate of SARS-CoV-2 GFP/ΔN 

trVLP in Caco-2-N cells. The Caco-2-N cells expressing viral nucleocapsid were treated with 50 µM IntPep (IV, V) for 6 h and then infected with SARS-CoV-2 trVLP 

at an MOI of 1 for 1 h. After 24 h, the cells were examined using fluorescence microscopy (H). Infection rates were calculated in triplicate based on the intensity 

of GFP fluorescence quantified using the software Image J (I, left panel). Relative viral subgenomic RNA levels normalized to GAPDH were determined by RT-qPCR 

analysis (I, right). *P < 0.05, **<I>P < 0.01, ***<I>P < 0.001, and ****<I>P < 0.0001; ns, no significant difference, one-way ANOVA and Tukey’s post-hoc test. NC, 

negative control.
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IntPep V but not IntPep IV dramatically inhibited the physical association between ORF7b 
and MAVS (Fig. 6A). To examine the effects of IntPep V on the association between ORF7b 
and MAVS, we transfected HEK293T cells and HEK293T-ORF7b-GFP cells with MAVS and 
TRAF6-HA expression plasmids, treated the cells with poly (I:C) and IntPep IV or IntPep V, 
and performed co-IP assays. The results showed that IntPep V allowed the interaction 
between MAVS and TRAF6 by inhibiting the ORF7b binding to MAVS (Fig. 6B).

To investigate the effect of IntPep V on the viral infection and production, we 
transfected HEK293T cells with pCAGGS-ORF7b-FLAG or empty vector (pCAGGS) and 
pMD2G, treated cells with IntPep IV or IntPep V, and then infected the cells with 
VSV-ΔG-GFP and determined infection and production of VSV-ΔG-GFP. The results 
showed that GFP was expressed in HEK293T cells infected with VSV-ΔG-GFP as deter­
mined by fluorescence microscopy (Fig. 6C) and Western blotting (Fig. 6D), suggesting 
that the production of viral VSV-ΔG-GFP was present in HEK293T cells. IntPep V but not 
IntPep IV dramatically suppressed VSV-ΔG-GFP production, compared with the control 
(Fig. 6C and D). Further, the flow cytometry results confirmed the presence of GFP 
positive HEK293T cells after VSV-ΔG-GFP infection (Fig. 6E) and showed that IntPep V 
treatment resulted in decreases in the rate of GFP positive HEK293T cells, compared with 
the control (Fig. 6E and F). The viral VSV-ΔG-GFP titer was significantly decreased by 
IntPep V but not IntPep IV (Fig. 6G).

We further used a transcription and replication-competent SARS-CoV-2 virus-like-par­
ticles (trVLP) system expressing GFP reporter gene to examine the effect of IntPep V on 
growth of SARS-CoV-2 (43). The results showed that IntPep V but not IntPep IV treatment 
resulted in a dramatically lower infection rate and viral RNA level of SARS-CoV-2 trVLP 
(Fig. 6H and I). These results suggested that IntPep V suppressed the viral infection and 
growth, indicating a potential therapeutic agent for SARS-CoV-2.

DISCUSSION

SARS-CoV-2 infection results in the compromise of the innate immunity (7, 10, 21, 44, 
45). The tumor necrosis factor alpha pathway and the production of IFN-β are blocked by 
ORF7b (24, 25). In the current study, we found that ORF7b facilitates viral infection and 
production, and inhibits the RLR signaling pathway through selectively interacting with 
MAVS. MAVS439-466 region and MAVS Lys461 are essential for the physical association 
between MAVS and ORF7b, and the inhibition of the RLR signaling pathway by ORF7b. 
MAVSK461/K63 ubiquitination is essential for the RLR signaling regulated by the MAVS–
ORF7b complex. ORF7b interferes with the recruitment of TRAF6 and activation of the 
RLR signaling pathway by MAVS. Furthermore, we have identified interfering pepti­
des that target the ORF7b complex and reverse the ORF7b-suppressed RLR signaling 
pathway activated by MAVS. Among them, the most potent interfering peptide V 
disrupts the formation of ORF7b tetramers, reverses the levels of the ORF7b-inhibited 
physical association between MAVS and TRAF6, and suppresses viral production and 
infection. Overall, our study likely provides a mechanism for the compromised innate 
immunity by SARS-CoV-2 infection and the mechanism-based approach via interfering 
peptides to potentially prevent SARS-CoV-2 infection and production (Fig. 7).

MAVS plays an important role in antiviral infection and is a central adaptor for 
activating downstream antiviral genes (46–48). SARS-CoV-2 has developed immune 
evasion strategies to degrade or block the proteins involved in the RLR receptor signaling 
pathway. Upon SARS-CoV-2 infection, the membrane glycoprotein M interacts with 
MAVS, impairing MAVS aggregation and its recruitment of downstream TRAF3, TBK1, and 
IRF3, leading to attenuation of the innate antiviral response (49). ORF9b protein inhibits 
the IFN-I pathway by interacting with MAVS and preventing the phosphorylation and 
nuclear translocation of IRF3 (17). ORF9b also inhibits the binding between hTOM70 and 
Hsp90, which undermines the recruitment of Hsp90 to TBK1/IRF3, thus weakening the 
signaling cascade for the IFN-I pathway (18, 19). ORF10 inhibits the IFN-I pathway by 
inducing mitophagy-mediated degradation of MAVS (20). In the current study, we found 
that ORF7b facilitates viral infection and production, and inhibits the RLR signaling 
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pathway through selectively interacting with MAVS. MAVS439-466 region and MAVS 
Lys461 are essential for the physical association between MAVS and ORF7b, and the 
inhibition of the RLR signal pathway by ORF7b. ORF7b also interferes with the recruit­
ment of TRAF6 and activation of the RLR signaling pathway by MAVS. This likely provides 
another MAVS-mediated mechanism for the compromise of the host innate immunity by 
SARS-CoV-2 infection.

In the current study, the results of co-IP assays support that the MAVS439-466 domain 
is required for MAVS to interact with ORF7b. This is consistent with the confocal 
microscopy results. We speculate that this may be related to the CARD domain and TM 
domain of MAVS, which facilitates the formation of prion-like MAVS aggregates (50), and 
the C-terminal TM domain, which locates MAVS on the outer mitochondrial membrane 
(51). MAVS1-180 and MAVS1-438 do not have the TM domain. It may be difficult for them 
to localize to the outer mitochondrial membrane but recruits endogenous MAVS to form 
prion-like aggregates, resulting in co-localization with ORF7b.

The signaling adaptor MAVS requires Lys63 (K63)-linked polyubiquitin chains to 
initiate the type I interferon signaling (52). Ubiquitin E3 ligase interacts with MAVS 
and catalyzes the K63-linked polyubiquitination of Lys461 on MAVS, which promotes 
the formation of prion-like aggregates of MAVS after viral infection and activation of 
antiviral signaling pathways (33). SARS-CoV-2 can target K63 ubiquitination to inhibit 
host organism immune responses (53). In this study, we found that ubiquitin K63 is more 
involved and K48 is less involved in the regulation of IFN-β, IFITM3, and TNF-α mRNA 
expression by MAVS and ORF7b. K63-linked polyubiquitination inhibits the association 
between MAVS and ORF7b. MAVS Lys461 is essential not only for the physical association 
between MAVS and ORF7b and the inhibition of the expression of IFN-β, IFITM3, and 
TNF-α by ORF7b, but also in the inhibition of the association between MAVS and ORF7b 
by K63-linked polyubiquitination. It is likely that MAVSK461/K63 ubiquitination is essential 

FIG 7 Schematic model of reversion of ORF7b-mediated suppression of the RLR signaling pathway 

upon SARS-CoV-2 infection by interfering peptides. After infection, SARS-CoV-2 dsRNA was recognized by 

pattern recognition receptors, and RIG-I-like receptor signal pathway was activated. MAVS recruits TRAF6 

to induce the transcription of IFN-β and proinflammatory cytokines. ORF7b interacts with MAVS and then 

inhibits the K63-linked ubiquitination, thereby disturbing the production of proinflammatory cytokines 

and IFN-β (left). The interfering peptide inhibits the interaction between ORF7b and MAVS, rescuing the 

recruitment of TRAF6 to MAVS and boosting the RIG-I signaling pathway (right).
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for the RLR signaling regulated by the MAVS–ORF7b complex, supporting the role and 
the mechanism of MAVS in mediating ORF7b-suppressed RLR signaling.

Targeting disease-relevant protein–protein interactions is a promising strategy to 
develop peptide drugs (26), as evidenced by interfering peptides that target the 
SARS-CoV-2 nuclear coat protein dimer structure to disrupt the liquid–liquid phase 
separation of SARS-CoV-2-NP, thereby enhancing the intrinsic antiviral response of the 
host in vitro and in vivo (27). In the current study, we found ORF7b-GFP forms tetramers 
in cells. This is consistent with the studies by Toft-Bertelsen et al. and Surya et al. 
that ORF7b may form homotetramers to act as a viroporin ion channel (36, 37). The 
interaction model of ORF7b and MAVS oligomers indicates that ORF7b30-36 and the 
amino acid residues 442, 443, 461 to 463 of MAVS are involved in the interaction. This is 
consistent with the experimental data. The short peptides containing the ORF7b-homol­
ogous sequence and HIV-TAT and biotin enter the cells and exhibit minimal cytotoxicity. 
They reverse the ORF7b-suppressed RLR signaling pathway activated by MAVS. The most 
potent ORF7b31-40 -homologous interfering peptide disrupts the ORF7b tetramer and 
reverses the suppression of the MAVS-mediated RLR signaling pathway by ORF7b, as 
well as reverses the levels of the ORF7b-inhibited physical association between MAVS 
and TRAF6 and suppresses viral production and infection. The offset of two residues in 
IntPep V may reduce the positive charge and increase the hydrophilicity, resulting in 
a suppression effect. Therefore, interfering peptide V may provide a potential way to 
prevent SARS-CoV-2 infection and viral production.

In conclusion, ORF7b inhibits the RLR signaling pathway through the physical 
association between ORF7b and MAVS, impairing the K63-linked MAVS polyubiquitina­
tion and its recruitment of TRAF6 to MAVS. The most potent interfering peptide V 
targeting the ORF7b–MAVS complex may reverse the suppression of the MAVS-mediated 
RLR signaling pathway by ORF7b and prevent viral infection and growth of SARS-CoV-2. 
This study may provide new insights into the pathogenic mechanism of SARS-CoV-2 and 
a strategy to develop new drugs to prevent SARS-CoV-2 infection.

MATERIALS AND METHODS

Construction of plasmids

The recombinant plasmids express wild-type or mutated MAVS-FLAG, and TRAF6-
HA, ORF7b-FLAG, and ORF7b-GFP were constructed using PCR cloning. The cod­
ing sequences of human genes MAVS (GenBank: KC415005.1) and TRAF6 (GenBank: 
U78798.2), and the viral gene ORF7b (GenBank: NC_045512.2) (NCBI) (https://
www.ncbi.nlm.nih.gov/) were used as the templates to construct plasmids using PCR 
cloning. The cDNA fragment of MAVS was amplified using the forward primer 5′- GCTTG
GTACCATGCCGTTTGCTG-3′ and the reverse primer 5′- TAATCTCGAGCTAGTGCAGAC-3′ with 
the added restriction endonucleases sites KpnI and XhoI/XbaI, respectively. The cDNA 
fragment of TRAF6 was amplified using 5′-CCGGAATTCTGATGAGTCTGCTAAACTGTG-3′ and 
5′-AATGGTACCGTTACCCCTGCATCAGTACTTC-3′ with the added restriction endonucleases 
sites EcoRI and KpnI, respectively. The cDNA fragment of ORF7b was amplified using 
the forward primer 5′-TGGCCTCGAGATGATTGAACTTTCATTAATTG-3′ and the reverse primer 
5′-TAATCCGCGGGGCGTGACAAGTTTCATTATG-3′ with the added restriction endonucleases 
sites XhoI and SacII, respectively, the forward primer 5′-TGGCGAATTCATGATTGAACTTTCAT
TAATTG-3′ and the reverse primer 5′-TAATGGTACCGGCGTGACAAGTTTCATTATG-3′ with the 
added restriction endonucleases sites EcoRI and KpnI, respectively. The PCR fragments 
were modified using respective restriction endonucleases and were inserted into the 
vectors pCAGGS-HA, pCAGGS-Flag, and pWPXLd-GFP. All plasmids were amplified using 
DH5α Escherichia coli. Positive clones were screened using PCR and were verified by 
DNA sequencing. Plasmids pCMV-RIGI-Flag (P39598), pCMV-MDA5-Flag (P22743), and 
pCMV-TBK1-Flag (P45111) were purchased from MiaoLing Bio Ltd (Wuhan, China).
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Cell culture and treatment

HEK293T, Caco-2-N, and HEK293T-ORF7b-GFP cells, which stably expressed ORF7b-GFP, 
were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 
heat-inactivated fetal bovine serum (FBS) and 1% penicillin–streptomycin at 37°C in a 5% 
CO2 incubator. The cells in the logarithmic phase were digested with 0.25% trypsin (Basal 
Media, S310JV) and were seeded at a density of 50,000/well into 12-well plates or 106 

cells into 10-cm dishes. After incubation for 24 h, the cultured cells were transfected with 
expression plasmids using Lipofectamine 6000 Reagent (Beyotime, C0526) by following 
the manufacturer’s instructions and/or were treated with interfering peptides for 12 h, 
infected with VSV-ΔG-GFP for 1 h, and then incubated with virus maintenance media for 
12 h. These cells were collected and used for flow cytometry assay and Western blotting 
analysis.

Preparation of virus and evaluation of antiviral activity

VSV-ΔGFP and vector pMD2G were transferred from Prof. Guiqing Peng’s lab in Huaz­
hong Agricultural University (Wuhan, China). SARS-CoV-2 GFP/ΔN trVLP and Caco-2-N 
cell lines were obtained from Prof. Qiang Ding in Tsinghua University (Beijing, China). 
Caco-2-N cells expressing viral nucleocapsid were infected with SARS-CoV-2 trVLP at 
an multiplicity of infection(MOI) of 1 for 1 h, washed three times with phosphate-buf­
fered saline (PBS), and incubated in 2% FBS culture medium for 24 h for fluorescence 
observation and viral subgenomic RNA determination. The SARS-CoV-2 trVLP cell culture 
system was used in a BSL-2 facility of Hubei University of Medicine (Shiyan, Hubei, China).

HEK293T cells were seeded into 10-cm dishes at a density of 106 cells per dish 
and were cultured overnight. The cells were transfected with pMD2G plasmid. After 
washing with PBS, the cells were incubated with VSV-ΔGFP at 37°C for 1 h and then 
incubated with High Glucose DMEM media (Gibco, C11960500BT) containing 2% FBS 
and 1% penicillin–streptomycin for 36–72 h. The cells were collected by centrifugation at 
1,000 rpm for 10 min in a desktop high-speed freezing centrifuge (Eppendorf, 5424R) to 
obtain VSV-ΔG-GFP.

After the HEK293T cells were transfected with related plasmids for 24 h or treated 
with interfering peptides, the cells were infected with VSV-ΔG-GFP for 1 h and then 
incubated for 12 h with virus maintenance media. Then, the supernatant of infected cells 
was collected to determine the virus titer. To determine the TCID50 of the supernatant 
from different groups, samples were serially diluted from 10−3 to 10−8. After the cells 
were seeded in 96-well plates and grown in the logarithmic phase, washing with PBS 
and 100-µL supernatant diluted with DMEM were added. Each dilution was repeated five 
times. After 72-h infection, the cells were examined, and the virus titer was calculated 
using the Spearman-Karber method (54).

Determination of the viral infection rate

The HEK293T cells were infected with viral VSV-ΔG-GFP and were subjected to a flow 
cytometry assay using a CytoFLEX system (Beckman Coulter). The ratio between the 
amount of HEK293T cells expressing GFP and the amount of total HEK293T cells was 
calculated. Each experiment was performed in triplicate. Caco-2-N cells were infected 
with SARS-CoV-2 GFP/ΔN trVLP, and the GFP-positive cells were observed by a Fluores­
cence Microscopy (Olympus, FV3000RS). The infection rates were calculated based on 
the intensity of GFP fluorescence quantified using the software Image J. The relative 
viral subgenomic RNA levels of SARS-CoV-2 GFP/ΔN trVLP normalized to GAPDH were 
determined using real-time (RT)-qPCR analysis.
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Western blotting analysis

Cells were lysed with the RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, and 
100 µM PMSF, pH 7.4). The protein concentrations of all samples were determined using 
BCA Protein Quantitative Kit (Absin, abs9232).

To resolve proteins in denatured SDS-PAGE, an aliquot of 10-µg protein of each 
sample was incubated with 5× SDS loading buffer, boiled in a 100°C metal bath for 
10 min, and then resolved in SDS-PAGE with SDS-containing buffer. To resolve proteins 
in incomplete-denatured PAGE gels, an aliquot of 10-µg protein of each sample was 
mixed with 5× non-denature loading buffer (Beyotime, P0292) and then resolved in 
incomplete-denatured PAGE gels with the SDS-containing buffer. To resolve proteins in 
non-denatured PAGE gels, an aliquot of 10-µg protein of each sample was mixed with 
5× non-denature loading buffer (Beyotime, P0292) and then resolved in non-denatured 
PAGE gels with the SDS-free buffer.

After electrophoresis, proteins were transferred to the polyvinylidene difluoride 
(PVDF) membranes (Millipore, ISEQ00005). The PVDF membranes were blocked with 
5% skimmed milk dissolved in TBST buffer at room temperature for 1 h and then 
incubated with a primary antibody overnight at 4°C. After washing with TBST five 
times, the membranes were incubated with a horseradish peroxidase-coupled secon­
dary antibody for 3 h at 4°C. After washing with TBST five times, the membranes 
were incubated with enhanced chemiluminescence (ECL) reagents (Beyotime, P0018FM). 
The signals were recorded using a gel imaging analyzer (Bio-Rad, 721BR11621) and 
were analyzed using the Image Lab software (BioRad). The antibodies included rabbit 
polyclonal anti-HA (Santa Cruz, sc-805, 1:2,000), mouse monoclonal anti-FLAG (M2, 
Sigma-Aldrich, F1804, 1:2,000), rabbit polyclonal anti-GAPDH (Proteintech, 10494-1-
AP, 1:2,000), HRP-mouse anti-biotin (Invitrogen, 03-3720, 1:1,000), rabbit polyclonal 
anti-GFP (Proteintech, 50430-2-AP, 1:2,000), HRP-conjugated secondary antibodies goat 
anti-mouse IgG (H+L) (1:5,000, Proteintech, SA00001-1), and goat anti-rabbit IgG (H+L) 
(1:5,000, Proteintech, SA00001-2).

Luciferase-based IFN-β reporter assay

HEK293T cells and HEK293T-ORF7b-GFP cells were seeded in 12-well plates at a density 
of 50,000 cells/well and were cultured overnight. The cells were co-transfected with the 
reporter plasmids of pIFN-β-pGL3 (Addgene#102597) and pRL-SV40 (Addgene#27163) 
and overexpression plasmids using Lipofectamine 6000 (Beyotime, C0526) by following 
the manufacturer’s protocol, and then treated with 10 µg/mL poly (I:C) for 6 h. The 
cells were lysed using 1× passive lysis buffer (Promega, E1910) for 15 min. The Firefly 
and Renilla luciferase activities of the lysates were measured using relevant reagents 
(Promega, E1910) on a SpectraMax i3x microplate reader (Molecular Devices, Afgha­
nistan) according to the manufacturer’s instructions. Experiments were performed in 
triplicate.

Co-IP assay

HEK293T cells and HEK293T-ORF7b-GFP cells were seeded at a density of 106 cells 
into 10-cm dishes and were cultured overnight. The cells were co-transfected with 
the plasmids expressing MAVS/MAVS1-90,439-541, TRAF6 or Ub-K63 using Lipofectamine 
6000 (Beyotime, C0526) by following the manufacturer’s protocol, and then treated with 
10 µg/mL poly (I:C) for 6 h. After culture for 24 h, the cells were harvested and lysed in 
600-µL RIPA lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% NP-40, and 100 µM PMSF, 
pH 7.4). The lysates were centrifuged at 20,000 g at 4°C for 10 min. An aliquot of 500-µL 
cell lysates was incubated with the anti-FLAG antibody coupled with magnetic beads 
overnight at 4°C. The magnetic beads were precipitated using a magnetic block, washed 
with PBST at room temperature five times, and eluted with glycine-HCl (pH2.5). The 
elutes were collected, neutralized using Tris-HCl (pH 8.8), and then subjected to Western 
blotting analysis.
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Reverse transcription-quantitative PCR

Total RNAs were extracted from the cells using TRIzol reagent (Thermo Fisher Scientific, 
15596026) according to the manufacturer’s instructions. Complementary DNA (cDNA) 
was synthesized using HiScript III RT SuperMix for qPCR reagent (Vazyme, R323-01). qPCR 
was set up using Taq Pro Universal SYBR qPCR Master Mix reagent (Vazyme, Q712-02) 
in a 20-µL scale. The PCR was run on a CFX96 Real-Time PCR Detection System (BioRad) 
by following the program 95°C 3 min, 95°C 10 s, 55°C 30 s (39 cycles), and 65°C 5 s. 
The GAPDH gene was used as an internal reference, and all reactions were performed in 
triplicate. The mRNA levels of target genes were calculated using the 2-△△Ct method (55). 
The primers are listed in Table S2.

Immunocytochemistry assay and confocal microscopy

HEK293T and HEK293T-ORF7b-GFP cells at a density of 5,000 cells/well were seeded into 
12-well plates where glass slides coated with 0.1% gelatin were placed and cultured 
overnight. Plasmids expressing MAVS or its truncates were co-transfected in the cells 
using Lipofectamine 6000 (Beyotime, C0526) by following the manufacturer’s protocol. 
After 24 h, the cells were washed with PBS and fixed with cell fixative (Solarbio, P1111) for 
15  min. The cells were washed five times with 0.2% (wt/vol) Triton X-100 in TBS (TBST-X) 
for 5 min each at room temperature. Then, the cells were blocked with PBS containing 
5% FBS for 3 h. After three times of TBST-X washing, the samples were incubated with the 
primary antibody (anti-FLAG [M2], Sigma-Aldrich, F1804, 1:200) overnight at 4°C. After 
washing, cells were incubated with the secondary antibody conjugated with Alexa Fluor 
488 or Alexa Fluor 555 for 3 h. Then, the cells were washed five times. Finally, confo­
cal slides were placed on glass slides containing mounting medium (DAPI, Invitrogen, 
D1306). The cells were observed and photographed using confocal microscopy (Nikon, 
PCM-2000). The PCC between 0.5 and 1.0 indicating the two co-localized fluorescence 
signals (30) was analyzed using the Image J 1.0 software.

Designing and screening interfering peptides

The overlapping peptides containing the ORF7b-homologous sequences were designed 
according to the previous report (56). The N-terminal of interfering peptides was 
conjugated with a biotin tag, and the C-terminal contained an HIV-TAT transmembrane 
sequence (42). The interfering peptides were manufactured by Yuanpeptide Co. Ltd. 
(Nanjing) in 5-µg scale at >99% purity and were stored at −20°C in powder. For in vitro 
experiments, the powder was dissolved in PBS to generate a 50-mM stock and avoid 
repeat freeze-thaw.

Data analysis

Data analysis was performed using GraphPad Prism 8.0.2. Data are shown with mean 
± SD from three independent experiments. In addition, significant differences among 
groups were determined using one-way analysis of variance (ANOVA) or Student’s t-test. 
P < 0.05 was considered significant.
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