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A B S T R A C T

The unprecedented Coronavirus pandemic of 2019 (COVID-19) is caused by severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). Like other coronaviruses, to establish its infection, SARS-CoV-2 is required to
overcome the innate interferon (IFN) response, which is the first line of host defense. SARS-CoV-2 has also
developed complex antagonism approaches involving almost all its encoding viral proteins. Here, we summarize
our current understanding of these different viral factors and their roles in suppressing IFN responses. Some of
them are conserved IFN evasion strategies used by SARS-CoV; others are novel countermeasures only employed
by SARS-CoV-2. The filling of gaps in understanding these underlying mechanisms will provide rationale guidance
for applying IFN treatment against SARS-CoV-2 infection.
1. Introduction

The World Health Organization declared the 2019 Coronavirus dis-
ease (COVID-19) outbreak as a pandemic on March 11th, 2020. There are
more than 248 million recorded cases, resulting in over 5 million deaths
globally as of the end of October 2021. This ongoing pandemic poses an
unprecedented threat to global public health. COVID-19 is caused by
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). SARS-
CoV-2 belongs to Betacoronavirus, which is one of the four genera
(Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacor-
onavirus) of the Orthocoronavirinae subfamily of the Coronaviridae
family (Fung and Liu, 2019). As of now, there are a total of seven strains
of alpha- and betacoronaviruses known to cause human illnesses. Among
them, HCoV-229E, HCoVOC43, HCoV-NL63, and HCoV-HKU1 cause
only mild upper respiratory symptoms, resulting in the so-called seasonal
common cold (Fung and Liu, 2019). However, infection with the other
three betacoronaviruses, SARS-CoV, MERS-CoV, and SARS-CoV-2, can
cause severe respiratory symptoms with unique disease outcomes, such
as severe lymphopenia and acute respiratory distress syndrome (ARDS)
(Tse et al., 2020).

Like other coronaviruses, SARS-CoV-2 is an enveloped virus with a
~30 kb single-stranded positive-sense RNA genome wrapped with viral
nucleocapsid (N) protein (Fung and Liu, 2019). It encodes 16 nonstruc-
tural proteins (NSP1–16), 4 structural proteins [spike (S), envelop (E),
membrane (M), and nucleocapsid (N) protein], and 8 accessory proteins
(ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, and ORF10)
form 4 November 2021; Accepted
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(Biswal et al., 2021; Finkel et al., 2021; Jungreis et al., 2021; Yaara Finkel
et al., 2020). SARS-CoV-2 virus enters cells through the binding of its
surface glycoprotein (S protein) to its cell surface receptor, human
angiotensin I-converting enzyme-2 (hACE2) (Wan et al., 2020). After
entry, its genomic RNA is released from N proteins and first translated
into two open reading frames (ORFs), ORF1a and ORF1b, resulting in two
polyproteins, pp1a and pp1ab. These two large polyproteins are further
processed to generate 16 nonstructural proteins (NSP1-NSP16) through
the cleavage by two viral proteases, NSP3 (papain-like protease) and
NSP5 (3C-like protease) (Thiel et al., 2003). Subsequently, newly
generated NSP2-NSP16 will form the viral replication and transcription
complex (RTC) to start viral genomic RNA replication and subgenomic
mRNA transcription. Among these viral proteins, NSP12 is the core
component of the RNA-dependent RNA polymerase (RdRp), NSP7 and
NSP8 serve as cofactors, and NSP13-NSP16 are RNA-modifying enzymes.
Together, they complete viral RNA synthesis. This happens in the pro-
tective microenvironment of double membrane vesicles (DMV). Viral
structural proteins (S, E, M, and N) are translated from subgenomic
mRNAs. They subsequentlymigrate from the endoplasmic reticulum (ER)
to the ER-to-Golgi intermediate compartment (ERGIC). In here, together
with newly synthesized genomic RNA coated by the N protein, they form
virions. Mature virions are released through the host exocytosis pathway
for the next round of infection (Thiel et al., 2003).

The innate interferon (IFN) response is a critical component of the
host's first line of defense, which is required to limit viral infection. There
are three types of IFNs. Specifically, type I IFN (IFN–I) is a key factor in
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IFN responses that combat the virus through autocrine and paracrine
type I IFN receptor (IFNAR)-mediated signaling responses (Acharya et al.,
2020; Meylan et al., 2006; Park and Iwasaki, 2020). COVID-19 cases
among people with compromised IFN conditions often correlate to pro-
longed and severe symptoms (Peyneau et al., 2021). Further study
revealed that enhanced disease outcomes are associated with mutations
in genes such as TLR3 and UNC93B, which are known regulators of IFN
production or factors involved in IFN-I signaling pathways (Zhang et al.,
2020).

Therefore, to establish infection successfully, SARS-CoV-2 needs to
inhibit IFN-I responses. It is no surprise that SARS-CoV-2 has developed
complex strategies to inhibit the induction of IFN-I (Hayn et al., 2021). In
the following short review, we will focus on summarizing the current
understanding of SARS-CoV-2 proteins involved in antagonizing host
IFN-I production and/or signaling. This information will help to promote
our understanding of COVID-19 outcomes, since they are determined by
the combination of SARS-CoV-2 infection and host immune responses
induced by the infection (Xia and Shi, 2020).

2. Viral-encoded IFN-I antagonists

2.1. Nonstructural proteins

SARS-CoV-2 utilizes several of its 16 NSPs (NSP1-16) to suppress host
IFN-I response by targeting various biological factors/pathways.

2.2. NSP1

NSP1 (PDB: 7K7P) is a known potent IFN suppressor in other coro-
naviruses (Clark et al., 2021). In SARS-CoV,NSP1 has been shown to
inhibit IFN-I production through inhibiting expression of host genes
(likely due to mRNA degradation and/or direct translation inhibition)
and reducing the phosphorylation of STAT1 (Huang et al., 2011; Kami-
tani et al., 2009; Narayanan et al., 2008). Since SARS-CoV-2 NSP1 is over
80% amino acid sequence identical to its SARS-CoV counterpart, it is not
surprising to see that SARS-CoV-2 NSP1 can also inhibit IFN-I induction
and signaling (Mantlo et al., 2020). It can inhibit host gene expression
through blocking the mRNA export machinery (Zhang et al., 2021a; Jin
et al., 2021) or by directly binding to the 40S ribosomal subunit (Thoms
et al., 2020). Nsp1-bound 40S ribosomal complexes have been revealed
by cryo–electron microscopy (cryo-EM) (Thoms et al., 2020). Intrigu-
ingly, SARS-CoV-2 NSP1 uses additional approaches to antagonize host
IFN-I responses. It can prevent IFN induction through blocking IRF3
phosphorylation, and lessen interferon-stimulated gene (ISG) induction
by triggering the depletion of TYK2 and STAT2, components of the IFN-I
signaling pathway (Kumar et al., 2021).

2.3. NSP3

NSP3 is the largest coronaviral protein (Alhammad et al., 2021;
Brosey et al., 2021) with 3 three tandem MacroD-like macrodomains
(Mac1, Mac2, and Mac3). NSP3 binds to and removes ADP-ribose from
proteins in a dynamic posttranslational process (Alhammad et al., 2021).
This putative ADP-ribosylation function was further supported by the
crystal structure of the Mac1 domain (PDB: 6WOJ) (Alhammad et al.,
2021). Additionally, NSP3 was shown to be involved with the disruption
of innate host immunity through multiple functions, such as its
papain-like protease (PLpro) being required for the separation of NSP1-4
(Alhammad et al., 2021). It also contains a potential deubiquitinase
(DUB) domain based on sequence analysis, which suggests its role in
deubiquitinating host polyubiquitinated proteins (Clementz et al., 2010;
Klemm et al., 2020). Experimental evidence has been obtained to show
that SARS-CoV-2 NSP3 inhibits IFN-I production through 1) cleaving the
ubiquitin-like protein, ISG15, 2) decreasing IRF3 phosphorylation, or 3)
directly cleaving IRF3 (Shin et al., 2020; Moustaqil et al., 2021; Liu et al.,
2021).
2

2.4. NSP6

Together with NSP3 and NSP4, NSP6a transmembrane protein plays a
critical role in DMV formation. The DMV microenvironment was shown
to suppress host autophagy responses, resulting in restricted a IFN-I
response (Xia et al., 2020; Cottam et al., 2011). Unlike SARS
NSP6—which is blocks the nuclear translocation of STAT1 to achieve
downstream interferon signaling (Frieman et al., 2007) —SARS-CoV-2
NSP6 was shown to inhibit the IRF3 activation through interacting with
TBK1 in an in vitro IFN-β promoter-driven reporter assay (Xia et al.,
2020).
2.5. NSP7 and NSP8

Besides their accessory roles in facilitating RdRp activity, these two
small proteins, NSP7 and NSP8 (PDB: 7DCD), have been shown to
moderately suppress IFN-I responses (Biswal et al., 2021; Zhang et al.,
2021b; Yuen et al., 2020). Themolecular mechanism is better understood
for NSP8, which suppresses the MDA5-derived IFN signaling pathway by
physically binding to MDA5 CARD and blocking K63-linked poly-
ubiquitination (Yang et al., 2020). However, NSP8 does not significantly
suppress IFN-I signaling when compared with other nonstructural pro-
teins, like NSP1, NSP6, NSP7 and NSP14 (Xia et al., 2020).
2.6. NSP13, NSP14, and NSP15

These three proteins are RNA-modifying enzymes serving as acces-
sory factors for the core RdRp. NSP13 (PDB: 6XEZ) is a helicase (Chen
et al., 2020), which is highly conserved among coronaviruses (Finkel
et al., 2021; Jungreis et al., 2021; Yaara Finkel et al., 2020; Wu et al.,
2020). It is likely the driving factor enabling RdRp backtracking,
improving proofreading and leading to template switching. When over-
expressed, NSP13 has been shown to suppress IFN-β–driven luciferase
activity (Xia et al., 2020; Yuen et al., 2020; Lei et al., 2020). NSP13 can
also decrease phosphorylation of TBK1 through their direct interaction,
resulting in the inactivation of IRF3 (Jin et al., 2021; Xia et al., 2020;
Gordon et al., 2020; Hoffmann et al., 2021). NSP13 was also shown to
block STAT1 and STAT2 activation by hindering STAT1 from entering
the nucleus, resulting in the suppression of IFN-I signaling (Xia et al.,
2020; Yuen et al., 2020; Lei et al., 2020).

Both SARS-CoV-2 NSP14 and NSP15 significantly suppress the IFN-β
promoter driven luciferase expression and IFN-I signaling (Yuen et al.,
2020; Lei et al., 2020). NSP14 contains two domains, 30-to-50 exoribo-
nuclease (ExoN) and guanine-N7-methyltransferase (N7-MTase). ExoN is
required to maintain a certain degree of fidelity, and N7-MTase is
involved in mRNA capping (Ogando et al., 2020). Further evidence was
provided in a recent crystal structure of the ExoN region (Lin et al.,
2021). The conformation reveals that its ExoN (PDB: 7DIY) maintains a
complete exoribonuclease fold and an active configuration in the cata-
lytic center. NSP14 was also shown to suppress host protein synthesis
(Hsu et al., 2021). NSP15 is a uridine-specific endoribonuclease with a
C-terminal EndoU like catalytic domain, conserved among coronaviruses.
Its nucleotide-bound crystal structure (PDB: 6X4I) suggests a second base
binding site, which can accommodate any other base (Kim et al., 2021).
Even though endoribonuclease activity seems to be responsible for the
interference with the innate immune response, current evidence suggests
that NSP15 is likely to suppress IFN-I induction through binding to
RNF41, which is an E3 ligase involved in activation of IRF3 (Gordon
et al., 2020). Further studies are still required to understand the molec-
ular mechanisms underlying their suppression of IFN.
2.7. Accessory proteins

Some of the eight SARS-CoV-2 accessory proteins have also been
shown to be involved in modulating IFN responses.

https://www.rcsb.org/structure/7K7P
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2.8. ORF3a

Along with two other viral proteins, E and ORF8a, ORF3a is a SARS-
CoV-2 putative ion channel, which is located at the plasma membrane of
the ER and Golgi (Kern et al., 2021; Casta~no-Rodriguez et al., 2018). The
3a cryo-EM structure (ORF: 6XDC) demonstrated that 3a forms an ion
channel in reconstituted liposomes (Kern et al., 2021). Experimental
evidence has implied that 3a is involved in viral budding (Ghosh et al.,
2020), suppressing autophagy (Miao et al., 2021), inflammasome acti-
vation (Siu et al., 2019), and promoting cell death (Freundt et al., 2010;
Ren et al., 2020). Even though both SARS-CoV and SARS-CoV-2 ORF3a
proteins have been shown to induce host cell apoptosis, they use different
mechanisms. SARS-CoVORF3a was shown to trigger Golgi fragmentation
(Freundt et al., 2010). On the other hand, SARS-CoV-2 ORF3a was shown
to activate the caspase signaling pathway (Freundt et al., 2010; Ren et al.,
2020).

2.9. ORF3b

ORF3b is a viral protein, that travels between nucleus and cytoplasm
during infection (Konno et al., 2020). Specifically, it constantly trans-
locates between the nucleus and the outer membrane of mitochondria
(Konno et al., 2020). It is a potent interferon suppressor for both
SARS-CoV and SARS-CoV-2 viruses. Even though SARS-CoV-2 is more
sensitive to IFN-I treatment compared to SARS-CoV (Lokugamage et al.,
2020), SARS-CoV-2 ORF3b exhibited more efficient inhibition of IFN-I
induction than its SARS-CoV counterpart (Konno et al., 2020). This
enhancement of suppression by SARS-CoV-2 ORF3b was achieved
through inhibiting the nuclear localization of IRF3 (Konno et al., 2020).
Its virulence role is further supported by two natural variants, which
encoded a similar elongated form of ORF3b due to the loss of its original
first stop codon (Konno et al., 2020). The variants were isolated from
patients with particularly severe COVID-19 symptoms from a family
cluster in Quito, Ecuador (Konno et al., 2020). They exhibited even more
potent inhibition on type I interferon responses compared to the wild
type form (Konno et al., 2020). Interestingly, when fully restoring the
SARS-CoV ORF3b-like protein in SARS-CoV-2 virus through reverting
those stop codons, there was a decrease in anti-IFN activity (Konno et al.,
2020). This suggests that the C-terminal region of ORF3b has a negative
impact on its immune suppression activity. To better understand the
underlying mechanism, structural information is needed.

2.10. ORF6

SARS-CoV-2 ORF6 is located at the nuclear pore through binding to
Nup98-Rae1 complex (Addetia et al., 2021; Miorin et al., 2020). This
results in blocking nuclear translocation of STAT1 and STAT2 causing
compromised induction of ISGs (Miorin et al., 2020). This conclusion was
further supported by the observation that there is no ISG inhibition when
ORF6 was mutated to prevent its binding to the nuclear pore complex
(Miorin et al., 2020). Through blocking of the nuclear pore, ORF6 can
also cause nuclear retention of host mRNAs, resulting in a reduction in
expression of host genes (Addetia et al., 2021).

2.11. ORF7a/7b

SARS-CoV ORF7a is a type I transmembrane protein. Its N-terminal
ectodomain (PDB: 1XAK) contains a compact Ig-like domain (Nelson
et al., 2005). It is mainly located in the Golgi network (Nelson et al.,
2005). It has been shown to trigger cell cycle arrest (Nelson et al., 2005).
Both SARS-CoV-2 ORF7a and ORF7b inhibit IFN-I signaling by blocking
phosphorylation of STAT proteins. Specifically, ORF7a only inhibits
STAT2 phosphorylation while ORF7b suppresses both STAT1 and STAT2
phosphorylation (Xia et al., 2020; Cao et al., 2021). In another report,
SARS-CoV-2 ORF7a was shown to be an immunomodulating factor for
immune cell binding that upregulates inflammatory responses (Zhou
3

et al., 2021).
2.12. ORF8

SARS-CoV-2 ORF8 is a secreted protein, containing an N-terminal
signal sequence followed by an Ig-like structure revealed in its crystal
structure (PDB: 7JTL) (Flower et al., 2021; Hassan et al., 2021). Its
N-terminal signal sequence guides its entry into the lumen of the ER.
There, SARS-CoV-2 ORF8 interacts with several host proteins, some of
which have been shown to be involved in ER-associated degradation.
Besides its inhibitory role in suppressing IFN-β production and signaling
(Li et al., 2020a, 2020b), SARS-CoV-2 ORF8 was shown to down-regulate
MHC-І and protect virus-infected cells against Cytotoxic T lymphocytes
(CTLs) (Zhang et al., 2021c), even though the underlying mechanism
remains elusive.
2.13. ORF9b

Among the current known coronaviruses, ORF9b is only present in
both SARS-CoV-2 and SARS-CoV, sized at about 98-amino acid long, and
encoded by an alternative reading frame within the N gene (Xu et al.,
2009). It suppresses IFN-I responses through targeting mitochondria
adapter TOM70 (Gao et al., 2021; Jiang et al., 2020), which is further
supported by the crystal structure of ORF9b in complex with the cytosolic
domain of TOM70 (PDB: 7DHG) (Gao et al., 2021). Additionally, it can
target TRIF or STING to block the activation of types I and III IFNs (Han
et al., 2021). In the same study, ORF9b was shown to further compromise
nuclear translocation of IRF3 by blocking IRF3 phosphorylation. Addi-
tionally, more ORF9b-associated factors were revealed, such as RIG-I,
MDA-5, MAVS, TRIF, STING, and TBK1 (Han et al., 2021). It is
intriguing that such a small protein has so many binding partners.
2.14. Structural proteins

Among the four structure proteins encoded by SARS-CoV-2, two of
them, M and N proteins, have also been reported to suppress IFN-I pro-
duction and signaling, just like their SARS-CoV counterparts. However,
their specific targets can differ. In SARS-CoV, M protein crippled down-
stream IRF3/IRF7 activation and IFN production by inhibiting the for-
mation of the TRAF3-TRAF family member associated NF-kB activator
(TANK)-TBK1/IKKε complex (Siu et al., 2009). However, in SARS-CoV-2,
M protein suppresses type I and III IFN production by blocking the
sensing pathways through desensitizing cytosolic viral RNA sensors,
including RIG-I, MDA5, MAVS, and TBK1 via direct binding (Zheng et al.,
2020). It is not clear whether these associations are mediated by mainly
one transmembrane domain or the collaborative efforts of two or three
transmembrane domains.

N protein comprises an N-terminal (NTD) and a C-terminal (CTD)
domain. Both of them can bind to RNA. It wraps the viral RNA genome
and mediates it attachment to the viral envelope as shown in the crystal
structure for the complex of N protein and RNA components (PDB: 7ACT)
(Ye et al., 2020; Dinesh et al., 2020). Besides its vital role in viral repli-
cation, SARS-CoV N protein was reported to be involved in suppressing
host innate immunity by targeting the upstream event of RNA sensing (Lu
et al., 2011) or by suppressing RIG-I ubiquitination mediated via
tripartite motif containing 25 (TRIM25) through direct binding to
TRIM25 (Lu et al., 2011). For SARS-CoV-2, N protein suppresses the IFN
signaling pathway through a different mechanism by inhibiting the
phosphorylation of STAT1 and STAT2, resulting in their retention in the
cytoplasm (Jiang et al., 2020). It is fascinating that there are such dif-
ferences in their functions even though the N proteins from both SARS
viruses are highly conserved, with only 5 substitutions in their corre-
sponding consensus sequences (Wu et al., 2020).
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3. Conclusions

It is crucial to understand how SARS-CoV-2 compromises the host
IFN-I responses, and understanding this will shed light on the patho-
genesis of SARS-CoV-2. Like other betacoronaviruses, SARS-CoV-2 pos-
sesses multiple mechanisms inhibiting various innate immune responses,
which results in a failure of fine-tuned innate immune activation.
Therefore, the skewed host defense causes enhanced disease severity and
mortality rather than protection. This knowledge will also provide a
rationale for developing novel therapeutics targeting the distorted im-
mune escape mechanisms of SARS-CoV-2 and their role in compromising
infection. Furthermore, studies have already shown that SARS-CoV-2 is
sensitive to IFN-I inhibition (Lokugamage et al., 2020; Felgenhauer et al.,
2020). A more detailed understanding of the interplay between
SARS-CoV-2 and the host will warrant a reliable and practical IFN-based
medical intervention for COVID-19 treatment, particularly during the
early stage of infection (Lokugamage et al., 2020; Blanco-Melo et al.,
2020; Hadjadj et al., 2020).

With the accumulating evidence from more studies on SARS-CoV-2
proteins that antagonize IFN-I response, we are also aware that there
are discrepancies for some of these factors. For example, some reports
found that NSP12 inhibits the IFN-I response, whereas some did not (Xia
et al., 2020; Yuen et al., 2020; Lei et al., 2020; Li et al., 2021; Wang et al.,
2021). The differences might be caused by the different experimental
conditions used in these studies. Therefore, it is important to validate
these results in the context of viral replication. Using reverse genetic
systems, recombinant viruses should be generated to carry the specific
mutations and examined for their abilities to suppress IFN-I signaling.
These discrepancies also reflect that we are still at the early stages of
understanding the underlying mechanisms of host-virus interactions
during SARS-CoV-2 infection. Follow-up research is still required to
reveal the authentic picture of this virus-host arms race. It is even more
important to identify mutations located in the domains of the corre-
sponding viral IFN antagonists so that we will be better prepared for the
ongoing emergence of SARS-CoV-2 variant strains.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

We thank Ms. Alexandra Pervis for her dedicated scientific editing.
Drs. Xu Duo and Rong Hai were partially supported by Public Health
Service Research Grants, R21AI147057 and R01AI147057, from the
National Institute of Allergy and Infectious Diseases.

References

Acharya, D., Liu, G., Gack, M.U., 2020. Dysregulation of type I interferon responses in
COVID-19. Nat. Rev. Immunol. 20, 397–398.

Addetia, A., Lieberman, N.A.P., Phung, Q., Hsiang, T.Y., Xie, H., Roychoudhury, P.,
Shrestha, L., Loprieno, M.A., Huang, M.L., Gale Jr., M., Jerome, K.R., Greninger, A.L.,
2021. SARS-CoV-2 ORF6 disrupts bidirectional nucleocytoplasmic transport through
interactions with Rae1 and Nup98. mBio 12.

Alhammad, Y.M.O., Kashipathy, M.M., Roy, A., Gagn�e, J.-P., McDonald, P., Gao, P.,
Nonfoux, L., Battaile, K.P., Johnson, D.K., Holmstrom, E.D., Poirier, G.G., Lovell, S.,
Fehr, A.R., Gallagher, T., 2021. The SARS-CoV-2 conserved macrodomain is a mono-
ADP-ribosylhydrolase. J. Virol. 95 e01969-20.

Biswal, M., Diggs, S., Xu, D., Khudaverdyan, N., Lu, J., Fang, J., Blaha, G., Hai, R.,
Song, J., 2021. Two conserved oligomer interfaces of NSP7 and NSP8 underpin the
dynamic assembly of SARS-CoV-2 RdRP. Nucleic Acids Res. 49, 5956–5966.

Blanco-Melo, D., Nilsson-Payant, B.E., Liu, W.C., Uhl, S., Hoagland, D., Møller, R.,
Jordan, T.X., Oishi, K., Panis, M., Sachs, D., Wang, T.T., Schwartz, R.E., Lim, J.K.,
Albrecht, R.A., tenOever, B.R., 2020. Imbalanced host response to SARS-CoV-2 drives
development of COVID-19. Cell 181, 1036–1045.e9.

Brosey, C.A., Houl, J.H., Katsonis, P., Balapiti-Modarage, L.P.F., Bommagani, S., Arvai, A.,
Moiani, D., Bacolla, A., Link, T., Warden, L.S., Lichtarge, O., Jones, D.E., Ahmed, Z.,
4

Tainer, J.A., 2021. Targeting SARS-CoV-2 Nsp3 macrodomain structure with insights
from human poly(ADP-ribose) glycohydrolase (PARG) structures with inhibitors.
Prog. Biophys. Mol. Biol. 163, 171–186.

Cao, Z., Xia, H., Rajsbaum, R., Xia, X., Wang, H., Shi, P.-Y., 2021. Ubiquitination of SARS-
CoV-2 ORF7a promotes antagonism of interferon response. Cell. Mol. Immunol. 18,
746–748.

Casta~no-Rodriguez, C., Honrubia, J.M., Guti�errez-�Alvarez, J., DeDiego, M.L., Nieto-
Torres, J.L., Jimenez-Guarde~no, J.M., Regla-Nava, J.A., Fernandez-Delgado, R.,
Verdia-B�aguena, C., Queralt-Martín, M., Kochan, G., Perlman, S., Aguilella, V.M.,
Sola, I., Enjuanes, L., 2018. Role of severe acute respiratory syndrome coronavirus
viroporins E, 3a, and 8a in replication and pathogenesis. mBio 9.

Chen, J., Malone, B., Llewellyn, E., Grasso, M., Shelton, P.M.M., Olinares, P.D.B.,
Maruthi, K., Eng, E.T., Vatandaslar, H., Chait, B.T., Kapoor, T.M., Darst, S.A.,
Campbell, E.A., 2020. Structural basis for helicase-polymerase coupling in the SARS-
CoV-2 replication-transcription complex. Cell 182, 1560–1573 e13.

Clark, L.K., Green, T.J., Petit, C.M., Dutch, R.E., 2021. Structure of nonstructural protein 1
from SARS-CoV-2. J. Virol. 95, e02019–e02020.

Clementz, M.A., Chen, Z., Banach, B.S., Wang, Y., Sun, L., Ratia, K., Baez-Santos, Y.M.,
Wang, J., Takayama, J., Ghosh, A.K., Li, K., Mesecar, A.D., Baker, S.C., 2010.
Deubiquitinating and interferon antagonism activities of coronavirus papain-like
proteases. J. Virol. 84, 4619–4629.

Cottam, E.M., Maier, H.J., Manifava, M., Vaux, L.C., Chandra-Schoenfelder, P.,
Gerner, W., Britton, P., Ktistakis, N.T., Wileman, T., 2011. Coronavirus nsp6 proteins
generate autophagosomes from the endoplasmic reticulum via an omegasome
intermediate. Autophagy 7, 1335–1347.

Dinesh, D.C., Chalupska, D., Silhan, J., Koutna, E., Nencka, R., Veverka, V., Boura, E.,
2020. Structural basis of RNA recognition by the SARS-CoV-2 nucleocapsid
phosphoprotein. PLoS Pathog. 16, e1009100.

Felgenhauer, U., Schoen, A., Gad, H.H., Hartmann, R., Schaubmar, A.R., Failing, K.,
Drosten, C., Weber, F., 2020. Inhibition of SARS-CoV-2 by type I and type III
interferons. J. Biol. Chem. 295, 13958–13964.

Finkel, Y., Mizrahi, O., Nachshon, A., Weingarten-Gabbay, S., Morgenstern, D., Yahalom-
Ronen, Y., Tamir, H., Achdout, H., Stein, D., Israeli, O., Beth-Din, A., Melamed, S.,
Weiss, S., Israely, T., Paran, N., Schwartz, M., Stern-Ginossar, N., 2021. The coding
capacity of SARS-CoV-2. Nature 589, 125–130.

Flower, T.G., Buffalo, C.Z., Hooy, R.M., Allaire, M., Ren, X., Hurley, J.H., 2021. Structure
of SARS-CoV-2 ORF8, a rapidly evolving immune evasion protein. Proc. Natl. Acad.
Sci. Unit. States Am. 118, e2021785118.

Freundt, E.C., Yu, L., Goldsmith, C.S., Welsh, S., Cheng, A., Yount, B., Liu, W.,
Frieman, M.B., Buchholz, U.J., Screaton, G.R., Lippincott-Schwartz, J., Zaki, S.R.,
Xu, X.N., Baric, R.S., Subbarao, K., Lenardo, M.J., 2010. The open reading frame 3a
protein of severe acute respiratory syndrome-associated coronavirus promotes
membrane rearrangement and cell death. J. Virol. 84, 1097–1109.

Frieman, M., Yount, B., Heise, M., Kopecky-Bromberg, S.A., Palese, P., Baric, R.S., 2007.
Severe acute respiratory syndrome coronavirus ORF6 antagonizes STAT1 function by
sequestering nuclear import factors on the rough endoplasmic reticulum/Golgi
membrane. J. Virol. 81, 9812–9824.

Fung, T.S., Liu, D.X., 2019. Human coronavirus: host-pathogen interaction. Annu. Rev.
Microbiol. 73, 529–557.

Gao, X., Zhu, K., Qin, B., Olieric, V., Wang, M., Cui, S., 2021. Crystal structure of SARS-
CoV-2 Orf9b in complex with human TOM70 suggests unusual virus-host
interactions. Nat. Commun. 12, 2843.

Ghosh, S., Dellibovi-Ragheb, T.A., Kerviel, A., Pak, E., Qiu, Q., Fisher, M.,
Takvorian, P.M., Bleck, C., Hsu, V.W., Fehr, A.R., Perlman, S., Achar, S.R.,
Straus, M.R., Whittaker, G.R., de Haan, C.A.M., Kehrl, J., Altan-Bonnet, G., Altan-
Bonnet, N., 2020. β-Coronaviruses use lysosomes for egress instead of the
biosynthetic secretory pathway. Cell 183, 1520–1535 e14.

Gordon, D.E., Jang, G.M., Bouhaddou, M., Xu, J., Obernier, K., White, K.M.,
O'Meara, M.J., Rezelj, V.V., Guo, J.Z., Swaney, D.L., Tummino, T.A., Huettenhain, R.,
Kaake, R.M., Richards, A.L., Tutuncuoglu, B., Foussard, H., Batra, J., Haas, K.,
Modak, M., Kim, M., Haas, P., Polacco, B.J., Braberg, H., Fabius, J.M., Eckhardt, M.,
Soucheray, M., Bennett, M.J., Cakir, M., McGregor, M.J., Li, Q., Meyer, B., Roesch, F.,
Vallet, T., Mac Kain, A., Miorin, L., Moreno, E., Naing, Z.Z.C., Zhou, Y., Peng, S.,
Shi, Y., Zhang, Z., Shen, W., Kirby, I.T., Melnyk, J.E., Chorba, J.S., Lou, K., Dai, S.A.,
Barrio-Hernandez, I., Memon, D., Hernandez-Armenta, C., et al., 2020. A SARS-CoV-2
protein interaction map reveals targets for drug repurposing. Nature. https://doi.org/
10.1038/s41586-020-2286-9.

Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N., P�er�e, H.,
Charbit, B., Bondet, V., Chenevier-Gobeaux, C., Breillat, P., Carlier, N., Gauzit, R.,
Morbieu, C., P�ene, F., Marin, N., Roche, N., Szwebel, T.A., Merkling, S.H.,
Treluyer, J.M., Veyer, D., Mouthon, L., Blanc, C., Tharaux, P.L., Rozenberg, F.,
Fischer, A., Duffy, D., Rieux-Laucat, F., Kern�eis, S., Terrier, B., 2020. Impaired type I
interferon activity and inflammatory responses in severe COVID-19 patients. Science
369, 718–724.

Han, L., Zhuang, M.W., Deng, J., Zheng, Y., Zhang, J., Nan, M.L., Zhang, X.J., Gao, C.,
Wang, P.H., 2021. SARS-CoV-2 ORF9b antagonizes type I and III interferons by
targeting multiple components of the RIG-I/MDA-5-MAVS, TLR3-TRIF, and cGAS-
STING signaling pathways. J. Med. Virol. 93, 5376–5389.

Hassan, S.S., Aljabali, A.A.A., Panda, P.K., Ghosh, S., Attrish, D., Choudhury, P.P.,
Seyran, M., Pizzol, D., Adadi, P., Abd El-Aziz, T.M., Soares, A., Kandimalla, R.,
Lundstrom, K., Lal, A., Azad, G.K., Uversky, V.N., Sherchan, S.P., Baetas-da-Cruz, W.,
Uhal, B.D., Rezaei, N., Chauhan, G., Barh, D., Redwan, E.M., Dayhoff 2nd, G.W.,
Bazan, N.G., Serrano-Aroca, �A., El-Demerdash, A., Mishra, Y.K., Palu, G.,
Takayama, K., Brufsky, A.M., Tambuwala, M.M., 2021. A unique view of SARS-CoV-2
through the lens of ORF8 protein. Comput. Biol. Med. 133, 104380.

http://refhub.elsevier.com/S2666-478X(21)00007-6/sref1
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref1
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref1
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref2
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref2
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref2
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref2
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref3
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref3
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref3
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref3
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref3
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref4
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref4
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref4
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref4
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref5
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref5
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref5
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref5
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref5
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref6
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref6
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref6
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref6
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref6
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref6
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref7
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref7
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref7
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref7
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref8
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref9
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref9
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref9
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref9
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref9
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref10
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref10
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref10
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref11
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref11
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref11
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref11
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref11
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref12
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref12
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref12
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref12
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref12
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref13
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref13
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref13
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref14
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref14
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref14
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref14
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref15
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref15
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref15
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref15
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref15
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref16
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref16
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref16
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref17
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref17
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref17
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref17
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref17
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref17
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref18
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref18
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref18
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref18
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref18
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref19
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref19
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref19
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref20
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref20
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref20
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref21
https://doi.org/10.1038/s41586-020-2286-9
https://doi.org/10.1038/s41586-020-2286-9
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref23
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref24
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref24
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref24
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref24
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref24
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref25


D. Xu et al. Current Research in Virological Science 2 (2021) 100013
Hayn, M., Hirschenberger, M., Koepke, L., Nchioua, R., Straub, J.H., Klute, S.,
Hunszinger, V., Zech, F., Prelli Bozzo, C., Aftab, W., Christensen, M.H.,
Conzelmann, C., Müller, J.A., Srinivasachar Badarinarayan, S., Stürzel, C.M.,
Forne, I., Stenger, S., Conzelmann, K.-K., Münch, J., Schmidt, F.I., Sauter, D.,
Imhof, A., Kirchhoff, F., Sparrer, K.M.J., 2021. Systematic functional analysis of
SARS-CoV-2 proteins uncovers viral innate immune antagonists and remaining
vulnerabilities. Cell Rep. 35.

Hoffmann, H.H., S�anchez-Rivera, F.J., Schneider, W.M., Luna, J.M., Soto-Feliciano, Y.M.,
Ashbrook, A.W., Le Pen, J., Leal, A.A., Ricardo-Lax, I., Michailidis, E., Hao, Y.,
Stenzel, A.F., Peace, A., Zuber, J., Allis, C.D., Lowe, S.W., MacDonald, M.R.,
Poirier, J.T., Rice, C.M., 2021. Functional interrogation of a SARS-CoV-2 host protein
interactome identifies unique and shared coronavirus host factors. Cell Host Microbe
29, 267–280 e5.

Hsu, J.C., Laurent-Rolle, M., Pawlak, J.B., Wilen, C.B., Cresswell, P., 2021. Translational
shutdown and evasion of the innate immune response by SARS-CoV-2 NSP14 protein.
Proc. Natl. Acad. Sci. U. S. A. 118.

Huang, C., Lokugamage, K.G., Rozovics, J.M., Narayanan, K., Semler, B.L., Makino, S.,
2011. SARS coronavirus nsp1 protein induces template-dependent endonucleolytic
cleavage of mRNAs: viral mRNAs are resistant to nsp1-induced RNA cleavage. PLoS
Pathog. 7, e1002433.

Jiang, H-w, Zhang, H-n, Meng, Q-f, Xie, J., Li, Y., Chen, H., Zheng, Y-x, Wang, X-n, Qi, H.,
Zhang, J., Wang, P.-H., Han, Z.-G., Tao, S-c, 2020. SARS-CoV-2 Orf9b suppresses type
I interferon responses by targeting TOM70. Cell. Mol. Immunol. 17, 998–1000.

Jin, D.-Y., Vazquez, C., Swanson, S.E., Negatu, S.G., Dittmar, M., Miller, J., Ramage, H.R.,
Cherry, S., Jurado, K.A., 2021. SARS-CoV-2 viral proteins NSP1 and NSP13 inhibit
interferon activation through distinct mechanisms. PLoS One 16.

Jungreis, I., Sealfon, R., Kellis, M., 2021. SARS-CoV-2 gene content and COVID-19
mutation impact by comparing 44 Sarbecovirus genomes. Nat. Commun. 12, 2642.

Kamitani, W., Huang, C., Narayanan, K., Lokugamage, K.G., Makino, S., 2009. A two-
pronged strategy to suppress host protein synthesis by SARS coronavirus Nsp1
protein. Nat. Struct. Mol. Biol. 16, 1134–1140.

Kern, D.M., Sorum, B., Mali, S.S., Hoel, C.M., Sridharan, S., Remis, J.P., Toso, D.B.,
Kotecha, A., Bautista, D.M., Brohawn, S.G., 2021. Cryo-EM structure of SARS-CoV-2
ORF3a in lipid nanodiscs. Nat. Struct. Mol. Biol. 28, 573–582.

Kim, Y., Wower, J., Maltseva, N., Chang, C., Jedrzejczak, R., Wilamowski, M., Kang, S.,
Nicolaescu, V., Randall, G., Michalska, K., Joachimiak, A., 2021. Tipiracil binds to
uridine site and inhibits Nsp15 endoribonuclease NendoU from SARS-CoV-2.
Commun. Biol. 4, 193.

Klemm, T., Ebert, G., Calleja, D.J., Allison, C.C., Richardson, L.W., Bernardini, J.P.,
Lu, B.G., Kuchel, N.W., Grohmann, C., Shibata, Y., Gan, Z.Y., Cooney, J.P.,
Doerflinger, M., Au, A.E., Blackmore, T.R., van der Heden van Noort, G.J.,
Geurink, P.P., Ovaa, H., Newman, J., Riboldi-Tunnicliffe, A., Czabotar, P.E.,
Mitchell, J.P., Feltham, R., Lechtenberg, B.C., Lowes, K.N., Dewson, G., Pellegrini, M.,
Lessene, G., Komander, D., 2020. Mechanism and inhibition of the papain-like
protease, PLpro, of SARS-CoV-2. EMBO J. 39, e106275.

Konno, Y., Kimura, I., Uriu, K., Fukushi, M., Irie, T., Koyanagi, Y., Sauter, D., Gifford, R.J.,
Nakagawa, S., Sato, K., 2020. SARS-CoV-2 ORF3b is a potent interferon antagonist
whose activity is increased by a naturally occurring elongation variant. Cell Rep. 32,
108185.

Kumar, A., Ishida, R., Strilets, T., Cole, J., Lopez-Orozco, J., Fayad, N., Felix-Lopez, A.,
Elaish, M., Evseev, D., Magor, K.E., Mahal, L.K., Nagata, L.P., Evans, D.H.,
Hobman, T.C., 2021. SARS-CoV-2 nonstructural protein 1 inhibits the interferon
response by causing depletion of key host signaling factors. J. Virol. 95, e0026621.

Lei, X., Dong, X., Ma, R., Wang, W., Xiao, X., Tian, Z., Wang, C., Wang, Y., Li, L., Ren, L.,
Guo, F., Zhao, Z., Zhou, Z., Xiang, Z., Wang, J., 2020. Activation and evasion of type I
interferon responses by SARS-CoV-2. Nat. Commun. 11, 3810.

Li, G., Fan, Y., Lai, Y., Han, T., Li, Z., Zhou, P., Pan, P., Wang, W., Hu, D., Liu, X.,
Zhang, Q., Wu, J., 2020a. Coronavirus infections and immune responses. J. Med.
Virol. 92, 424–432.

Li, J.Y., Liao, C.H., Wang, Q., Tan, Y.J., Luo, R., Qiu, Y., Ge, X.Y., 2020b. The ORF6, ORF8
and nucleocapsid proteins of SARS-CoV-2 inhibit type I interferon signaling pathway.
Virus Res. 286, 198074.

Li, A., Zhao, K., Zhang, B., Hua, R., Fang, Y., Jiang, W., Zhang, J., Hui, L., Zheng, Y., Li, Y.,
Zhu, C., Wang, P.H., Peng, K., Xia, Y., 2021. SARS-CoV-2 NSP12 protein is not an IFN-
β antagonist. J. Virol. https://doi.org/10.1128/jvi.00747-21:Jvi0074721.

Lin, S., Chen, H., Chen, Z., Yang, F., Ye, F., Zheng, Y., Yang, J., Lin, X., Sun, H., Wang, L.,
Wen, A., Dong, H., Xiao, Q., Deng, D., Cao, Y., Lu, G., 2021. Crystal structure of SARS-
CoV-2 nsp10 bound to nsp14-ExoN domain reveals an exoribonuclease with both
structural and functional integrity. Nucleic Acids Res. 49, 5382–5392.

Liu, G., Lee, J.-H., Parker, Z.M., Acharya, D., Chiang, J.J., van Gent, M., Riedl, W., Davis-
Gardner, M.E., Wies, E., Chiang, C., Gack, M.U., 2021. ISG15-dependent activation of
the sensor MDA5 is antagonized by the SARS-CoV-2 papain-like protease to evade
host innate immunity. Nat.Microbio. 6, 467–478.

Lokugamage, K.G., Hage, A., de Vries, M., Valero-Jimenez, A.M., Schindewolf, C.,
Dittmann, M., Rajsbaum, R., Menachery, V.D., 2020. Type I interferon susceptibility
distinguishes SARS-CoV-2 from SARS-CoV. J. Virol. 94.

Lu, X., Pan, J., Tao, J., Guo, D., 2011. SARS-CoV nucleocapsid protein antagonizes IFN-β
response by targeting initial step of IFN-β induction pathway, and its C-terminal
region is critical for the antagonism. Virus Gene. 42, 37–45.

Mantlo, E., Bukreyeva, N., Maruyama, J., Paessler, S., Huang, C., 2020. Antiviral activities
of type I interferons to SARS-CoV-2 infection. Antiviral Res. 179, 104811.

Meylan, E., Tschopp, J., Karin, M., 2006. Intracellular pattern recognition receptors in the
host response. Nature 442, 39–44.

Miao, G., Zhao, H., Li, Y., Ji, M., Chen, Y., Shi, Y., Bi, Y., Wang, P., Zhang, H., 2021.
ORF3a of the COVID-19 virus SARS-CoV-2 blocks HOPS complex-mediated assembly
5

of the SNARE complex required for autolysosome formation. Dev. Cell 56, 427–442
e5.

Miorin, L., Kehrer, T., Sanchez-Aparicio, M.T., Zhang, K., Cohen, P., Patel, R.S., Cupic, A.,
Makio, T., Mei, M., Moreno, E., Danziger, O., White, K.M., Rathnasinghe, R.,
Uccellini, M., Gao, S., Aydillo, T., Mena, I., Yin, X., Martin-Sancho, L., Krogan, N.J.,
Chanda, S.K., Schotsaert, M., Wozniak, R.W., Ren, Y., Rosenberg, B.R.,
Fontoura, B.M.A., Garcia-Sastre, A., 2020. SARS-CoV-2 Orf6 hijacks Nup98 to block
STAT nuclear import and antagonize interferon signaling. Proc. Natl. Acad. Sci. U. S.
A. https://doi.org/10.1073/pnas.2016650117.

Moustaqil, M., Ollivier, E., Chiu, H.P., Van Tol, S., Rudolffi-Soto, P., Stevens, C.,
Bhumkar, A., Hunter, D.J.B., Freiberg, A.N., Jacques, D., Lee, B., Sierecki, E.,
Gambin, Y., 2021. SARS-CoV-2 proteases PLpro and 3CLpro cleave IRF3 and critical
modulators of inflammatory pathways (NLRP12 and TAB1): implications for disease
presentation across species. Emerg. Microb. Infect. 10, 178–195.

Narayanan, K., Huang, C., Lokugamage, K., Kamitani, W., Ikegami, T., Tseng, C.T.,
Makino, S., 2008. Severe acute respiratory syndrome coronavirus nsp1 suppresses
host gene expression, including that of type I interferon, in infected cells. J. Virol. 82,
4471–4479.

Nelson, C.A., Pekosz, A., Lee, C.A., Diamond, M.S., Fremont, D.H., 2005. Structure and
intracellular targeting of the SARS-coronavirus Orf7a accessory protein. Structure 13,
75–85.

Ogando, N.S., Zevenhoven-Dobbe, J.C., van der Meer, Y., Bredenbeek, P.J.,
Posthuma, C.C., Snijder, E.J., 2020. The enzymatic activity of the nsp14
exoribonuclease is critical for replication of MERS-CoV and SARS-CoV-2. J. Virol. 94.

Park, A., Iwasaki, A., 2020. Type I and type III interferons - induction, signaling, evasion,
and application to combat COVID-19. Cell Host Microbe 27, 870–878.

Peyneau, M., Granger, V., Wicky, P.-H., Khelifi-Touhami, D., Timsit, J.-F., Lescure, F.-X.,
Yazdanpanah, Y., Tran-Dihn, A., Montravers, P., Monteiro, R.C., Chollet-Martin, S.,
Hurtado-Nedelec, M., de Chaisemartin, L., 2021. Innate immune deficiencies in
patients with COVID-19. medRxiv. https://doi.org/10.1101/2021.03.29.21254560:
2021.03.29.21254560.

Ren, Y., Shu, T., Wu, D., Mu, J., Wang, C., Huang, M., Han, Y., Zhang, X.Y., Zhou, W.,
Qiu, Y., Zhou, X., 2020. The ORF3a protein of SARS-CoV-2 induces apoptosis in cells.
Cell. Mol. Immunol. 17, 881–883.

Shin, D., Mukherjee, R., Grewe, D., Bojkova, D., Baek, K., Bhattacharya, A., Schulz, L.,
Widera, M., Mehdipour, A.R., Tascher, G., Geurink, P.P., Wilhelm, A., van der Heden
van Noort, G.J., Ovaa, H., Müller, S., Knobeloch, K.-P., Rajalingam, K.,
Schulman, B.A., Cinatl, J., Hummer, G., Ciesek, S., Dikic, I., 2020. Papain-like
protease regulates SARS-CoV-2 viral spread and innate immunity. Nature 587,
657–662.

Siu, K.L., Kok, K.H., Ng, M.J., Poon, V.K.M., Yuen, K.Y., Zheng, B.J., Jin, D.Y., 2009.
Severe acute respiratory syndrome coronavirus M protein inhibits type I interferon
production by impeding the formation of TRAF3.TANK.TBK1/IKKepsilon complex.
J. Biol. Chem. 284, 16202–16209.

Siu, K.L., Yuen, K.S., Casta~no-Rodriguez, C., Ye, Z.W., Yeung, M.L., Fung, S.Y., Yuan, S.,
Chan, C.P., Yuen, K.Y., Enjuanes, L., Jin, D.Y., 2019. Severe acute respiratory
syndrome coronavirus ORF3a protein activates the NLRP3 inflammasome by
promoting TRAF3-dependent ubiquitination of ASC. Faseb. J. 33, 8865–8877.

Thiel, V., Ivanov, K.A., Putics, �A., Hertzig, T., Schelle, B., Bayer, S., Weißbrich, B.,
Snijder, E.J., Rabenau, H., Doerr, H.W., Gorbalenya, A.E., Ziebuhr, J., 2003.
Mechanisms and enzymes involved in SARS coronavirus genome expression. J. Gen.
Virol. 84, 2305–2315.

Thoms, M., Buschauer, R., Ameismeier, M., Koepke, L., Denk, T., Hirschenberger, M.,
Kratzat, H., Hayn, M., Mackens-Kiani, T., Cheng, J., Straub, J.H., Sturzel, C.M.,
Frohlich, T., Berninghausen, O., Becker, T., Kirchhoff, F., Sparrer, K.M.J.,
Beckmann, R., 2020. Structural basis for translational shutdown and immune evasion
by the Nsp1 protein of SARS-CoV-2. Science 369, 1249–1255.

Tse, L.V., Meganck, R.M., Graham, R.L., Baric, R.S., 2020. The current and future state of
vaccines, antivirals and gene therapies against emerging coronaviruses. Front.
Microbiol. 11, 658.

Wan, Y., Shang, J., Graham, R., Baric, R.S., Li, F., 2020. Receptor recognition by the novel
coronavirus from wuhan: an analysis based on decade-long structural studies of SARS
coronavirus. J. Virol. 94.

Wang, W., Zhou, Z., Xiao, X., Tian, Z., Dong, X., Wang, C., Li, L., Ren, L., Lei, X., Xiang, Z.,
Wang, J., 2021. SARS-CoV-2 nsp12 attenuates type I interferon production by
inhibiting IRF3 nuclear translocation. Cell. Mol. Immunol. 18, 945–953.

Wu, A., Peng, Y., Huang, B., Ding, X., Wang, X., Niu, P., Meng, J., Zhu, Z., Zhang, Z.,
Wang, J., Sheng, J., Quan, L., Xia, Z., Tan, W., Cheng, G., Jiang, T., 2020. Genome
composition and divergence of the novel coronavirus (2019-nCoV) originating in
China. Cell Host Microbe 27, 325–328.

Xia, H., Shi, P.Y., 2020. Antagonism of type I interferon by severe acute respiratory
syndrome coronavirus 2. J. Interferon Cytokine Res. 40, 543–548.

Xia, H., Cao, Z., Xie, X., Zhang, X., Chen, J.Y., Wang, H., Menachery, V.D., Rajsbaum, R.,
Shi, P.Y., 2020. Evasion of type I interferon by SARS-CoV-2. Cell Rep. 33, 108234.

Xu, K., Zheng, B.J., Zeng, R., Lu, W., Lin, Y.P., Xue, L., Li, L., Yang, L.L., Xu, C., Dai, J.,
Wang, F., Li, Q., Dong, Q.X., Yang, R.F., Wu, J.R., Sun, B., 2009. Severe acute
respiratory syndrome coronavirus accessory protein 9b is a virion-associated protein.
Virology 388, 279–285.

Yaara Finkel, O.M., Nachshon, Aharon, Weingarten-Gabbay, Shira, Morgenstern, David,
Yahalom-Ronen, Yfat, Tamir, Hadas, Achdout, Hagit, Stein, Dana, Israeli, Ofir, Beth-
Din, Adi, Melamed, Sharon, Weiss, Shay, Tomer Israely, Paran, Nir, Schwartz, Michal,
Stern-Ginossar, Noam, 2020. The coding capacity of SARS-CoV-2. Nature.

Yang, Z., Zhang, X., Wang, F., Wang, P., Kuang, E., Li, X., 2020. Suppression of MDA5-
mediated antiviral immune responses by NSP8 of SARS-CoV-2. bioRxiv. https://
doi.org/10.1101/2020.08.12.247767:2020.08.12.247767.

http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref26
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref27
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref28
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref28
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref28
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref29
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref29
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref29
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref29
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref30
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref30
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref30
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref30
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref31
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref31
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref31
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref32
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref32
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref33
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref33
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref33
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref33
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref34
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref34
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref34
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref34
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref35
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref35
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref35
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref35
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref36
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref37
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref37
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref37
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref37
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref38
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref38
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref38
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref38
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref39
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref39
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref39
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref40
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref40
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref40
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref40
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref41
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref41
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref41
https://doi.org/10.1128/jvi.00747-21:Jvi0074721
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref43
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref43
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref43
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref43
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref43
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref44
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref44
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref44
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref44
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref44
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref45
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref45
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref45
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref46
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref46
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref46
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref46
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref46
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref47
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref47
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref48
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref48
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref48
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref49
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref49
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref49
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref49
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref49
https://doi.org/10.1073/pnas.2016650117
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref51
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref51
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref51
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref51
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref51
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref51
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref52
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref52
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref52
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref52
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref52
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref53
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref53
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref53
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref53
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref54
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref54
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref54
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref55
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref55
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref55
https://doi.org/10.1101/2021.03.29.21254560:2021.03.29.21254560
https://doi.org/10.1101/2021.03.29.21254560:2021.03.29.21254560
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref57
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref57
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref57
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref57
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref58
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref59
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref59
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref59
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref59
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref59
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref60
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref60
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref60
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref60
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref60
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref60
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref61
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref61
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref61
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref61
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref61
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref61
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref62
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref62
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref62
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref62
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref62
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref62
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref63
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref63
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref63
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref64
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref64
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref64
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref65
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref65
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref65
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref65
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref66
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref66
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref66
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref66
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref66
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref67
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref67
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref67
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref68
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref68
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref69
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref69
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref69
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref69
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref69
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref70
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref70
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref70
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref70
https://doi.org/10.1101/2020.08.12.247767:2020.08.12.247767
https://doi.org/10.1101/2020.08.12.247767:2020.08.12.247767


D. Xu et al. Current Research in Virological Science 2 (2021) 100013
Ye, Q., West, A.M.V., Silletti, S., Corbett, K.D., 2020. Architecture and self-assembly of the
SARS-CoV-2 nucleocapsid protein. Protein Sci. 29, 1890–1901.

Yuen, C.K., Lam, J.Y., Wong, W.M., Mak, L.F., Wang, X., Chu, H., Cai, J.P., Jin, D.Y.,
To, K.K., Chan, J.F., Yuen, K.Y., Kok, K.H., 2020. SARS-CoV-2 nsp13, nsp14, nsp15
and orf6 function as potent interferon antagonists. Emerg. Microb. Infect. 9,
1418–1428.

Zhang, Q., Bastard, P., Liu, Z., Le Pen, J., Moncada-Velez, M., Chen, J., Ogishi, M.,
Sabli, I.K.D., Hodeib, S., Korol, C., Rosain, J., Bilguvar, K., Ye, J., Bolze, A., Bigio, B.,
Yang, R., Arias, A.A., Zhou, Q., Zhang, Y., Onodi, F., Korniotis, S., Karpf, L.,
Philippot, Q., Chbihi, M., Bonnet-Madin, L., Dorgham, K., Smith, N., Schneider, W.M.,
Razooky, B.S., Hoffmann, H.H., Michailidis, E., Moens, L., Han, J.E., Lorenzo, L.,
Bizien, L., Meade, P., Neehus, A.L., Ugurbil, A.C., Corneau, A., Kerner, G., Zhang, P.,
Rapaport, F., Seeleuthner, Y., Manry, J., Masson, C., Schmitt, Y., Schluter, A., Le
Voyer, T., Khan, T., Li, J., et al., 2020. Inborn errors of type I IFN immunity in
patients with life-threatening COVID-19. Science 370.

Zhang, K., Miorin, L., Makio, T., Dehghan, I., Gao, S., Xie, Y., Zhong, H., Esparza, M.,
Kehrer, T., Kumar, A., Hobman, T.C., Ptak, C., Gao, B., Minna, J.D., Chen, Z., Garcia-
6

Sastre, A., Ren, Y., Wozniak, R.W., Fontoura, B.M.A., 2021a. Nsp1 protein of SARS-
CoV-2 disrupts the mRNA export machinery to inhibit host gene expression. Sci. Adv.
7.

Zhang, C., Li, L., He, J., Chen, C., Su, D., 2021b. Nonstructural protein 7 and 8 complexes
of SARS-CoV-2. Protein Sci. 30, 873–881.

Zhang, Y., Chen, Y., Li, Y., Huang, F., Luo, B., Yuan, Y., Xia, B., Ma, X., Yang, T., Yu, F.,
Liu, J., Liu, B., Song, Z., Chen, J., Yan, S., Wu, L., Pan, T., Zhang, X., Li, R., Huang, W.,
He, X., Xiao, F., Zhang, J., Zhang, H., 2021c. The ORF8 protein of SARS-CoV-2
Mediates Immune Evasion through Down-Regulating MHC-Iota, 118. Proc Natl Acad
Sci U S A.

Zheng, Y., Zhuang, M.-W., Han, L., Zhang, J., Nan, M.-L., Zhan, P., Kang, D., Liu, X.,
Gao, C., Wang, P.-H., 2020. Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) membrane (M) protein inhibits type I and III interferon production by
targeting RIG-I/MDA-5 signaling. Signal Transduct. Targeted Ther. 5, 299.

Zhou, Z., Huang, C., Zhou, Z., Huang, Z., Su, L., Kang, S., Chen, X., Chen, Q., He, S.,
Rong, X., Xiao, F., Chen, J., Chen, S., 2021. Structural insight reveals SARS-CoV-2
ORF7a as an immunomodulating factor for human CD14þ monocytes. iScience 24.

http://refhub.elsevier.com/S2666-478X(21)00007-6/sref72
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref72
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref72
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref73
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref73
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref73
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref73
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref73
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref74
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref75
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref75
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref75
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref75
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref75
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref76
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref76
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref76
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref77
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref77
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref77
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref77
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref77
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref78
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref78
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref78
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref78
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref79
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref79
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref79
http://refhub.elsevier.com/S2666-478X(21)00007-6/sref79

	Devil's tools: SARS-CoV-2 antagonists against innate immunity
	1. Introduction
	2. Viral-encoded IFN-I antagonists
	2.1. Nonstructural proteins
	2.2. NSP1
	2.3. NSP3
	2.4. NSP6
	2.5. NSP7 and NSP8
	2.6. NSP13, NSP14, and NSP15
	2.7. Accessory proteins
	2.8. ORF3a
	2.9. ORF3b
	2.10. ORF6
	2.11. ORF7a/7b
	2.12. ORF8
	2.13. ORF9b
	2.14. Structural proteins

	3. Conclusions
	Declaration of competing interest
	Acknowledgments
	References




