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Abstract

Coronavirus disease (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) and is characterized by a delayed interferon (IFN) response and high levels of proinflammatory
cytokine expression. Type | and Il IFNs serve as a first line of defense during acute viral infections
and are readily antagonized by viruses to establish productive infection. A rapidly growing body of work
has interrogated the mechanisms by which SARS-CoV-2 antagonizes both IFN induction and IFN signal-
ing to establish productive infection. Here, we summarize these findings and discuss the molecular inter-
actions that prevent viral RNA recognition, inhibit the induction of IFN gene expression, and block the
response to IFN treatment. We also describe the mechanisms by which SARS-CoV-2 viral proteins pro-
mote host shutoff. A detailed understanding of the host-pathogen interactions that unbalance the IFN
response is critical for the design and deployment of host-targeted therapeutics to manage COVID-19.
© 2021 Elsevier Ltd. All rights reserved.

failure that can lead to death. As of September
8th, 2021, almost 222 million individuals have
been infected with SARS-CoV-2 world-wide
causing approximately 4,582,338 deaths (WHO).
The life cycle of coronaviruses, including their
mechanism of entry and genome uncoating, viral
genome replication, genome translation and

Introduction

The Coronaviridae are a family of enveloped,
positive single-stranded RNA viruses that
encompass the alpha-, beta-, gamma-, and
deltacoronaviruses. Coronaviruses have a wide
host range, but alpha- and betacoronaviruses

predominantly cause mild to moderate respiratory
disease in humans. In the 21st century, there
have been three major outbreaks of
betacoronaviruses causing severe disease: the
severe acute respiratory syndrome (SARS-CoV)
in 2002, Middle East respiratory syndrome
(MERS-CoV) in 2012, and coronavirus disease
(COVID-19; SARS-CoV-2) in 2019. Severe cases
of COVID-19 result in the development of
pneumonia and hyperinflammatory responses that
promote acute respiratory distress or multi-organ

0022-2836/© 2021 Elsevier Ltd. All rights reserved.

processing, virion assembly, and viral shedding
has been recently reviewed.'“ SARS-CoV-2 has a
genome of about 30 kb that shares a high degree
of similarity with SARS-CoV (79%) and to a lesser
extent MERS-CoV (50%).° The genome (Figure 1
(a)), flanked by a 5’ untranslated region (UTR) and
a 3 UTR, encodes for non-structural, structural,
and accessory proteins necessary to promote the
viral life cycle and evade the host immune response
(Table 1)*. The open reading frames ORF1a and
ORF1b encode for two large polyproteins, ppla
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Table 1 Mechanisms for SARS-CoV-2 evasion of IFN responses.

Viral Protein

Known Functions

Host Interactions

Mechanism of IFN Evasion

Reference(s)

NSP1
NSP3
NSP5

NSP6
NSP7
NSP8
NSP9
NSP10

NSP12
NSP13

NSP14

NSP15
NSP16

ORF3a
ORF3b
ORF6

ORF7a
ORF7b
ORF9b

M (membrane)

N (nucleocapsid)

S (spike)
E (envelope)

Host translational shut off

Papain-like proteinase; polyprotein
processing

3C-like Protease; polyprotein
processing

Membrane rearrangements

RdRp Subunit(non-enzymatic)
RdRp Subunit(primase)
non-enzymatic RBP

RNA-capping

RNA-dependent RNA polymerase
RNA helicase

RNA-capping (3'-5’' exoribonuclease)

Uridylate-specific endoribonuclease
RNA-capping (2'-O-methyl-
transferase)

Viroporin

Viral assembly

Viral capsid

Cell entry
Forms viral envelope

40 s Ribosomal Subunit, NXF1

MDAS5, IRF3
RIG-I, STAT1
TBK1

7SL RNA, SRP19, SRP54, SRP72
7SL RNA

IRF3
TBK1, TBKBP1

RNF41
U1 and U2 snRNA

TRIM59

KPNA1/2, Nup98, Rae1

NEMO, TOM70, RIG-I, MDA5, MAVS, TBK1,
STING, TRIF

RIG-I, MDA5, MAVS, TBK1, TRAF3

RIG-I

ACE2

Blocks host mRNA translation
Inhibits MRNA nuclear export
Targeting of ISGylated proteins: MDA5 and IRF3

Inhibition of K63 polyubiquitination of RIG-I

Inhibition of IRF3, STAT1/2 phosphorylation
Inhibition of type | IFN signaling

Inhibition of protein trafficking

Inhibition of protein trafficking

RLR evasion

Enhancement of NSP14 inhibition

Inhibition of IRF3 nuclear translocation

RLR evasion

Inhibition of TBK1, IRF3, and STAT1/STAT2
phosphorylation

Inhibits NF-kB activation

RLR evasion

Blocks host mRNA translation

IFNAR1 Antagonism

RLR evasion

RLR evasion

Spliceosome inhibition

Inhibition of STAT1 phosphorylation
Inhibition of IRF3 nuclear translocation
Inhibition of nuclear import and export
Inhibition of STAT2 phosphorylation
Inhibition of STAT2 phosphorylation
Inhibition of K63-linked poly-Ub of NEMO
Blocks TOM70-HSP90 interaction

Inhibition of TBK1 phosphorylation

Block of MAVS aggregation

Inhibition of TRAF3-TANK-TBK1-IKKe complex
formation

Inhibits RIG-I ubiquitination

Inhibition of STAT1/2 phosphorylation

41,42,94-98,109

41,68,69,70

66

42
42

61,72,94

94
54-56,109,110

41,87
41,42,54-56,61,71,72

40,41,42,54—
56,90,109,110

40,59,60,61
54-56,94

42,61
86
41,42,88,61,93
42,100

42,90
61,72,73,75,76,80

42,81,82

41,63,101
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Figure 1. Targeted host innate immune evasion by SARS-CoV-2. (A) Genome Structure of SARS-CoV-2
delineating the open reading frames that encode the non-structural (blue), structural (purple) and accessory (orange)
proteins. (B) Interactions leading to the inhibition of early signaling cascades that lead to the induction of interferon
(IFN) and virus-stress inducible genes (VSIGs) (right). Viral antagonism of the late antiviral response that follows type
I and type Il IFN sensing and downstream IFN-stimulated gene (ISG) induction (left). Created with BioRender.com.

and pplab. Ppla and pplab are proteolytically
cleaved by two viral proteases, the papain-like pro-
tease (PLPro; NSP3) and the 3C-like protease
(MPro; NSPS5), giving rise to individual non-
structural proteins (NSP). NSP1 is the major regula-
tor of host and viral RNA translation and NSP2-16
compose the viral replication and transcription com-
plex (RTC). Four structural proteins are encoded in
individual ORFs and are interspersed amongst the
ORFs of accessory proteins in the genome. The
spike (S) protein is a class | fusion glycoprotein
and defines viral tropism by engaging the cellular
receptor  angiotensin-converting enzyme 2

(ACE2)°® through the receptor binding domain
(RBD). The nucleocapsid (N) protein coats the viral
RNA and associates with the membrane (M) protein
to promote packaging of the viral genome. The
envelope (E) and membrane (M) proteins are nec-
essary for virion formation and assembly. In the
mature virion, the viral RNA is coated by the nucle-
ocapsid (N) protein and enveloped in a lipid bilayer
that contains the spike (S), the envelope (E), and
membrane (M) proteins. The SARS-CoV-2 acces-
sory proteins are encoded by individual ORFs
(ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORFS8,
ORF9b, and ORF10). These proteins display the
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least degree of homology across coronaviruses and
can be dispensable for viral replication, playing a
role in modulating the host response to coronavirus
infection.

Cellular infection and detection of pathogen-
associated molecular patterns (PAMP) activates
pattern recognition receptors (PRR) that initiate
signal transduction cascades that culminate in type |
and Il IFN gene expression. Upon SARS-CoV-2
infection, double-stranded viral RNA (VvRBNA) is
sensed by three major pathways: the RIG-I-like
receptors (RLRs) pathway, the 2',5'-oligoadenylate
synthetase (OAS)/RNAseL pathway, and the PKR
pathway.” RLRs bind RNA through a C-terminal heli-
case domain which promotes the conformational
change that exposes the N-terminal caspase activa-
tion and recruitment domain (CARD). RLR CARD
interactions with CARD on the mitochondrial antiviral
signaling (MAVS) protein promote the oligomerization
of MAVS on mitochondrial membranes. Recruitment
of TANK binding kinase 1 (TBK1) or inhibitor of «-B
kinase ¢ (IKKe) to the RLR/MAVS signalosome pro-
motes kinase auto-phosphorylation and downstream
activation of the transcription factors, IRF3 and NF-
«B."® IRF3 phosphorylation leads to homodimeriza-
tion and nuclear translocation, where IRF3 cooper-
ates with NF-«B to drive the expression of type | and
Il IFN genes and virus-stress inducible genes
(VSIGs) (Figure 1(b), left). Although the OAS/RNA-
seL and PKR pathways are independent of to the
RLR pathways, OAS proteins (OAS1, OAS2, OAS3)
and PKR are IFN-stimulated genes (ISGs). There-
fore, RLR activation and IFN induction can amplify
the alternative host innate immune mechanisms to
target viral and host RNA for degradation and promote
cell death. The late antiviral response follows the tran-
scriptional activation, translation, and secretion of
type | IFNs (IFNa, IFNB, IFNw, amongst others) and
type Ill IFNs (IFNA1-4)."" Binding of type | (IFNo/p)
and Il (IFNA) IFNs to cognate cellular receptors
(IFNAR1/2 and IFNLR1/IL10R2, respectively) directs
the Janus kinases JAK1, TYK2, and JAK2 to phos-
phorylate the transcription factors STAT1 and STAT2
at tyrosine residues. A heterotrimeric transcriptional
complex composed of STAT1, STAT2, and IRF9
(ISGF3) recognizes and binds to IFN-stimulated
response elements (ISREs) found in the upstream
promoter regulatory regions of hundreds of antiviral
effector genes known as IFN-stimulated genes (ISGs)
(Figure 1, right). Although either IFNo/B or IFN-A can
confer antiviral protection, the tissue and dose of
infection and the abundance and distribution of IFN
receptors can further specify unique functions carried
out by these two distinct cytokine families.'*'®

The absence of IFN production or sensing can
lead to increased susceptibilities to numerous viral
infections.'® Interestingly, it appears that an imbal-
ance between a strong IFN-mediated antiviral
response and heightened inflammatory disease
underlies the detrimental outcomes of SARS-CoV-

2 viral disease.'”"'® Relative to the robust induction
of IFNs that is observed during respiratory viral
infections with influenza A virus (IAV), SARS-CoV-
2 infection appears to lead to a disruption in IFN
responses.'” ¥ Deficiencies in the IFN synthesis
and response pathways can result in increased
COVID-19 severity. Genomic analysis of patients
with life-threatening disease revealed genetic
lesions in molecular regulators of IFN synthesis
(TLRS3, UNC93B, TICAM1, TBK1, IRF3 and IRF7)
and type | IFN signaling (IFNAR1 and 2).?° Further-
more, the presence of preexisting neutralizing auto-
antibodies to type | IFNs, IFN-02 and IFN-o also
correlate with enhanced disease severity.”"** In
vitro and in vivo studies indicate that SARS-CoV-2
is sensitive to the antiviral effects of IFNa/p and
IFNA treatment mediated by 1SGs.***° Patient-
derived observations suggest that IFN promotes
viral clearance during early stages of the infection.
The therapeutic use of both type 1°"°? and type
[11°° IFNs in COVID-19 patients led to decreases
in viral burden in infected individuals and reductions
in the time to recovery. The golden hamster model
has allowed for further exploration of the therapeutic
effect of IFN. Intranasal treatment with type | IFN
during early SARS-CoV-2 infection led to
decreased viral replication and inflammation and
lowered transmission.>* However, the timing of the
IFN response is an important determining factor
for disease progression.>®> Murine and hamster
models have revealed that at later stages in the
infection, IFNs promote noxious inflammatory
responses and disrupt repair responses.*® ¢

Interrogating the genetic factors and host-
pathogen interactions that shape the host IFN
response during infection improves our
understanding of the efficacy and therapeutic
timing of host-targeted interventions.>® A rapidly
growing body of work has queried viral factors that
shape the antiviral response. Timely studies have
identified various non-structural, structural, and
accessory proteins that antagonize IFN synthesis
(early phase) and IFN signaling (late phase)
(Table 1) or activate IFN responses.*®*? This
review provides an updated SARS-CoV-2 focused
summary of the host-pathogen interactions that
dysregulate IFN-mediated antiviral responses. We
will discuss the mechanisms of evasion of viral
RNA recognition and IFN induction (early antiviral
response) and strategies to circumvent the
response to IFN treatment (late antiviral response).
We will address how SARS-CoV-2 impacts RNA
splicing, nuclear transport, and host translational
responses, leading to a global inhibition of IFN
and ISG gene expression and protein accumula-
tion. This fast-paced area of investigation will drive
a better understanding of the uncoupling of antiviral
response observed in COVID-19 patients'”'® and
the potential of IFN-based therapies.®’'°



D.K. Beyer and A. Forero

Journal of Molecular Biology 434 (2022) 167265

SARS-CoV-2 evasion of viral RNA
recognition:

The antiviral response is initiated after sensing of
viral double-stranded RNA by RLRs, RIG-I and
MDAS5, which culminates in the expression of IFNs
and virus-stress inducible genes (VSIGs).
Screening of RNA-binding proteins that recognize
and antagonize SARS-COV-2 identified MDA5
and LGP2 as the primary sensors of vRNA
detection in Calu-3 cells.*>** This is in line with evi-
dence of MDAS5 recognition of CoV RNA*>“¢ and
the role LGP2 plays in enhancing MDADS5 fiber for-
mation and subsequent interactions with MAVS.*’
Other studies have implicated RIG-I as the sensor
of SARS-CoV-2 in A549 and primary human alveo-
lar and bronchial epithelial cells.*® Further work is
necessary to determine whether these RLRs play
unique or overlapping roles across time and tissue
types. However, coronaviruses employ several
strategies to avoid dsRNA recognition by either
RIG-I and/or MDA5. NSP3, NSP4, and NSP6 can
drive the formation of double-membrane vesicles
(DMV), shielding replicating vRNA from RLR
recognition.*’

RIG-I preferentially recognizes short double-
stranded RNA (dsRNA) with blunt or exposed 5
triphosphate (5'-ppp) ends,***' while MDA5 recog-
nizes long, dsRNA.°? Host mRNA is post-
transcriptionally methylated to allow for mRNA
translation and avoid self-recognition.”® The addi-
tion of a 7-methylguanylate cap in the 5 end of
VRNA circumvents recognition by both RIG-I and
MDAS5. This function is carried out by the non-
structural proteins NSP13, NSP14, and NSP16
which have a high degree of conservation amongst
betacoronaviruses.”*>° NSP13, the RNA tripho-
sphatase, mediates the hydrolysis of the 5 v-
phosphate in the RNA to generate a 5’-ppN end that
is required to transfer a guanidine monophosphate
to form the core cap structure, GpppN. NSP14
has N”-methyl transferase (N’-MTase) activity and
promotes the N”-methylation of the GpppN guano-
sine leading to the formation of the cap-0 structure.
The cap-0 structure can be recognized by MDA5>’
and antiviral effectors such as the ISG, IFIT1.®
The viral S-adenosyl-L-methionine  (SAM)-
dependent 2'-O-methyltransferase (2'-O-MTase),
NSP16, promotes the formation of the Cap-1 struc-
ture though methylation of the ribose in the 2'-O
position, avoiding vVRNA detection. NSP10 can then
stabilize the SAM-binding pockets of both NSP14
and NSP16 to complete the vRNA capping process.

MDAS5 sensing can be further evaded through
processing of VRNA by the highly conserved
uridylate-specific  endoribonuclease (NendoU),
NSP15.°? NSP15 shortens and prevents the accu-
mulation of 5-polyU-containing, negative-sense
(PUN) coronavirus RNA which is recognized by

MDA5.° The decisive role of NSP15 in immune
evasion is supported by its requirement in IFN-
competent cells while being dispensable to support
viral growth in IFN-deficient cells.®® One study sug-
gests that SARS-CoV-2 NSP15 inhibits the activa-
tion of an IFNB promoter reporter following
exogenous expression of the N-terminal domain of
RIG-I (RIG-I CARD) in 293FT cells.*® Although the
data supports that NSP15-mediated inhibition of
RIG-I signaling is independent of dsRNA recogni-
tion, the mechanisms of such inhibition remain elu-
sive. NSP15 has also been shown to bind the E3
ligase, RNF41 (NRDP1),°" which enhances TBK1
and IRF3 activation to promote IFN production.®?
This interaction could potentially account for the
decrease in IFNB-reporter activity.

Modification of RLRs by ubiquitin and ubiquitin-
like proteins is necessary to promote the
activation of antiviral responses. The structural
protein N binds to the DExD/H domain of RIG-I
inhibiting the activation of an IFN promoter
reporter, endogenous IFNB mMRNA expression,
and IRF3 activation in response to SeV and
transfection with polyl:C (pl:C), a synthetic dsRNA
ligand.”"® On the other hand, N enhanced reporter
activity in response to RIG-I/MDA5 CARD overex-
pression,*! suggesting that RLR antagonism could
require the C-terminal domains of RIG-I. N-
terminal K63 ubiquitination of RIG-I by the ring fin-
ger E3 ubiquitin ligase, TRIM25, is necessary for
antiviral activity.°* While the SARS-CoV N protein
has been demonstrated to bind TRIM25 and pre-
vent RIG-I ubiquitination,65 this interaction has not
been demonstrated for SARS-CoV-2 N. However,
the antagonism of RIG-I K63 polyubiquination could
be carried out by NSP5 (Mpro)-mediated inhibition
of the TRIM25-RIG-| interaction.®® Conjugation of
proteins with the ubiquitin-like protein, 1SG15
(ISGylation), enhances host resistance to viral
infection (reviewed in 67). Recent reports have
identified MDAS5, but not RIG-I, as a target for ISGy-
lation.®® ISGylation of MDA5 at Lys23 and Lys43 is
necessary for MDAS oligomerization, activation of
IRF3 phosphorylation (S396), and downstream
IFNB secretion and ISG expression. The SARS-
CoV-2 protease NSP3 (PLpro) preferentially targets
ISGylated substrates as determined through
fluorescent-based in vitro cleavage assays of ubi-
quitinated substrates.®® This is in contrast to the
substrate preference of SARS-CoV NSP3 which
primarily targets K48-Ub2 conjugated substrates.
NSP3 prevented MDAS5 ISGylation in vitro and dur-
ing SARS-CoV-2 infection. Treatment of infected
cells with the coronavirus NSP3 inhibitor GRL-
0617 rescued ISG 15 conjugation to MDA5.°® These
observations were consistent with reported NSP3-
mediated inhibition of IFNB promoter reporter activ-
ity.*" IRF3 stabilization upon activation can also be
directly antagonized through SARS-CoV-2 NSP3.
ISGylation of IRF3 supports antiviral signaling by
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preventing IRF3 proteolytic degradation upon acti-
vation. Cell free assays demonstrated that NSP3,
but not NSP5, cleaves IRF3.”° Treatment of cells
with the non-covalent NSP3 inhibitor, GRL-0617,
enhanced global ISGylation upon IFNa stimulation,
rescued IRF3 ISGylation, and led to a decrease in
SARS-CoV-2 infectious virus.®® NSP3 impairs IFN
production by targeting both MDA5 and IRF3, prior-
itizing it as a therapeutic target to prevent viral
dissemination.®®%°

SARS-CoV-2 evasion of RLR signaling
and IFN production:

Following RLR activation, TBK1 is recruited to the
RLR/MAVS signalosome to activate the
transcription factors (TFs) IRF3 and NF-xB that
transactivate IFNB and IFNA gene expression. A
few SARS-CoV-2 proteins have been identified to
antagonize dsRNA recognition by disrupting this
signaling complex. NSP6 and NSP13 inhibit IFNf
promoter reporter activity in response to RIG-I
CARD in HEK293T cells. This reduction was
attributed to a decrease in IRF3 (S396)
phosphorylation following pl:C transfection in
NSP6 or NSP13 expressing cells.*” Both proteins
could associate with TBK1, but only the association
with NSP13 disrupted the activation of TBK1 as
determined by S172 phosphorylation and down-
stream activation of both IRF3 and NF-«xB.”" Com-
parison between the ability of NSP6 and NSP13
proteins encoded by the highly pathogenic corona-
viruses (SARS-CoV, MERS-CoV, and SARS-CoV-
2) showed differences only in the level of antagon-
ism of NSP6. MERS-CoV NSP6 did not show inhibi-
tion of IFNB promoter reporter activity, while the
level of inhibition was comparable between SARS-
CoV and SARS-CoV-2-encoded NSP6. Indepen-
dent studies also detected NSP13-TBK1 interac-
tions,®"""7 but failed to capture the interaction
between NSP6-TBK1°' or the inhibition of IFN
induction by NSP6.*" These discrepancies could
be explained by differing expression levels of
NSP6 between studies, as the recombinant protein
could be robustly detected in studies reporting inhi-
bition while very low protein detection in the latter
two studies. These observations suggests that the
level of protein expression during infection could
be critical to promote immune antagonism.

There is also compelling evidence that ORF9b
disrupts the RLR signalosome by localizing to the
mitochondria and binding to the mitochondrial
outer membrane protein, TOM70. This interaction
occurs at critical residues necessary for
recognition of the mitochondrial targeting signal
within TOM70 target substrates.®’"#’® TOM70
recruits TBK1 and IRF3 to the mitochondria throug7h
interactions with the chaperone protein HSP90.”*
The interaction between SARS-CoV-2 ORF9b and
TOM70 lowered the affinity for HSP90 binding,”®
and inhibited IFNB promoter reporter activity follow-

ing pl:C stimulation or MAVS overexpression.”® As
expected, exogenous expression of ORF9b antag-
onizes the induction of type | and Il IFNs down-
stream of RLRs.”® While the role of cGAS/STING
in antiviral responses against SARS-CoV-2 remains
to be explored, agonists that trigger IFN induction
through this DNA sensing pathway have been used
to boost antiviral responses during in vitro and in
vivo infections.”” Interestingly, ORF9b was shown
to interact with components of the cGAS-STING
DNA sensing pathway, decreasing TBK1 and
IRF3 activation in HEK293T cells overexpressing
STING.”® Lastly, the NF-xB essential modulator
(NEMO) is an important scaffolding component for
the IkB kinase complex that controls the subcellular
localization of NF-xB. NEMO is regulated by binding
of both Lys-48 (K48) and Lys-63 (K63) polyubiquitin
chains (reviewed in 78). NEMO mutants deficient in
polyubiquitin-binding have a diminished ability to
activate TBK1/IRF3 and downstream IFN produc-
tion.”” Exogenous expression of SARS-CoV-2
ORF9b was sufficient to mediate an interaction with
NEMO, preventing K63-linked polyubiquitination of
NEMO and the activation and nuclear translocation
of NF-kB.*

Two studies have also suggested that the
structural protein, M, can also antagonize RLR
signaling®’®? as is observed for SARS-CoV M pro-
tein, but not MERS-CoV-M.** Expression of M was
sufficient to abrogate induction of IFNB and IFNA
endogenous gene expression®’ and IFNB promoter
reporter activity after pl:C or RIG-I/MDA5 CARD
transfection or infection with Sendai Virus
(SeV).2"# |n vitro, M interacts with RIG-I, MDAS5,
MAVS, TBK1, TRAF3, but not IRF3 and inhibits
MAVS oligomerization. Infection with SeV promotes
co-localization between M and TBK1 inhibiting IRF3
phosphorylation (S396) and nuclear translocation,
lowering antiviral responses in infected cells.®’
TBK1 is a vital crossroad for multiple host-
signaling pathways beyond the regulation of IFN
responses. Proinflammatory signaling and autop-
hagy are also coordinated by the activities of
TBK1 and thus the extent to which SARS-CoV-
2 M could also disrupt these biological processes
remains to be determined.®*

There are other proteins that antagonize IFN
production through mechanisms yet to be defined.
The ORF3b protein of SARS-CoV and SARS-
CoV-related viruses is one such protein.®> The
ORF3b protein of SARS-CoV-2 and SARS-CoV-2
related viruses are remarkably shortened relative
to SARS-CoV due to C-terminal truncations.®®
These truncated proteins strongly antagonized
IFN responses relative to SARS-CoV ORF3b. The
absence of a putative C-terminal nuclear localiza-
tion signal (NLS) allows for increased cytosolic loca-
lization of SARS-CoV-2 and SARS-CoV-2 like
ORF3b, correlating with antagonism of IRF3 activa-
tion. Naturally occurring ORF3b variants having
slightly increased lengths were more efficient at
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inhibiting IFN.® Another direct regulator of IRF3 is
NSP12, the viral RNA-dependent RNA polymerase
(RdRp).*"®” SARS-CoV-2 NSP12 inhibited SeV,
RIG-I/MDA5 CARD,*'®” and pl:C®” mediated
induction of IFNB promoter activity. Although IRF3
phosphorylation was unaffected, nuclear transloca-
tion was impaired. This inhibition was independent
of RdRp and nidovirus RdRp-associated nucleoti-
dyltransferase  (NiRAN) catalytic activities.®”
NSP12 antagonism of nuclear translocation was
specific to IRF3 as the response to IFN stimulation,
which also requires nuclear import of TFs, was
unaffected.”’ Future mechanistic studies will be
necessary to better understand the molecular
mechanisms by which SARS-CoV-2 ORF3b and
NSP12 antagonizes IRF3 functions.

Late antagonism of IFN responses by
SARS-CoV-2:

The secretion of type | (IFNo/B) and Il (IFNA)
IFNs activates IFN receptors (IFNo/fB; IFNAR and
IFNA; IFNLR) to initiate the late phase of antiviral
innate immunity (Figure 1B; right). Both IFNAR
and IFNLR signaling leads to STAT1 and STAT2
phosphorylation at tyrosine residues to promote
their association with IRF9 to transactivate ISRE-
mediated ISG expression. Antagonism of ligand-
receptors interactions, receptor expression, and
STAT activation/nuclear translocation can readily
disarm this powerful antiviral response. Indeed,
SARS-CoV-2 infection can inhibit the cellular
response to either universal type | treatment as
determined by decreased STAT1 and STAT2
phosphorylation, nuclear translocation, ISRE-
promoter reporter activity, and endogenous ISG
expression.®® The mechanisms by which SARS-
CoV-2 inhibits the response to IFNs are varied.
One major SARS-CoV regulator of type | IFN recep-
tor expression is ORF3a, which targets IFNAR1 for
lysosomal degradation by promoting its ubiquitina-
tion.®? Although the effect of SARS-CoV-2 ORF3a
on IFNAR1 stability has not been addressed, it is
shown to interact with antiviral regulatorg E3 ligases
that could disarm the antiviral response. "However,
IFNAR1 antagonism appears to be the function of
SARS-CoV-2 NSP14. NSP14 expression pro-
foundly inhibited IFNAR1 expression resulting in
impaired STAT1 phosphorylation following IFNp sti-
mulation. The loss of IFNAR1 in NSP14-expressing
cells could be rescued by Bafilomycin A1 treatment
suggesting that IFNAR1 is targeted for lysosomal
degradation.”® Whether SARS-CoV-2 inhibits the
expression and distribution of IFNLR1, which con-
fers antiviral protection in the respiratory epithelium,
remains to be addressed.

The ORF6 gene is encoded by the
Sarbecoviruses, a subgenus of the
Betacoronaviruses. The SARS-CoV-2 ORF6
protein inhibits the activation of an ISRE promoter
reporter following IFN treatment.*' %58 The potent

antagonism of IFN response by ORF®6 is a con-
served function across viruses.”' Interestingly,
ORF6 does not impair STAT1 Y701 or STAT2
Y689 phosphorylation upon IFN stimulation.*?
Rather ORF6 inhibits the nuclear translocation of
STAT1 and STAT2.“># Nuclear shuttling of cyto-
plasmic TFs through the nuclear pore complex
(NPC) is necessary for DNA binding and gene
expression regulation. The karyopherins/importins
are tasked with TF docking to the NPC. Given that
SARS-CoV ORF6 can antagonize STAT1 nuclear
import by sequestering karyopherins in the ER/
Golgi,”” it was proposed that SARS-CoV-2 blocks
the translocation of TFs through similar mechan-
isms. Although SARS-CoV2 ORF6 binds to
KPNAZ2,%? the overexpression of KPNA1 or KPNA2
did not alleviate the cytoplasmic retention of
STAT1. This suggested an alternative mechanism
for inhibition of nuclear trafficking. AP-MS®' and
immunoprecipitation assays®®*“®  confirmed the
interactions between SARS-CoV-2 ORF6 and the
NPC Nup98-Rael heterodimer that mediates
nuclear import/export. Amino acid substitutions in
ORF6 (M58R) that abrogate binding to Nup98-
Rae1, but allows for KPNA1 and KPNA2 interac-
tion, demonstrate that the blockade of Nup98-
Rae1 is necessary to inhibit STAT1 translocation
and IFN responses.®® Whether ORF6 blockade of
the NPC allows for selective nuclear import of pro-
teins to promote other pro-viral activities remains
to be elucidated.

In vitro experiments have also identified
additional antagonists of STAT1/2 activation. In
addition to blocking IRF3 activation, exogenous
NSP6 expression inhibits STAT1 (Y701) and
STAT2 (Y689) phosphorylation and ISRE-reporter
activation in IFNa -treated HEK293T cells.** Chi-
meric SARS-CoV-2-luciferase reporter replicons
encoding either SARS-CoV or MERS-CoV NSP6
demonstrated the increased antagonistic efficacy
of SARS-CoV-2 NSP6. Viruses expressing SARS-
CoV or MERS-CoV NSP6 were markedly more sen-
sitive to the dose-dependent antiviral effects of IFNa
than the wild-type (WT) replicon.*? Interestingly,
opposing roles for modulation of IFNB responses
have been reported for NSP6. Low levels of
SARS-CoV-2 NSP6 expression enhanced ISRE-
promoter reporter activity after 24hrs of IFN stimula-
tion.”' Both studies were carried out in HEK293T
cells, highlighting the contribution of viral protein
expressions levels to their ability to counter the host
response.

Additional non-structural and accessory proteins
were found to suppress IFNa (NSP1, NSP7,
NSP13, NSP14, ORF3a, ORF7a, and ORF7b)**
or IFNB signaling (NSP1, NSP3, NSP13, NSP14,
ORF8)*'. NSP1 inhibits global host translation®*°
and inhibits IFN responses.”’** The detailed
mechanisms of host shutoff will be discussed in
later sections. The detailed mechanisms of SARS-
CoV-2 NSP3 (PLpro)-mediated IFN antagonism



D.K. Beyer and A. Forero

Journal of Molecular Biology 434 (2022) 167265

Host mRNA Translation

NSP10
NSP14

Host mRNA

b I A X 2 ™
- 60s
NSP1 '~ 40¢ \
SNNA
a8 ra

RNA Splicing/U2 C:m: \
[ T
]
~_”

g

‘Nuclear Transport

RAE1 ) NUP98 /"VL\;\/‘ NXF1
ORF6 }————— . F— NSP1
=,

0\

EProtein Trafficking

SRP SRP54

i 7sIRNA T

Figure 2. Broad modulation of host cell responses that impair innate immune functions. SARS-CoV-2
mediates host shutoff through the inhibition of messenger RNA (mRNA) translation. Translation of viral RNA (vVRNA)
is favored in infected cells. Additional inhibition of antiviral responses is due to deficits in RNA maturation. SARS-CoV-
2 gene products block the splicing of host RNA. Similarly, the nuclear trafficking of transcription factors involved in the
induction and response to interferon (IFN) and IFN-stimulated genes (ISGs) is impaired. Sequestration of subunits of
the nuclear pore complex, RAE1 and NUP68 prevent the nuclear import of transcription factors, IRF3 and STAT1.
Blockade of nuclear export of IFN and ISG mRNA inhibits antiviral immunity. This can be partly achieved by inhibition
of the nuclear RNA export factor 1 (NFX1). Lastly, SARS-CoV-2 blocks the trafficking of proteins through the
secretory pathway by inhibiting structural components of the Signal Recognition Particle (SRP). Created with

BioRender.com.

have not been explored, but it could likely be attrib-
uted to its ability to target ISGylated proteins.”®
ISG15 conjugation is an important regulator of
IFNo/p through IFNAR-dependent and independent
regulatory mechanisms (summarized in 67). SARS-
CoV-2 NSP?7 is highly conserved relative to SARS-
CoV NSP7,?® a known IFN antagonist with poorly
defined mechanisms.?> NSP7 plays a role in
RNA replication, forming complexes with NSP8 to
stabilize NSP12. It remains to be determined
whether these interactions could affect the efficacy
of the ability of NSP7-mediated IFN antagonism in
the infected cell. NSP13 has also been shown to
consistently inhibit IFN signaling as evidenced by
reduced ISRE-reporter activity”'** and concomi-
tant inhibition of STAT1/STAT2 phosphorylation.
SARS-CoV-2 ORF3a, ORF7a, and ORF7b can also
disrupt the phosphorylation of STAT1 and STAT2
after 30 minutes of IFNo. treatment.**°° ORF7a pre-
ferentially inhibited the phosphorylation of STATZ2 at
Y689, with minimal effects on STAT1 Y701 activa-
tion or nuclear translocation. The K63-linked polyu-
biquitination of ORF7a at Lys119 was necessary for

suppression of STAT2 phosphorylation.’®® Like
ORF7a, ORF7b also preferentially inhibited STAT2
activation and ISRE-mediated transcriptional activ-
ity, but the mechanisms for antagonism are not fully
characterized.

Exogenous expression of the structural proteins
M and N also results in discrepant IFN inhibitory
responses. One study suggests that
overexpression of M leads to a decrease in ISRE-
reporter activity following IFNa treatment.*> Two
studies have documented N-mediated inhibition of
ISRE-activity,"" STAT1 and STAT2 phosphoryla-
tion, and nuclear translocation in response to SeV
and SARS-CoV-2 infection or IFNB treatment,
decreasing ISG mRNA accumulation.’®’ On the
other hand, similar screens failed to identify N as
a negative regulator of type | or Ill IFN signal-
ling.*=?° Thus, further investigation is still warranted
to define whether N targets the late antiviral
response or whether its ability to counter RLR sig-
naling and the feedforward IFN responses contri-
butes to these discrepancies. The detailed
mechanism by which many of these proteins antag-
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onize IFN responses remains to be addressed.
Further studies would aid in unveiling the determi-
nants that direct antagonism of defined STAT pro-
teins.'®® Such studies could provide a better
understanding of host range or modulation of
unique ISG expression profiles which could affect
the trajectory of host immune responses.’*

Global regulation of host immune
responses:

The activation and nuclear translocation of
cellular TFs is essential to promote the
transcription of ISGs. Moreover, for these genes
to carry out antiviral functions, their rapid and
accurate post-transcriptional, translational, and
post-translational processing is necessary to
support robust expression levels and 3proEer sub-
cellular localization or secretion.’®> %> Thus,
viruses encode various mechanisms to promote
the shutoff of host gene expression by abrogating
these essential functions.'® The resolution of the
SARS-CoV-2:host protein—protein and RNA-
protein interactomes has uncovered numerous
interactions that indicate that viral infection could
regulate nuclear trafficking, RNA maturation,
mRNA translation, and protein trafficking.®' ">
The disruption of these global cellular responses
by SARS-CoV-2 infection and individual proteins
abrogate innate immune signaling (Figure 2) and
could have further immunological consequences.
NSP1 is amongst the most concordant and better
understood SARS-CoV-2 host regulatory proteins.
SARS-CoV-2 infection results in a global host
mRNA translational shutoff and this function has
been largely attributed to NSP1. NSP1 binds to
the 18S ribosomal RNA through a 37-nt region that
corresponds to helix 18.°* This interaction nucle-
ates the association with the 40S ribosomal subunit
which results in the loss of mRNA translational
initiation. While the C-terminal domain of NSP1 con-
tacts the mRNA entry channel, hindering ribosomal
access to host mRNA,**°8 viral RNA translation is
unaffected. Access of VRNA to the entry channel
is favored by interactions between the first stem
loop structure in the viral 5’ cap and the N-terminal
domain of NSP1 that releases the C-terminal
domain from the mRNA entry channel.®> Genomic
surveillance studies identified SARS-CoV-2 NSP1
variants with N-terminal deletions. The detection
of NSP1 deletion variants occurred primarily in
non-severe COVID-19 patients, correlating with
lower viral loads, erythrocyte sedimentation rates
(ESR), IFNB serum levels, and CD8+ T cell counts
in patients. Although NSP1 variants had similar
replication kinetics in Calu-3 cells and retained the
ability to interact with the 40S ribosomal subunit,
viruses carrying these mutations elicited lower IFN
responses.'?” These results potentially suggest
alternative mechanisms by which NSP1 targets
the host antiviral response. NSP1 interacts with

the mRNA export receptor, NXF1, preventing its
localization to the nuclear pore complex (NPC). This
results in the loss of poly-adenylated (poly(A))
export from the nucleus and thus decreased trans-
lation.’®® Similarly, ORF6 localization to the NPC
results in the accumulation of mMRNA in the nucleus
and impairs the translation of nascent transcripts.”®

Like NSP1, NSP14 can also inhibit the translation
of ISGs following type | IFN stimulation.’®® NSP14
mediates replication proof-reading through an N-
terminal 3'-5'exoribonuclease (ExoN) domain and
controls capping of viral RNA through the C-
terminal N7-MTase domain. NSP14 requires both
ExoN catalytic activity and the N7-MTase domains
to inhibit host mRNA translation.'® Interactions
between NSP14 and NSP10, the later required to
activate the enzymatic activity of NSP14,"'°
enhances translational shutdown. While the exact
inhibitory mechanisms have yet to be elucidated,
NSP14 does not affect the nuclear/cytoplasmic dis-
tribution of cellular RNA. These studies highlight
independent strategies by which SARS-CoV-2
dually blocks mRNA trafficking and ribosomal
accessibility to inhibit the initiation of host innate
immune responses.

In addition to disrupting host mRNA distribution,
SARS-CoV-2 infection also hinders host RNA
processing. A comprehensive study of viral
protein:host RNA interactions identified 10 out of
26 viral proteins that bound both human mRNA
and non-coding RNA to perturb innate immune
responses. NSP16 localizes to the nucleus where
it binds to the small nuclear RNAs (snRNAs) U1
and U2, critical components of the pre-mRNA
spliceosome. These snRNAs initiate splicing
through recognition of the 5’ splice site at intron—
exon junctions (U1) and the intron branchpoint site
(U2). The inhibition of ISG-specific RNA splicing
by NSP16/U1/U2 was determined by an IRF7
exon—intron—exon minigene reporter  and
sequencing of metabolically labelled nascent
transcripts. These observations were consistent
with the increase levels of ISG RNAs exhibiting
intron retentions in SARS-CoV-2 infected cells.”*

The signal recognition particle (SRP) is a
ribonucleoprotein that co-translationally mediates
the transport proteins through the secretory
pathway or membrane targeting. The long
noncoding-RNA, 7SL, scaffolds the complex
formed by SRP9, SRP14, SRP19, SRP54,
SRP68, and SRP72.""" SARS-CoV-2 impairs pro-
tein trafficking through interactions between NSP8
and NSP9 with 7SL.°* NSP8 binding inhibits the
recruitment of SRP54 to 7SL, while NSP9 inhibits
the interaction with SRP19. The SRP assembly
could be further hindered by direct or indirect inter-
actions between NSP8, SRP19, and SRP72.°" The
disruption of plasma membrane protein targeting
during in vitro infection with SARS-CoV-2 was
demonstrated using an SRP-dependent nerve
growth factor receptor (NGFR)-GFP reporter assay
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and puromycin-incorporation assays (SUnSET).
The expression of either NSP8 or NSP9 alone
was sufficient to inhibit the membrane accumulation
of NGFR-GFP or puromycin-labelled proteins rela-
tive to non-membrane protein accumulation. Inter-
estingly, expression of NSP8/9 inhibited the
cellular response to IFNP treatment although
NSP8/9 has not been demonstrated to directly
affect IFN receptor expression at the plasma mem-
brane or the integration of signals from membrane-
targeted receptors to dampen the response to IFNJ
stimulation. Interestingly, 7SL can promote viral
assembly of HIV through interactions with Gag
and other host proteins.”'®'"™ Whether NSP8/
NSP9 utilizes this mechanism to promote corona-
virus virion assembly remains to be addressed.

Future perspectives

Comprehensive and timely studies have
uncovered the disarming potential that individual
SARS-CoV-2 viral proteins have on the host
antiviral response. These studies have revealed
the immunoregulatory functions unique to SARS-
CoV-2 encoded proteins and those conserved
across highly-pathogenic coronaviruses. Although
not discussed due to the absence of known
mechanisms, a few SARS-CoV-2 proteins were
also found to enhance IFN responses.”’*° Some
of these interactions could account for the exces-
sive inflammation observed in COVID-19 patients.
Importantly, the host modulatory effect is not
restricted to enhancement of IFN-mediated antiviral
responses. SARS-CoV-2 can also hijack cytokine
signaling pathways to enhance proinflammatory
cytokine production.’ """

Our current understanding of IFN antagonists is
limited by the use of individual viral gene
overexpression systems. These systems could
result in non-physiological protein expression
levels, failing to reflect the magnitude and kinetics
of viral gene and Protein expression during the
course of infection.''® Importantly, the expression
of single viral genes could fail to detect important
interactions between viral proteins critical for the
regulation of host immune responses. The develop-
ment and implementation of replication-competent
recombinant viruses will continue to strengthen
our understanding of the mechanisms by which sin-
gle proteins,* viral protein—protein complexes, or
protein-vRNA complexes shape the host antiviral
response. As genomic surveillance data continues
to reveal naturally occurring mutations in SARS-
CoV-2 genes, it is critical to understand how viral
evolution impacts mechanisms of viral entry, repli-
cation, transmission and evasion of host innate
and adaptive immune responses. The use of pri-
mary cells and organoids,''?~'?" animal models'#?
and patient-derived observations have facilitated
our understanding of disease progression, immuno-
logical outcomes, and the development of vaccines

10

and viral therapies. The integration of these tools
will continue to provide a better understanding of
how tissue tropism and cell identity shape suscept-
ibility to SARS-CoV-2 infection and immunological
outcomes.’
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