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The on-going pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) has led to unprecedented medical and socioeconomic crises. Although
the viral pathogenesis remains elusive, deficiency of effective antiviral interferon (IFN) responses upon
SARS-CoV-2 infection has been recognized as a hallmark of COVID-19 contributing to the disease pathol-
ogy and progress. Recently, multiple proteins encoded by SARS-CoV-2 have been shown to act as poten-
tial IFN antagonists with diverse possible mechanisms. Here, we summarize and discuss the strategies of
SARS-CoV-2 for evasion of innate immunity (particularly the antiviral IFN responses), understanding of
which will facilitate not only the elucidation of SARS-CoV-2 infection and pathogenesis but also the
development of antiviral intervention therapies.

� 2021 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-
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1. Introduction

The emergence of a novel coronavirus named severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2) quickly caused the
global pandemic of coronavirus disease 2019 (COVID-19). As of
April 29, 2021, more than 149 million confirmed cases with over
3 million deaths have been recorded throughout the world.
SARS-CoV-2 is an enveloped positive-sense single-stranded RNA
virus, belonging to Coronaviridae family, Betacoronaviruses genus
which also contains two other notorious life-threatening patho-
gens, SARS-CoV and MERS-CoV (Middle East respiratory syndrome
coronavirus). The genome of SARS-CoV-2 is approximately 29.9-kb
long with at least 14 open reading frames (ORFs) encoding viral
proteins [1]. Two large overlapping ORFs in the 50-proximal two-
third of the genome, ORF1a and ORF1b, encode continuous
polypeptides pp1a and pp1ab, which are cleaved by viral proteases
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into 16 nonstructural proteins (nsp1-16), making up the replicase.
Other ORFs encode four structural proteins (S [spike], E [envelop],
M [membrane], and N [nucleocapsid]) that are assembled to the
virion, and a number of accessory proteins (ORF3a, ORF3b, ORF6,
ORF7a, ORF7b, ORF8, ORF9a, ORF9b, ORF10, etc.). SARS-CoV-2
infection starts with the attachment of the S protein to the cellular
receptor angiotensin-converting enzyme 2 (ACE2) and other entry
cofactors, followed by virus-cell membrane fusion, genome release,
RNA transcription/replication, protein production, and virion
assembly and budding [2]. Upon viral infection, host cells generally
respond by recognizing particular molecular structures (called
pathogen-associated molecular patterns, PAMPs, e.g. foreign viral
RNAs) introduced or produced in viral life cycle to trigger innate
immune responses [3]. As the first line of host defense, innate
immunity and especially the antiviral interferon (IFN) system
restrict viral replication and spread, promote tissue repair, and
aid in development of the subsequent adaptive immunity, eventu-
ally facilitating viral clearance [4–6]. However, extraordinarily, IFN
responses seem to be weak during SARS-CoV-2 infection, indicat-
ing efficient counteraction of the antiviral system by SARS-CoV-2
[7–9]. This deficiency of IFN responses likely leads to productive
viral replication and contributes to COVID-19 pathology and sever-
ity [8,10–12]. Therefore, elucidation of the interactions of SARS-
CoV-2 with IFN system will not only provide pivotal insights into
SARS-CoV-2 infection and pathogenesis but also benefit design of
prophylaxis and treatment against COVID-19. In this review, we
summarize the recent progress on the evasion strategies of SARS-
CoV-2 from host innate immunity and in particular the antiviral
Fig. 1. The antiviral IFN system and its antagonism by SARS-CoV-2. Two phases of IFN sys
responses at various levels are depicted. See text for details.
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IFN system and discuss significant future directions for further
study.

2. Antiviral IFN responses to SARS-CoV-2

Antiviral IFN system based on type I IFNs (especially IFN-a and
IFN-b) and type III IFNs (IFN-k) plays essential roles in host defense
against viral infections by acting as a primary component of innate
immunity and promoting the induction of adaptive immunity [4–
6]. Responses of the antiviral IFN system comprise two phases,
IFN induction and IFN action (also called IFN signaling) (Fig. 1).

Innate immune response (including the IFN induction) is initi-
ated by host recognition of viral PAMPs (mainly specific viral
nucleic acids or some other particular products of viral infection)
via cellular pattern recognition receptors (PRRs). PRRs sensing
RNA virus infections mainly include cytosolic RIG-I-like receptors
(RLRs) and transmembrane toll-like receptors (TLRs, residing on
cell surface or in endosomes). For immune recognition of coron-
avirus infections, RLRs, melanoma differentiation-associated pro-
tein 5 (MDA5) and retinoic acid-inducible gene I (RIG-I), and
TLRs, TLR3 and TLR7, are usually considered to play notable roles
in sensing various viral RNAs and leading to type I and III IFN pro-
duction [13–16]. TLR3 in endosomes can detect viral double-
stranded RNA (dsRNA) and then activate the downstream adaptor
protein Toll/IL-1 receptor (TIR) domain-containing adaptor (TRIF),
while viral single-stranded RNA (ssRNA) can be recognized by
TLR7, thus triggering the downstream adaptor protein myeloid dif-
ferentiation primary response gene 88 (MyD88) [15,17]. In the
tem, IFN induction and IFN action, and the viral counteraction against these antiviral
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cytoplasm, viral RNA PAMPs activate RIG-I and MDA5 which sub-
sequently induce the activation of their common adaptor, mito-
chondrial antiviral signaling protein (MAVS) [18,19]. These PRR-
adaptor signaling cascades continue with the downstream kinases,
TANK binding kinase 1 (TBK1) and inhibitor of jB kinase e (IKKe),
and IKKa, IKKb and IKKc. TBK1 and IKKe phosphorylate and hence
activate transcription factors IFN regulatory factor 3 (IRF3) and
IRF7, while IKKa, IKKb and IKKc direct the activation of transcrip-
tion factor nuclear factor-jB (NF-jB). Then activated transcription
factors translocate to the nucleus, inducing expression of type I and
III IFNs, some IFN-stimulated gene (ISGs), and proinflammatory
cytokines [18]. In addition, the cGAS (cyclic GMP-AMP synthase)-
STING (stimulator of interferon genes) pathway that is commonly
associated with sensing of cytosolic DNA PAMPs may be also acti-
vated by SARS-CoV-2 infections [20,21], perhaps due to the DNA
release from damaged mitochondria or nuclei, although to what
extent it would contribute to the anti-SARS-CoV-2 immune
responses is uncertain. In this pathway, cGAS senses and is acti-
vated by DNA PAMPs [22,23]. Subsequently, activated cGAS cat-
alyzes the synthesis of 2030-cyclic GMP–AMP (2030-cGAMP) that
binds to STING as the secondary messenger to activate TBK1 and
other IKKs, then directing similar downstream signaling cascades
to induce expression of the antiviral IFNs and other immune regu-
latory genes [22–24].

In the following IFN action phase, type I and III IFNs establish
the cellular state of viral resistance in infected cells and adjacent
cells through autocrine and paracrine pathways, respectively. The
expressed and secreted IFNs bind to IFN receptors on the cell sur-
face, activating Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2).
The activated kinases immediately phosphorylate and activate sig-
nal transducer and activator of transcription proteins (STAT1 and
STAT2) which then combine with IRF9 to form a heterotrimeric
transcription factor complex called IFN-stimulated gene factor 3
(ISGF3) [14,25,26]. ISGF3 translocates into the nucleus and binds
to interferon-stimulated response elements (ISREs), thus rapidly
inducing the systematic expression of hundreds of ISGs that can
restrict infection at almost every steps of the viral life cycle
[14,26]. Many ISGs themselves are signaling molecules or regula-
tory proteins of innate and adaptive immunity, induction of which
can, in turn, lead to further amplification and development of
immune responses (including IFN responses) [27,28].
3. Evasion strategies of SARS-CoV-2

Most, if not all, pathogenic viruses evolve their evasion strate-
gies against innate immune responses. Because of its rapidity and
effectiveness in eliminating viral infection, the antiviral IFN path-
way is often a prime target for evasion of innate immune. Upon
SARS-CoV-2 infection, minimal expression of antiviral IFNs in cul-
tured cells, experimental animals, and severe COVID-19 patients
clearly suggest the extraordinarily efficient antagonism of the
innate immune responses developed by the virus [8,12]. Consider-
ing the potent and multiple antiviral and immunoregulatory activ-
ities of type I and III IFNs, SARS-CoV-2 inhibition of the IFN
responses would not only directly facilitate the evasion from mul-
tifaceted antiviral actions of numerous ISGs but also impede the
responses of various innate and adaptive immune cells (such as
natural killer cells, dendritic cells, macrophages, and lymphocytes),
including immune cell-mediated clearance of viruses and infected
cells and antigen presentation [29–32]. Based on the related find-
ings of SARS-CoV-2 and combined with the knowledge from other
coronaviruses (especially SARS-CoV), the innate immune evasion
strategies of SARS-CoV-2 could be categorized as follows: (i)
inhibiting IFN induction, including concealing or reducing PAMPs
to evade host PRR sensing or disrupting the following signaling
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cascades of IFN induction; (ii) suppressing IFN action; (iii) globally
interfering with production of host proteins including IFNs (Fig. 1).

3.1. Inhibition of IFN induction

3.1.1. Concealing or reduction of PAMPs
Recognition of viral PAMPs by host PRRs initiates innate

immune responses including IFN induction. SARS-CoV-2 may have
evolved strategies to counteract the host defense at this very early
stage by concealing or decreasing potential PAMPs (Fig. 1). Like
most positive-strand RNA viruses, SARS-CoV-2 induces cellular
endomembrane remodeling to form double membrane vesicles
(DMVs), which compartmentalize and facilitate viral RNA replica-
tion and thus likely prevents viral RNA PAMPs from exposure to
cellular PRRs [33–35]. The N protein plays essential roles in
SARS-CoV-2 genome packaging by encapsidation and intriguingly,
seems to undergo liquid–liquid phase separation with RNA which
might also contribute to the concealing of viral RNA PAMPs and
merits further investigation [36–38]. Furthermore, SARS-CoV-2
can methylate the 50-end of viral mRNA by nsp16/nsp10 heterodi-
mer to mimic cellular mRNA, hijacking the host translation
machinery and evading PRR recognition [39]. Like SARS-CoV,
SARS-CoV-2 has a self-coded capping machinery composed of
nsp10, nsp12, nsp13, nsp14, and nsp16 [39–43]. nsp13, the viral
helicase, also has an RNA triphosphatase activity [44,45] which ini-
tiates the formation of an RNA cap and moreover, likely reduces 50-
triphosphorylated viral RNA, an otherwise potential PAMP sensed
by host PRRs (especially RIG-I). nsp12, RdRp-associated
nucleotidyltransferase (NiRAN), possesses guanylyltransferase
activity, catalyzing the formation of cap core structure (GpppA)
[43]. nsp14, an mRNA cap guanine-N7-methyltransferase,
produces a Cap-0 (me7GopppA1) [40,42]. nsp16, a cap ribose
20-O-methyltransferase, forms an obligatory complex with nsp10
to efficiently convert mRNA species from the Cap-0 to the Cap-1
(me7GopppA1m) [39]. Modified viral RNA can evade recognition by
host PRRs, including RLRs and TLRs, and may also avoid the antivi-
ral effects of some other ISGs such as interferon-induced proteins
with tetratricopeptide repeats (IFIT) [46]. In addition, coronavirus
nsp15 is an uridylate-specific endoribonuclease (designated
EndoU) that seems to cleave 50-polyuridines from negative-sense
viral RNA (the product of polyA-templated RNA synthesis; poten-
tial PAMP triggering MDA5), significantly circumventing activation
of MDA5 [47–49]. Considering the high conservativeness of the
EndoU activity among coronaviruses, this evasion strategy previ-
ously demonstrated in the studies of other coronaviruses is very
likely employed by SARS-CoV-2 as well, although direct testing of
the SARS-CoV-2 nsp15 activity is required for validation. These
possible strategies are summarized in Table 1.

3.1.2. Disruption of the signaling cascades of IFN induction.
Aside from the passive stashing of PAMPs, SARS-CoV-2 also has

been equipped with multiple active immune antagonists that can
directly target to the PRR-triggered signaling cascades to dampen
IFN induction (Table 1 and Fig. 1). The N protein of SARS-CoV-2
may bind to the DExD/H domain of RIG-I, which has ATPase activ-
ity and is important for the binding of PAMP RNAs, thus impeding
RIG-I signalling [50,51] The stress granule protein G3BP1 that pos-
itively regulates innate immune responses including RIG-I signal-
ing was observed to be recruited in the phase separated
condensates of SARS-CoV-2N [37]; it will be interesting to investi-
gate whether RIG-I could be also recruited into SARS-CoV-2 N con-
densates and whether the recruitment of the host proteins in the
condensates could contribute to viral inhibition of IFN induction.
Another SARS-CoV-2 structural protein, M, also was shown to inhi-
bit the antiviral IFN expression [52,53]. Mechanistically, with ecto-
pic expression by transient transfection, a study by Zheng et al



Table 1
Antagonism of IFN induction and action by SARS-CoV-2.

Antagonist Function or mechanism Cellular
interaction
target

Phase
targeted

Refs

Double membrane
vesicles (DMVs)

Compartmentalize viral RNAs to prevent their exposure to PRRs. nsp4 and nsp6 may be
involved in DMV formation.

– IFN induction [33,34]

nsp10, nsp12,
nsp13, nsp14,
nsp16

Act as the viral capping machinery to modify viral mRNA, diminishing recognition by PRRs. – IFN induction [39,40,43,44]

nsp15 Cleaves viral RNA polyuridine sequences to avoid the recognition by MDA5. – IFN induction [47]
PLpro Acts as deISGylase that directly remove ubiquitin-like ISG15 modifications from IRF3 and

MDA5; Directly cleaves IRF3.
IRF3, MDA5 IFN induction [61–65]

3CLpro Interacts with RIG-I and thus obstruct K63-linked ubiquitination and activation of RIG-I by
TRIM25; Might inhibit K63-ubiquitin modification of STING to disrupt the recruitment of TBK1
and IKKb.

RIG-I, STING IFN induction [20,57]

nsp1 Suppresses STAT1 phosphorylation and nuclear translocation. unclear IFN action [71]
nsp6 Interacts with TBK1 to inhibit IRF3 activation. TBK1 IFN induction [71]

Suppresses STAT1 and STAT2 phosphorylation. unclear IFN action [71]
nsp12 Inhibits IRF3 nuclear import. unclear IFN induction [74]
nsp13 Interacts with TBK1 to disrupt TBK1-mediated IRF3 phosphorylation. TBK1 IFN induction [69–71]

Suppresses STAT1 and STAT2 phosphorylation. unclear IFN action [71]
nsp14 Inhibit IRF3 nuclear localization. unclear IFN induction [70]
nsp15 Inhibit IRF3 nuclear localization. unclear IFN induction [70]
M Interacts with RIG-I, MAVS, and TBK1, thus preventing the formation of the multiprotein

complex, impeding IRF3 phosphorylation and nuclear translocation.
RIG-I, MAVS,
TBK1

IFN induction [52,53]

Suppresses STAT1 phosphorylation and nuclear translocation. unclear IFN action [71]
N Binds to the DExD/H domain of RIG-I, thus impeding RIG-I signaling. RIG-I IFN induction [50,51]

Might bind to STAT1 and STAT2, suppressing STAT1 and STAT2 phosphorylation. STAT1, STAT2 IFN action [80]
ORF3a Interacts with STING and blocks the nuclear accumulation of NF-jB, thus likely impeding IFN

promoter activation.
STING IFN induction [20]

Suppresses STAT1 phosphorylation and nuclear translocation. unclear IFN action [71]
ORF3b Inhibits IRF3 nuclear localization. unclear IFN induction [78,79]
ORF6 Might interact with KPNA2 to block IRF3 nuclear accumulation but not activation. KPNA2 IFN induction [4,67,70–72]

Interacts with NUP98-RAE1 complex to block STAT1 nuclear translocation. NUP98-RAE1
complex

IFN action [4,67,71,73]

ORF7a Suppresses STAT2 phosphorylation. unclear IFN action [71]
ORF7b Suppresses STAT1 and STAT2 phosphorylation. unclear IFN action [71]
ORF8 Inhibits IRF3 nuclear localization. unclear IFN induction [75,77]
ORF9b Interacts with Tom70, perhaps thus inhibiting type I IFN induction; Targets IKKc and

specifically interrupts IKKc K63-linked polyubiquitination, thereby inhibiting NF-jB signaling
and IFN promoter activation.

TOM7, IKKc IFN induction [66–68]
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reported that SARS-CoV-2 M seems to be able to interact with RIG-
I, MDA5, MAVS, and TBK1 to inhibit RIG-I–MAVS, MAVS–TBK1, and
TRAF3–TBK1, but not MDA5–MAVS interactions, thus preventing
phosphorylation and nuclear translocation of IRF3 [52], while Fu
et al demonstrated that the viral protein specifically binds to MAVS
but not RIG-I, MDA5, or TBK1, abating MAVS aggregation and
recruitment of TRAF3, TBK1, and IRF3 to MAVS but having no
noticeable effects on the RIG-I–MAVS or MDA5–MAVS interactions
[53]. Coronavirus papain-like protease (PLpro, encoded in nsp3) is
essential for the N-terminal cleavage of pp1a and pp1ab polypro-
teins, resulting in the release of nsp1, nsp2, and nsp3, while 3-
chymotrypsin-like ‘‘main” protease (3CLpro or Mpro, harbored in
nsp5) is responsible for the cleavage and hence mature of the other
nsp proteins [54–56]. SARS-CoV-2 3CLpro was demonstrated to
interact with RIG-I as well and thus obstruct K63-linked ubiquiti-
nation and activation of RIG-I by E3 ligase tripartite motif 25
(TRIM25) [57]. As for PLpro, besides the protease activity, it may
also act as a deubiquitinase (DUB) and a deISGylase that directly
remove ubiquitin or ubiquitin-like ISG15 modifications required
for multiple signaling protein activation events, crippling innate
immune signaling transduction [58–60]. SARS-CoV-2 PLpro
shares ~ 83% sequence identity with its counterpart in SARS-CoV
but show a different preference for substrates ubiquitin and
ISG15 [61–63]. SARS-CoV PLpro disrupts ubiquitination but with
a lesser effect on ISGylation, while SARS-CoV-2 PLpro exhibits
notable preference for cleaving ISG15 from host protein substrates
and in particular MDA5 and IRF3, therefore attenuating IFN induc-
4220
tion [61,64]. Additionally, SARS-CoV-2 PLpro may also directly
cleave IRF3 to suppress IFN production [65]. Importantly, PLpro
inhibitors can reverse PLpro-mediated suppression of type I IFN
induction and attenuate SARS-CoV-2 replication [61], highlighting
the dual intervention potential of these inhibitors against SAR-
CoV-2 and COVID-19 that may not only inhibit viral nsp replicase
mature but also rescue host antiviral immunity. SARS-CoV-2
ORF9b was shown to be localized to mitochondria and interact
with translocase of outer mitochondrial membrane 70 (Tom70), a
critical protein linking MAVS to TBK1 and IRF3, perhaps thus
inhibiting type I IFN induction [66,67]. Then, Wu et al. reported
that ORF9b of SARS-CoV-2 appears to also target IKKc, an essential
regulator of NF-jB, and specifically interrupts IKKc K63-linked
polyubiquitination through its N-terminus, thereby inhibiting the
IKKa/b/c-NF-jB signaling and subsequent IFN promoter activation
[68]. As stated above, SARS-CoV-2 nsp13 plays essential roles in
viral replication as the helicase and 5’-triphosphatase; notably, this
viral protein also exhibits significant inhibitory capacity against
IFN induction (as well as IFN action that is discussed in the follow-
ing section). Mechanistically, SARS-CoV-2 nsp13 may bind TBK1
and impedes the association of TBK1 with other signaling proteins
including MAVS and TNF receptor-associated factors (TRAFs, which
facilitate recruitment of TBK1 to MAVS), suppressing TBK1 and
IRF3 activation and IFN expression [69–71]. Interestingly, SARS-
CoV-2 nsp6 appears to interact with TBK1 to inhibit IRF3 activation
as well; however, unlike nsp13, nsp6 expression does not affect
TBK1 phosphorylation/activation [71]. Similar to SARS-CoV ORF6,



Table 2
Global inhibition of the production of host proteins (including IFNs) by SARS-CoV-2.

Antagonist Function or mechanism Cellular
interaction
target

Refs

nsp1 Interacts with the 40S ribosomal
subunit by inserting its C-
terminal domain containing two
helices into the entrance region
of the ribosomal mRNA channel,
blocking host mRNA translation;
Interacts with the host mRNA
export receptor NXF1-NXT1,
leading to nuclear retention of
cellular mRNAs.

40S
ribosomal
subunit,
NXF1-NXT1

[84–86,89]

nsp8, nsp9 Bind to the 7SL RNA in the SRP
and interfere with protein
integration into cell membrane
and trafficking.

7SL RNA [87]

nsp16 Binds pre-mRNA recognition
domains of U1/U2 snRNAs and
disrupts mRNA splicing and
mature.

U1/U2
snRNAs

[87]
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SARS-CoV-2 ORF6 also robustly hampers IFN responses. However,
SARS-CoV-2 ORF6 expression noticeably blocks IRF3 nuclear
translocation but not phosphorylation [70,72]; moreover, activa-
tion of type I IFN promoter by IRF3/5D (a constitutively active
IRF3 mutant) overexpression also can be inhibited in the presence
of SARS-CoV-2 ORF6 [7], suggesting that this viral protein likely
acts at the level of IRF3 or downstream. Further, by reference to
the studies on SARS-CoV, the interactions of SARS-CoV-2 ORF6
with karyopherin a proteins (KPNAs, nuclear import factors) were
analyzed in settings of protein overexpression by transfection.
Miorin et al. demonstrated SARS-CoV-2 ORF6 interactions with
both KPNA1 and KPNA2 [73], while a specific interaction of the
viral protein with KPNA2 but not KPNA1 was observed in another
study by Xia et al. [71]. Although further validations are required,
the potential targeting of these KPNAs by SARS-CoV-2 ORF6 may
explain its specific blockade of IRF3 nuclear accumulation but
not activation.

Other viral proteins of SARS-CoV-2, including nsp12, nsp14,
nsp15, ORF3b and ORF8, may also repress IFN induction
[7,70,74–79]. However, the underlying mechanisms are more elu-
sive. Like ORF6, nsp12 inhibits IRF3 nuclear translocation, but not
phosphorylation, induced by Sendai virus (a model RNA virus trig-
gering innate immune responses) [7,74], suggesting that nsp12
may function at the level or downstream of IRF3. nsp14, nsp15,
ORF3b and ORF8 were shown to impair nuclear translocation of
IRF3 as well, but whether the activation of the transcription factor
could be affected is unknown [70,75,79]. Moreover, the inhibitory
capacity of ORF8 to interferon production is controversial [70,75].
Suppression of IRF3 nuclear translocation is an experimental phe-
nomenon which could be resulted by various interferences with
the signaling events at the level of IRF3, or upstream or down-
stream. Thus, the exact cellular interaction targets of these SARS-
CoV-2 proteins for IFN induction antagonism remain to be further
determined. Despite the largely unclear mechanism, antagonistic
activity of SARS-CoV-2 ORF3b to IFN induction likely depends on
its C-terminal length [78,79]. SARS-CoV-2 ORF3b is much shorter
(22 amino acids) but appears to have greater capacity to antago-
nize Sendai virus infection-caused IFN promoter activation, in
comparison with its SARS-CoV ortholog (153 amino acids). More-
over, interestingly, a natural SARS-CoV-2 ORF3b variant with
extended C-terminus because of the loss of the first premature stop
codon exhibited increased IFN-induction suppressive activity and
was isolated from two severe COVID-19 cases [79].

In addition to inhibiting the classical RNA virus-triggered
immune pathways, it has been recently reported that SARS-CoV-
2 may also be able to antagonize the cGAS-STING signaling cas-
cades [20]. ORF3a was shown to selectively inhibit cGAS-STING
pathway but not RLR response. Mechanistically, ORF3a may inter-
act with STING and block the nuclear accumulation of NF-jB, thus
likely impeding IFN promoter activation in cGAS-STING signaling
transduction. In comparison, 3CLpro seems to disturb both of the
RLR (as described above) and cGAS-STING pathways. For the inhi-
bition of cGAS-STING signaling, this viral protein was demon-
strated to bind STING as well and abate its K63-ubiquitin
modification, thus preventing STING functional complex assembly
and downstream signalling [20].

3.2. Suppression of IFN action

The IFN action phase also can be circumvented by SARS-CoV-2.
In SARS-CoV-2 infected cells, IFN-stimulated nuclear translocation
of STAT1 and STAT2 can be generally diminished [73]. Several
SARS-CoV-2 proteins may be involved here (Fig. 1 and Table 1).
ORF6 ectopic expression was shown to abolish cellular STAT1
nuclear translocation but not phosphorylation driven by type I
IFN treatment [7,71,73]. While the potential association of ORF6
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with KPNAs as aforementioned appeared to be dispensable in the
inhibition of IFN action, an interaction between ORF6 and nucleo-
porin 98 (Nup98) instead was shown to be important for the block-
ade of STAT1 nuclear import [67,73]. Despite many controversial
results existing in different reports, other proteins encoded by
SARS-CoV-2 including ORF3a, ORF7a, ORF7b, nsp6, nsp13, M, and
N may also dampen type I IFN action [7,71,80]. Therein, nsp6,
nsp13, ORF7b, and N decrease both STAT1 and STAT2 phosphoryla-
tion [71,80]; ORF3a and M may mainly reduce STAT1 phosphoryla-
tion, while ORF7a may mainly inhibit STAT2 activation [71]. In the
study by Xia et al., it was further demonstrated that SARS-CoV-2
nsp6 has a stronger activity of inhibiting IFN action compared with
MERS-CoV nsp6, whereas SARS-CoV nsp6 exhibits no such activity
at all [71]. More interestingly, replacement of SARS-CoV-2 nsp6 by
its orthologs from SARS-CoV or MERS-CoV in the context of a SARS-
CoV-2 replicon system decreased the ability of resistance to type I
IFN treatment [71]. The observation further supports the signifi-
cance of IFN action antagonism for viral fitness to host cells in a
context more like that of viral authentic infection. However, simi-
larly, as impairments of the signaling components and events at
the level or upstream of STATs all might result in the diminishment
of STAT activation, the direct cellular targets and mechanisms
employed by these IFN action antagonists (including nsp6) need
to be further uncovered.

3.3. Global interference with production of host proteins including IFNs

As obligate intracellular parasites, viruses hijack host cell com-
ponents to achieve their life cycles. In the course of infection, high-
pathogenic coronaviruses likely have developed some strategies to
globally interfere with production of host proteins including IFNs
[81–83]. As for SARS-CoV-2, its nsp1, nsp8, nsp9, and nsp16 are
likely involved in the disturbance of host protein synthesis or traf-
ficking at various levels [84–87] (Fig. 1 and Table 2). SARS-CoV
nsp1 is notable as a host shutoff factor inhibiting cellular mRNA
translation and this activity is likely also conservative in other
pathogenic b- and a-coronaviruses, although the detailed mecha-
nisms may differ [81,88]. Recent studies have suggested that the
nsp1 of SARS-CoV-2 is not exceptional. SARS-CoV-2 nsp1 interacts
with the 40S ribosomal subunit by inserting its C-terminal domain
containing two helices into the entrance region of the ribosomal
mRNA channel, blocking mRNA translation [85,86,88–90]. How-
ever, how SARS-CoV-2 circumvents this translational blockage for
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the production of its own proteins is an open question. Here are
two proposed models based on experimental data depicting the
bipartite roles of SARS-CoV-2 nsp1 during infection: (1) nsp1 C-
terminal locks the 40S in a conformation incompatible with host
mRNA loading and disrupts initiation factor binding, while the
50-UTR (especially the SL1 50-UTR hairpin) of SARS-CoV-2 mRNA
bypasses this inhibition by directly binding to nsp1 N-terminal
and thus presumably resulting in a structural rearrangement of
nsp1 and dissociation of nsp1 from the 40S ribosome during the
initiation of viral translation [91–93]: (2) host genes harboring 50

terminal oligo-pyrimidine (TOP) tracts can be spared, which makes
sure the expression of the translation machinery components, RNA
binding proteins, and other host factors important for viral propa-
gation [94]. Additionally, SARS-CoV-2 nsp1 also interacts with the
host mRNA export receptor heterodimer NXF1-NXT1 and prevents
proper binding of NXF1 to mRNA export adaptors and NXF1 dock-
ing at the nuclear pore complex, rendering a significant number of
cellular mRNAs retained in the nucleus and thus likely also con-
tributing to the inhibition of host antiviral gene expression [84].
Further, SARS-CoV-2 nsp16 was shown to bind pre-mRNA recogni-
tion domains of U1/U2 snRNAs and disrupt global mRNA splicing
and mature, while the nsp8 and nsp9 proteins bind to the 7SL
RNA in the signal recognition particle (SRP) and interfere with pro-
tein integration into cell membrane and trafficking [87]. These
activities leading to the global impairments of host protein produc-
tion are all likely implicated in the viral subversion of the host
antiviral responses to various extents.
4. Conclusion and perspective

The world is currently suffering from the pandemic of COVID-
19 caused by SARS-CoV-2. As a pivotal aspect of virus-host interac-
tions and viral pathogenesis, the interplays of SARS-CoV-2 with
host innate immune system have attracted many research inter-
ests that yield significant progress. However, we are still far from
clearly understanding the complex immune regulation of SARS-
CoV-2 including the IFN antagonism. In fact, which PRRs are
involved in sensing of SARS-CoV-2 and how they cooperatively
orchestrate the innate immune responses even remain to be clearly
unraveled. Significantly, most of the potential IFN antagonists of
SARS-CoV-2 were identified in the contexts of ectopic expression
of individual viral proteins by transfection in cell lines and many
controversial results exist in the functional screening studies. Fur-
ther comparative analyses in the contexts of infections with speci-
fic mutated viruses generated by reverse genetics in both cultured
cells and animal models are warranted to validate the functions
and underlying mechanisms of the possible IFN antagonistic pro-
teins summarized in this review. Identification of natural SARS-
CoV-2 variants with the potential IFN antagonists mutated also
could be valuable to assess the IFN-inhibiting activities and their
corresponding significance to viral replication and pathogenicity,
especially when combined with the clinical data (such as disease
severity and viral loads in patients) or experimental analysis of ani-
mal model infections. Moreover, studies on mutant viruses with
IFN antagonist(s) mutated or deleted might provide promising
clues for attenuated vaccine development. Additionally, there is
still debate as to whether some potential ORFs of SARS-CoV-2
encode viral proteins or not in the authentic viral infection. The
map of SARS-CoV-2 coding capacity is generally based on compu-
tational predictions and homology analysis with other coron-
aviruses, yet the translation of some proteins like ORF3b, remains
undetected [95]. Using a suite of ribosome-profiling techniques,
23 novel viral ORFs have been identified [95]. The function of these
ORFs remains a mystery. Following the functional validations,
mechanistic studies are then merited; however, even for the IFN
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antagonist candidates already identified, how they act in many
aspects largely remains open questions.

Aside from attenuated vaccine development, drug design could
also benefit from the knowledge of viral immune antagonists and
their mechanisms. Intervention strategies against IFN-inhibiting
factors encoded by SARS-CoV-2 might rescue host antiviral immu-
nity and promote clearance of viral infection. Further, since many
IFN-antagonistic proteins of SARS-CoV-2 (especially the viral struc-
tural proteins and the nonstructural replicase proteins) also play
essential roles in viral replication, some drugs targeting these viral
proteins may have dual antiviral activities by interfering with the
viral immune evasion and by directly inhibiting virus replication,
as suggested in the testing of PLpro inhibitors [61]. Additionally,
identification of cellular targets and decipherment of molecular
mechanisms underlying viral IFN antagonism may help inform
the development of host-directed therapeutics that could have
the potential of being broad-spectrum and more resistant to the
emergence of escape mutation and drug-resistant strains. Then,
combinatory usage of multiple drugs targeting viral IFN antago-
nists and host factors (including antiviral IFNs themselves) also
might be considered in the study of anti-SARS-CoV-2 therapy.

The clinical course and outcome of COVID-19 are rather hetero-
geneous, ranging from asymptomatic and mild infections to severe
infections and death. Impaired antiviral IFN responses have been
suggested as a hallmark of severe COVID-19 patients [8,12]. The
virally encoded IFN antagonists, as potential virulence factors,
could be significant determinants of the pathogenicity of different
viral strains. As discussed above, IFN antagonist mutation in vari-
ous viral strains is worth in-depth analysis and continuous moni-
toring. On the other hand, the disease heterogeneity also could
be attributed to different individual patient susceptibility. Cell/tis-
sue type variations and inter-individual differences should be pre-
cisely taken into consideration in further studies for elucidation of
the viral immune antagonists and the evasion strategies, which is
likely of critical importance for both the understanding of viral
pathogenesis and the development of antivirals and vaccines. In
addition to the mechanisms at the levels of viral RNAs and pro-
teins, post-translation modification could be also involved in the
viral immune antagonism. Particularly, the heavy glycosylation of
SARS-CoV-2 S protein has been suggested to likely contribute to
not only viral entry but also the escape from immune responses
(including both antibody production and epitope recognition)
[96–101], although it is unclear whether the glycosylated viral pro-
tein is implicated in SARS-CoV-2 counteraction of IFN-based innate
immunity which we here focus on. Additionally, palmitoylation of
SARS-CoV-2 S protein seems to be involved in the viral protein-
mediated, cholesterol-dependent syncytia formation which may
facilitate viral cell-to-cell spread and hence escape from the extra-
cellular neutralizing antibodies and immune recognition receptors
[38,102,103]. Likewise, protein modification including glycosyla-
tion could differ among viral strains, cell types and individuals
[97]. Therefore, it will be also interesting to address the effects of
other viral and host factors, such as viral protein modification, cell
types, and individual background, on the viral evasion from innate
immunity and hence on the disease heterogeneity.

SARS-CoV-2 shares ~ 79.5% genomic sequence identity to its sis-
ter coronavirus SARS-CoV, while they exhibit notable differences in
transmissibility and pathogenicity [104]. These differences could
be attributed to various viral and host factors and their complex
interactions, including the differentiation of IFN antagonists and
the immune-suppressing strategies between the two viruses.
Indeed, existing researches have shown both significant similarity
and interesting variation in functions and mechanisms of IFN-
antagonistic proteins encoded by SARS-CoV-2 and SARS-CoV (such
as PLpro and nsp6, as discussed in this paper) [61–64,71]. Further
comparative studies of the immune evasion strategies among
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SARS-CoV-2 and the related viruses (especially SARS-CoV and
MERS-CoV) may provide new insights into the molecular basis of
differential infectivity and pathogenicity of various coronaviruses
and benefit the development of specific or broad-spectrum antivi-
ral therapeutics.

With an extraordinarily large RNA genome, SARS-CoV-2 seems
to be equipped with many IFN antagonists to interfere with multi-
ple layers of the host antiviral IFN responses, which is likely a sig-
nificant determinant for its well adaptation in human population
as seen in the pandemic. Over the past year, a series of potential
IFN antagonists with various possible mechanisms have been pro-
posed as discussed here. However, greater efforts are undoubtedly
needed to present a clearer and more comprehensive picture of the
IFN antagonism of SARS-CoV-2. These efforts will help to not only
understand the viral infection and pathogenesis but also develop
novel antivirals and vaccines to combat the ongoing pandemic
and to prepare better for dealing with the future outbreaks of
emerging or re-emerging coronaviruses.
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