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The SARS-CoV-2 virus, the pathogen causing COVID-19, has
caused more than 200 million confirmed cases, resulting in
more than 4.5 million deaths worldwide by the end of August,
2021. Upon detection of SARS-CoV-2 infection by pattern recog-
nition receptors (PRRs), multiple signaling cascades are acti-
vated, which ultimately leads to innate immune response such
as induction of type I and III interferons, as well as other antiviral
genes that together restrict viral spread by suppressing different
steps of the viral life cycle. Our understanding of the contribution
of the innate immune system in recognizing and subsequently
initiating a host response to an invasion of SARS-CoV-2 has
been rapidly expanding from 2020. Simultaneously, SARS-
CoV-2 has evolved multiple immune evasion strategies to escape
from host immune surveillance for successful replication. In this
review, we will address the current knowledge of innate immu-
nity in the context of SARS-CoV-2 infection and highlight recent
advances in the understanding of the mechanisms by which
SARS-CoV-2 evades a host’s innate defense system.

INTRODUCTION

Coronaviruses are enveloped, positive-sense, single-stranded RNA
viruses in the Coronaviridae family, which have a broad spectrum
of hosts such as humans, bats, camels,and avian species, including
livestock and companion animals, posing a threat to public health.'
Coronaviruses are classified in the subfamily of Orthocoronavirinae,
which is further divided into four genera, based on differences in
protein sequences: o-coronavirus, [3-coronavirus, 7y-coronavirus,
and 3-coronavirus.” The o.-coronaviruses and B-coronaviruses only
infect mammals, whereas y-coronaviruses and d-coronaviruses pri-
marily infect birds, though some of them can infect mammals.’
HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, SARS-
CoV, MERS-CoV, and SARS-CoV-2 are the seven coronaviruses
that have been identified to infect humans.* Among them, SARS-
CoV and MERS-CoV, which have emerged in the human population
in 2002 and 2012, are highly pathogenic.”® Whereas human corona-
virus (HCoV)-229E, HCoV-NL63, HCoV-OC43, or HCoV-HKU1
strains circulating in the human population cause only the common
cold,” severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), the causal agent of COVID-19, is a novel B-coronavirus, which
early appeared at the end of 2019 and has resulted in devastating
deaths. The primary symptoms of COVID-19 are similar to those
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of SARS-CoV and MERS-CoV: fever, tiredness, dry cough, upper
chest pain, sometimes diarrhea, and dyspnea.® Unlike past coronavi-
rus (CoV) infections, the rapid global dissemination, high transmis-
sion rate, longer incubation time, more asymptomatic infections,
and disease severity of SARS-CoV-2 require in-depth knowledge
regarding the viral immune evasion strategies.

Like other human coronaviruses (SARS-CoV-2, MERS-CoV), SARS-
CoV-2 also has a single-stranded, positive-sense RNA genome of
around 30 kb in size.” As shown in Figure 1, the viral nucleocapsid
(N) proteins bundle the genome into a large ribonucleoprotein
(RNP) complex, which is then enveloped by lipids and viral proteins
S (spike), M (membrane), and E (envelope). The 5’ end of the genome
has two large open reading frames (ORFs), ORFla and ORF1b, en-
coding polypeptides ppla and pplb, which are produced into 16
nonstructural proteins (NSPs) involving every aspect of viral replica-
tion by viral proteases NSP3 and NSP5 that harbor a papain-like pro-
tease domain and a 3C-like protease domain, respectively.9 The 3’ end
of the genome encodes structural proteins and the accessory proteins,
of which ORF3a, ORF6, ORF7a, and ORF7b have been proven to be
viral structural proteins involved in the formation of viral particles
and ORF3b and ORF6 function as interferon antagonists. According
to the current annotation on the basis of sequence similarity to other
f-coronaviruses, SARS-CoV-2 includes predictions of six accessory
proteins (3a, 6, 7a, 7b, 8, and 10).'>" However, not all of these
ORFs have been experimentally validated yet, and the exact number
of accessory genes of SARS-CoV-2 is still a point of contention.
Therefore, it is still unclear which accessory genes are actually
expressed by this compact genome.

The spike (S) glycoprotein, a large transmembrane protein that covers
the surface of SARS-CoV-2, mediates the entry of the coronavirus into
the host cell through binding the receptor angiotensin-converting
enzyme 2 (ACE2) that is found in human cells in the lungs, heart,
kidneys, and intestines.'>'”> The S protein is demarcated into two
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Figure 1. The life cycle of SARS-CoV-2 in host cells
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SARS-CoV-2 enters into the host cell through the binding of the Spike protein to the receptor ACE2, together with TMPRSS2, followed by multiple steps including release of
the viral genome RNA, translation of the viral RNA, proteolytic cleavage of polyproteins (pp1ab and ppia) by nsp3 (papain-like protease; PLpro) and nsp5 (main protease,
Mpro), replication and translation by the RTC, packaging and assembly of new virions, and virion release from the cell through exocytosis. RdRP: RNA-dependent RNA
polymerase; RTC: replication and transcription complex; ERGIC: ER-to-Golgi intermediate compartment. ACE2: angiotensin-converting enzyme 2; TMPRSS2: trans-
membrane serine protease 2. (Right) 5 UTR: 5" untranslated region; 3’ UTR: 3" untranslated region; ORF1a: open reading frame 1a; ORF1b: open reading frame 1b; 3a:
ORF3a; E: envelop; M: membrane protein; 6: ORF6; 7a: ORF7a; 7b: ORF7b; 8: ORF8; 9b: ORF9b; 9c: ORF9c; N: nucleocapsid protein.

subunits, S1 containing the receptor binding domain, which binds the
ACE2 receptor on the host cell surface, and S2 carrying membrane
fusion peptide, which mediates membrane fusion, respectively.
Proteolytic cleavage of the S protein by the host transmembrane prote-
ases such as serine 2 (TMPRSS2) at the S1/S2 site promotes virus entry
into the cell by activating the S protein.'* Neuropilin-1 (NRP1), which
is known to bind furin-cleaved substrates, is abundantly expressed in
the respiratory and olfactory epithelium, with highest expression in
endothelial and epithelial cells. In addition to ACE2 and TMPRSS2,
NRP1 was identified as a cellular factor binding furin-cleaved S1 frag-
ment of S protein, which facilitates the entry of SARS-CoV-2 into host
cells, thus increasing its infectivity and contributing to its tropism.'>'®
As shown in Figure 1, once the virus enters the cell, the viral genome is
released into the host cell cytoplasm, hijacking the cell replication ma-
chinery and mounting a complex program of viral gene expression,
which is highly regulated in space and time. Briefly, the viral genome
is translated as a messenger RNA (mRNA) by the host cell machinery
and generates the polyprotein ORFla and ORF1b, which then is pro-
cessed into some essential enzymes (Nsp1-16 complex) for RNA syn-
thesis (Nsp12: RNA-dependent RNA polymerase, RARp), proofreading
(Nsp14), and capping (Nsp14-Nspl6 complex).'”'® Meanwhile, the
viral genome also serves as a template for negative-strand RNA
transcription. Subsequent assembly of replication and transcription
complex (RTC) facilitates the synthesis of genomic RNA (gRNA)
and subgenomic RNAs (sgRNAs) inside virus infection-induced
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double-membrane vesicles (DMVs) to replicate the viral genome and
transcription of viral protein-encoding genes, respectively.'”** The
newly synthesize sgRNAs released from the DMV encode viral struc-
tural and accessory proteins. Finally, translated structural proteins
translocate into the ER membranes and transit through the ER-to-
Golgi intermediate compartment (ERGIC), where a newly generated
gRNA is encapsidated with N proteins, enclosed by a viral envelope,

and released from the infected cells by exocytosis.”"**

Since there are many functional similarities between SARS-CoV,
SARS-CoV-2, and MERS-CoV, understanding the biology and pa-
thology of coronavirus family members has greatly promoted the
development of vaccines and therapeutics against SARS-CoV-2.
Generally, therapeutic approaches for viral diseases can be divided
into directly acting antivirals and host-directed therapies.*® Ideally,
directly acting antivirals often only target the virus without impairing
host processes, which may reduce unwanted adverse effects. Thus,
plenty of compounds with antiviral activity have been identified by
high-throughput screening and molecular target-based assays, which
can be divided into several categories based on the specific targets of
SARS-CoV-2 life cycle: (1) some compounds targeting enzymes or
functional proteins (Mpro, Plpro, RdRp), preventing the virus RNA
synthesis and replication;** "’ (2) some compounds targeting struc-
tural proteins of virus (E, M, S), blocking virus binding to the recep-
tors, or inhibiting the virus’s self-assembly process;zg’” (3) some
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compounds acting on the host’s specific receptors or enzymes (ACE2,
TMPRSS2), blocking viral attachment and entry into the host’s
cells.”'** Although most of the identified compounds were per-
formed by cell-based assays, several trials have been initiated to test
some of them specifically targeting SARS-CoV-2.%

Although drugs that target viral proteins offer a substantial benefit, as
they may be more specific against viruses and have fewer side effects
on humans, drug resistance may develop rapidly after treatment,
particularly in RNA viruses with high polymerase error rates where
mutations happen frequently. By contrast, if host factors that benefit
viral replication or help the virus escape antiviral innate immune are
identified as drug targets, viral mutations will usually not affect the
interaction of the drug with its host target. Thus, understanding the
innate immune responses to SARS-CoV-2 and its immune evasion
strategies will help us better understand pathogenesis and aid in the
development of antiviral drugs as well as immunotherapies. Here,
we will discuss how the innate immune system and critical molecules
are involved in the antiviral defense against SARS-CoV-2, as well as
how SARS-CoV-2 antagonizes different immune responses to achieve
a successful infection and highlight the potential of some host targets
for developing medicines against COVID-19.

Host innate immune response against SARS-CoV-2

Accumulating evidence indicates that SARS-CoV-2 infects the
epithelial cells of the respiratory tract and lungs, as well as epithelial
and nonepithelial cells of other organs that express the ACE2 recep-
tor, which initiates an antiviral immune response upon detection of
the virus (Figure 2).***” As an evolutionarily conserved system of
cellular and chemical defenses, the innate immune system is crucial
to pathogen detection and restriction as well as the subsequent acti-
vation of an adaptive immune response. Here, we outline several of
the innate defense mechanisms directed against SARS-CoV-2 infec-
tions. Figure 3 summarizes the recognition of SARS-CoV-2 by PRRs.

Sensing of SARS-CoV-2 infection by PRR receptors of the innate
immune system

The innate immune system detects SARS-CoV-2 infection through
the recognition of pathogen-associated molecular patterns (PAMPs)
that are specifically present in the viral particle or generated during
viral replication by PRRs that initiate antiviral signaling cascades,
leading to the production of interferons (IFNs), cytokines, and che-
mokines.”®** SARS-CoV-2 is recognized by the innate immune sys-
tem by members of distinct classes of PRRs (with their respective
ligands indicated): Toll-like receptors (TLRs), retinoic acid-inducible
gene-I (RIG-I) receptors (RLRs), and C-type lectin receptors (CLRs).

TLR-mediated recognition of SARS-CoV-2. The cell surface innate
immune sensor TLR2 forms heterodimers with TLR1 and TLR6 to
detect diverse ligands from bacteria, fungi, parasites, and viruses,
which is the initial step in a cascade of events leading to significant
innate immune responses to pathogens.*"** TLR2 has been reported
to recognize multiple viral proteins, including the dUTPase of
Epstein-Barr virus, the glycoprotein B of cytomegalovirus, and the

capsid of hepatitis B virus.*~** Proud et al. revealed that prophylactic
intranasal administration of TLR2/6 agonist INNA-051 reduces
SARS-CoV-2 transmission and provides protection against COV-
ID-19 in a ferret model.*® Stimulation of TLR2 leads to activation
of the innate immune response, suppression of excessive inflamma-
tion and tissue damage, as well as promotion of the integrity of local
epithelial barrier function. However, the pathologic role of TLR2 in
excessive inflammation in COVID-19 has also been revealed. Min
Zheng et al. reported that TLR2 and its adaptor MyD88 are associated
with the severity of COVID-19 and required for SARS-CoV-2-
induced inflammatory responses during infection independent of
viral entry through sensing the SARS-CoV-2 envelop protein as its
ligand. Blocking TLR2 by oxPAPC also protects against SARS-
CoV-2-induced lethality in vivo, indicating that TLR2 may contribute
to the disease development of COVID-19."

Among TLR genes, TLR3 was identified as an IFN-inducing dsSRNA
sensor with the ability to sense double-stranded RNA, a common in-
termediate of replication among many viruses, highlighting the TLR3
pathway as a “major sentinel” against viral infection.">*® Several
studies have shown that TLR3 via the TRIF pathway leads to a protec-
tive response in SARS-CoV infection.”” Although TLR3 knockout
mice are more susceptible to SARS-CoV without an increase in mor-
tality, TRIF, adaptor of TLR3, deficient mice are highly susceptible to
SARS-CoV with a high risk of mortality.*” Q. Zhang et al. used a
candidate gene approach and identified at least 3.5% of patients
with life-threatening COVID-19 pneumonia who have mutations in
genes involved in TLR3-dependent induction and amplification of
type I IFNs.”” This discovery reveals essential roles for the double-
stranded RNA sensor TLR3 in the control of SARS-CoV-2
infection.”’

TLR4 is a remarkable PRR that recognizes multiple PAMPs from bac-
teria, viruses, and other pathogens.5 % In addition, TLR4 also senses
certain damage-associated molecular patterns (DAMPs) such as
high-mobility group box 1 (HMGB1)* and heat shock proteins
(HSPs)* released from dying or lytic cells during host tissue injury
or viral infection. Like TLR2, TLR4 has also been reported to sense
several viral proteins after infection, including the fusion protein of
respiratory syncytial virus (RSV),” the glycoprotein of EBOV,® the
glycoprotein of vesicular stomatitis virus (VSV G),”” and the dengue
virus nonstructural protein 1 (NS1).”® Sohn et al. recently reported
that the expression of TLR4 itself and its downstream signaling me-
diators including TRAF6, IRAK1, and TRIF in COVID-19 patients
were significantly upregulated in peripheral blood mononuclear cells,
compared with those in healthy controls, which indicated a correla-
tion between increased TLR4 expression and its activation by a
component of the SARS-CoV-2 virus, similar to that which occurs
in bacterial sepsis.”” Choudhury et al. undertook an in silico study
and found that the S glycoprotein of SARS-CoV-2 had the strongest
protein-protein interaction with TLR4, compared with other TLRs.*’
Yingchi Zhao et al. revealed that different coronaviruses (SARS-CoV-
2, SARS-CoV, MHV-A59, and HCoV-229E) were able to activate
TLR4 via their S proteins independent of ACE2 and TMPRSS2,
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Figure 2. The innate immune responses to SARS-CoV-2 infection
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Infection with SARS-CoV-2 in airway epithelial cells triggers innate and adaptive immune responses. In severe COVID-19, a high virus load hyperactivates the innate immune
system results in the production of high levels of inflammatory cytokines called a “cytokine storm.” AT |, alveolar type | cells; AT II: alveolar type Il cells; M®, macrophage; DC,
dendritic cells; NK, NK cells; Ag presentation, antigen presentation; DAMP, damage-associated molecular pattern; PAMP, pathogen-associated molecular pattern; PRRS,
pattern recognition receptors; TLR, Toll-like receptors; CLR, C-type lectin receptors; ISG, interferon-stimulated gene.

thus inducing inflammatory IL-1B production.®’ The studies add ev-
idence to the possibility that the binding of S protein to TLR4 receptor
plays a role in the hyperinflammation of COVID-19, thus implicating
TLR4 as a therapeutic target for COVID-19. Interleukin-1B (IL-1p) is
a proinflammatory cytokine that is central for host responses to infec-
tion.*” Typical IL-1P activation is mediated by two steps: priming and
activation. In the priming step, upon activation by PAMPs or
DAMPs, expression of canonical inflammasome-related components
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such as inactive NLRP3, pro-Caspase-1, pro-IL-1, and pro-IL-18 are
driven by NF-kB. In the activation step, assembly of NLRP3, ASC,
and pro-caspase-1 into a complex mediates activation of caspase-1,
which promotes the cleavage of pro-IL-1B and pro-IL-18 into their
mature, biologically active forms.®> Tamara S. Rodrigues et al. found
that the NLRP3 inflammasome is activated in response to SARS-
CoV-2 infection and is active in COVID-19 patients, suggesting
that inflammasomes participate in the pathophysiology of the
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Figure 3. PRRs-mediated recognition of SARS-CoV-2

SARS-CoV-2 is recognized by the innate immune system by members of distinct classes of PRRs (with their respective ligands indicated): Toll-like receptors (TLRs), retinoic
acid-inducible gene-I (RIG-) receptors, and C-type lectin receptors (CLRs). Upon recognition, signal transduction occurs through downstream transcription regulators called
interferon regulatory factors (IRFs) to elicit interferons production. The secreted interferons interact with their receptors, which results in activation of JAK-Stat signaling
pathway that governs the expression of various IFN-stimulated genes. TRAM, Toll receptor—associated molecule; TRAF6, TNF receptor associated factor 6; MAPK, mitogen-
activated protein kinase; AP1, activator protein 1; IKKs, kB kinase; NF-«B, nuclear factor kappa-light-chain-enhancer of activated B cells; TRIF, TIR domain-containing
adaptor-inducing interferon-B; TRAF3, TNF receptor associated factor 3; IKKe, IkappaB kinase-epsilon; TBK1, TANK binding kinase 1; IRF3, interferon regulatory factor 3;
Syk, spleen tyrosine kinase; Card9, caspase recruitment domain family member 9; Bcl10, B-cell lymphoma/leukemia 10; Malt1, mucosa-associated lymphoid tissue lym-
phoma translocation protein 1; IFNAR, interferon alpha/beta receptor; JAK1, tyrosine-protein kinase JAK1; Tyk2, non-receptor tyrosine-protein kinase 2; IFNLR1, interferon
lambda receptor 1; IL10RB, interleukin 10 receptor subunit beta; Stat1, signal transducer and activator of transcription 1; Stat2, signal transducer and activator of transcription
2, IRF9: interferon regulatory factor 9; ISGF3, interferon-stimulated gene factor 3; GAS, gamma interferon activation site; ISRE, interferon-sensitive response element.

disease.”* SARS-CoV-2 can encode several proteins, such as N pro-
tein, Spike, and open reading frame 3a to trigger NLRP3 inflamma-
some activation and induce hyperinflammation. Pan et al. identified
the direct interaction between N protein and NLRP3 protein, which
promotes the binding of NLRP3 with ASC, and facilitates NLRP3
inflammasome assembly.®> Huanzhou et al. showed a distinct mech-
anism by which ORF3 protein promotes NLRP3 inflammasome acti-
vation to induce hyperinflammation. The ORF3a triggers IL-1B
expression via NF-kB, thus priming the inflammasome while also
activating it via ASC-dependent and -independent modes, and it
accelerates the inflammasome assembly by increasing the potassium
efflux and releasing ROS generation.®®

Toll-like receptor 7 (TLR?7) is intracellular sensor located in endo-
somes that recognize single-stranded RNA. Mutations in the gene

encoding this receptor have been found in men who develop severe
COVID-19. Van der Made et al. analyzed primary immune cells iso-
lated from the patients and family members and found that four
young male patients with severe COVID-19 had rare putative loss-
of-function variants of X-chromosomal TLR7 that were associated
with impaired type I and II IEN responses.”” It has been shown
that IRF3 is a major transcription factor for TLR3 and RIG-I to prime
type I IFN production, whereas IRF7 is important for TLR7 and
TLR9.%® Qian Zhang et al. identified genetic defects of IRF7 in patients
with severe COVID-19 pneumonia. Plasmacytoid dendritic cells from
IRF7-deficient patients produced no type I IFN on infection with
SARS-CoV-2, and IRF7~/~ fibroblasts were susceptible to SARS-
CoV-2 infection in vitro.”” These preliminary findings reveal essential
roles for TLR7- and IRF7-dependent signaling in the control of SARS-
CoV-2 infection. Type I IFN administration may be of therapeutic
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benefit in selected patients, at least early in the course of SARS-CoV-2
infection.

RLR-mediated recognition of SARS-CoV-2. RLRs encompass three
members, RIG-I, melanoma differentiation-associated protein 5
(MDA-5), and laboratory of genetics and physiology 2 (LGP2), which
are critical cytosolic RNA sensors in the detection of RNA virus infec-
tion, leading the transcriptional induction of type I IFNs and other
genes that collectively establish an antiviral host response.”” RIG-I
has been implicated in the recognition of viral RNA that harbor an
uncapped 5'-di/triphosphate end and a short, blunt-ended, double-
stranded portion, two essential features facilitating discrimination
from self-RNAs.”””" Although the properties of MDA-5 physiological
ligands have not been fully described yet, it is acknowledged that RIG-
I and MDA-5 have different dsRNA length dependencies: RIG-I pre-
fers short dsRNA, whereas MDA-5 selectively binds long dsRNA.””
Children have reduced SARS-CoV-2 infection rates and a substan-
tially lower risk for disease development compared with adults. J.
Loske et al. reported that children displayed higher basal expression
of MDA-5 and RIG-I in upper airway epithelial cells, macrophages,
and dendritic cells, resulting in stronger early innate antiviral re-
sponses to SARS-CoV-2 infection than in adults.”” The role of RIG-
I in sensing SARS-CoV-2 viral RNA is controversial. Lucy et al. re-
vealed that SARS-CoV-2 triggers a robust innate immune response
in lung epithelial cells Calu-3 through the activation of cytoplasmic
RNA sensors RIG-I and MDA-5."* Takahisa et al. introduced
SARS-CoV-2 viral RNA fragment into WT, RIG-I knockout, and
MDA-5 knockout HEK293 cells, and they found that not only
MDA-5 but also RIG-I recognize SARS-CoV-2 viral RNAs and sub-
sequently induce type I IFN production.”” Nevertheless, several inde-
pendent groups have also reported that MDA-5, not RIG-I, governs
the innate immune response to SARS-CoV-2 in lung epithelial cells
Calu-3.”°7® The technical differences and cell line origin differences
may explain the disparity between these findings. Thus, more compel-
ling experimental approaches, like RIG-I mutant mice or human lung
organoids, should be used to determine if RIG-I is essential for type I
IFN production in response to SARS-CoV-2. As an ISG (IFN-stimu-
lated gene), RIG-I sufficiently restrains SARS-CoV-2 replication in
human lung cells in an IFN-independent manner. Taisho et al. re-
vealed that RIG-], by recognizing the 3’ untranslated region of the
SARS-CoV-2 RNA genome via the helicase domains, directly abro-
gates viral RNA-dependent RNA polymerase mediation of the first
step of replication.””

CLR-mediated recognition of SARS-CoV-2. CLRs expressed by anti-
gen-presenting cells, including macrophages and dendritic cells
(DCs), are crucial for tailoring immune responses to pathogens by
sensing carbohydrate-based PAMPs.*” A number of enveloped vi-
ruses interact with CLRs at the cell surface to facilitate the transfer to-
ward their particular entry receptors, which trigger the fusion of viral
and host membranes.*""** CLRs, especially L-SIGN (or DC-SIGNR)
or DC-SIGN, are well-known for their role in the entry of viruses
like HIV, cytomegalovirus, dengue, Ebola, and Zika virus. %%
Densely glycosylated S protein of SARS-CoV-2 potentially presents
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ligands for CLRs, which are known to bind specific glycans mostly
in a Ca**-dependent manner.*® Qiao Lu et al. identified several C-
type lectins (DC-SIGN, L-SIGN, LSECtin, ASGR1, and CLEC10A)
and Tweety family member 2 (TTYH2) as glycan-dependent binding
partners of the SARS-CoV-2 S protein using a myeloid cell receptor-
focused ectopic expression screen.®” Although these receptors do not
support active replication of SARS-CoV-2, their engagement with the
virus-induced robust proinflammatory responses in myeloid cells that
correlated with COVID-19 severity. Meanwhile, another two inde-
pendent groups also reported the involvement of LSECtin and DC-
SIGN in recognition of S glycoprotein of SARS-CoV-2.%*% Consid-
ering that recognition of S protein by CLRs leads to the release of
pro-inflammatory cytokines like IL-6, which has been found to
contribute to the cytokine storm seen in severe COVID-19, Qiao
Lu et al. also generated a bispecific anti-S nanobody that not only
blocked ACE2-mediated infection but also the myeloid receptor-
mediated proinflammatory responses.”” Michel Thépaut et al. re-
vealed that polyman26 (PM26), a multivalent glycomimetic manno-
side tailored for optimal interaction with DC-SIGN, not only
binds the lectin but also enhances its internalization, reducing the
number of CLRs available for the virus to bind it and transfect
susceptible cells.®*” These studies point to the importance of devel-
oping CLRs antagonists to reduce the severity of infection by inhibit-
ing their activity or expression, which could help reduce the severity
of COVID-19.

Type I IFNs in host defense against SARS-CoV-2

Upon recognition of viral PAMPs by PRRs, signal transduction oc-
curs through downstream transcription regulators called IFN regula-
tory factors (IRFs) to elicit IFN production.®” IFNs can be broadly
characterized into three groups: IFN-I, type II (IFN-II), and type III
(IFN-III). On the binding of type I IFNs to their receptor (IFNAR),
multiple downstream signaling pathways can be activated, leading
to the induction of a large number of ISGs to trigger a global antiviral
%021 Although the products of these ISGs exert broad-spectrum
antiviral effector functions against viruses including influenza, SARS-
CoV-1, and MERS-CoV, many of these are still not fully described in
SARS-CoV-2 infection.”” Recent attempts have focused on identi-
fying which ISGs are anti-SARS-CoV-2 and further describing their
mechanisms of action. Given the hundreds of ISGs induced by IFN,
it is reasonable to expect that every stage of the viral life cycle (entry,
uncoating, transcription, translation, assembly, and egress) might be
targeted for suppression.

state.

Cholesterol 25-hydroxylase (CH25H) is an ISG that encodes an
enzyme that synthesizes the oxysterol 25-hydroxycholesterol
(25HC) from cholesterol.”> CH25H has been shown to have broad
antiviral activity against a variety of enveloped viruses by inhibiting
virus entry into the host cells.”*”> For SARS-CoV-2, three indepen-
dent groups revealed the anti-SARS-CoV-2 activities of CH25H
and its enzymatic product 25HC in vitro and in vivo. Mechanistically,
25HC activates the ER-localized enzyme ACAT, whose activity de-
pletes accessible cholesterol on the plasma membrane. Furthermore,
internalized 25HC accumulates in the late endosomes and potentially
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restricts SARS-CoV-2 S protein catalyzed membrane fusion via
blockade of cholesterol export.”®™*® In addition, lymphocyte antigen
6 complex, locus E (LY6E) was also shown to restrict multiple
CoVs, including SARS-CoV, SARS-CoV-2, and MERS-CoV, entry
into cells by interfering with S protein-mediated membrane fusion.”
Base on a gain-of-function screen of human ISGs, more ISGs (AXIN2,
EPSTI1, GBP5, IFIH1, IFITM2, IFITM3, CLEC4D, UBD, ELFI,
FAM46C, and REC8) were identified as inhibitors of S protein-medi-
ated SARS-CoV-2 entry into cells.'”’

Following releasing of the viral genome into the host cell cytoplasm,
nonstructural proteins are produced via the transcription and trans-
lation of the replicase gene from viral genomic RNA, which then
assemble the RTC to facilitate viral RNA replication and protein syn-
thesis.”> The overexpression screen identified multiple ISGs able to
reduce SARS-CoV-2 mRNA levels, SARS-CoV-2 protein translation,
or genome synthesis, including ZAP, IFIT1, IFIT3, IFIT5, SPATS2L,
DNAJC6, RGSS2, and LOC152225, as well as ZBP1 and B4AGALT5.""
In addition, BST-2, known as an inhibitor of the retrovirus, filovirus,
arenavirus, and herpesvirus families, was also found to potentially
restrict SARS-CoV-2 release.'”” Through genome-wide CRISPR/
Cas9 screen, DEAD box RNA helicase DDX42 and Death domain-
associated protein 6 (DAXX) were identified as broad antiviral inhib-
itors against both retroviruses and RNA viruses including SARS-
CoV-2,101,102

Innate immune evasion by SARS-CoV-2

The immune imbalances in COVID-19 are characterized by poor
type I IFNs production and an exacerbated release of proinflam-
matory cytokines, contributing to the severe manifestations of

103 Several studies have uncovered the multitude of

the disease.
strategies employed by SARS-CoV-2 to limit the global cellular
antiviral state, both directly and indirectly (Table 1). This is
assumed to be mostly due to viral targeting of the IFN induction
and signaling cascades at multiple levels, as described below

(Figure 4).

Evasion of PRRs recognition of viral RNA

The cytosolic RLRs receptors are the principal detector of pathogenic
RNAs that recognize the 5'cap in order to distinguish the host mRNA
from viral RNA, thereby preventing autoimmune pathologies.'*’
However, many viruses have evolved mechanisms for capping their
genomes and/or transcripts with methylation at the N7 position of
the capped guanine and the ribose 2'-O-position of the first nucleo-
tide during replication, which help viral RNAs evade recognition by
the host RNA sensors of the innate immune system."*” In SARS co-
ronaviruses, the non-structural protein 16 (nspl6), in conjunction
with nspl0, methylates the 5'-end of virally encoded mRNAs to
mimic cellular mRNAs, thus protecting the virus from host innate im-
104105 11 addition, the conserved uridine-specific
endoribonuclease (NSP15), an integral component of the coronaviral
RTC complex, processes viral RNA and limits the formation of
dsRNA intermediates to escape the recognition of viral RNA sensors
and subsequent IFN response.'?’

mune restriction.

Inhibition of PRRs-mediated signaling cascades

The induction of the IFN system starts with cellular recognition of
viral infection. Upon activation, the cellular viral RNA sensors launch
a signaling cascade that results in transcriptional induction of IFN.
These signaling events comprise many molecules of cellular adaptors,
regulatory enzymes, and transcription factors, particularly the IRFs,
many of which are targets for direct suppression by viral products
that attach to them and impede their action."”’ SARS-CoV-2 encodes
a plethora of viral proteins to counteract the IFN induction at various
stages. Wang et al. reported that NP can disrupt the interaction be-
tween MAVS and RIG-I, as well as the interaction between RIG-I
and TRIM31, thus limiting the host IFN response to the virus.'”® In
addition, SARS-CoV-2 membrane glycoprotein M was also identified
as a negative regulator of the innate immune response. The interac-
tion between M and MAVS impaired MAVS aggregation and its
recruitment of downstream TRAF3, TBK1, and IRF3, leading to
attenuation of the innate antiviral response.'' "' ORF9b, an alterna-
tive ORF in the N protein, was reported to localize on mitochondria
and thus suppress IFN response through association with adaptor
protein TOM?70.'"?

TBKI1, an IKK-related serine/threonine kinase, is pivotal for the in-
duction of antiviral type I IFN by TLR and RLR signaling pathways.
Yi Zheng et al. revealed that M protein interacts with TBKI, thus
preventing the formation of the multiprotein complex containing
RIG-I, MAVS, TRAF3, and TBKI and subsequently impeding the
phosphorylation, nuclear translocation, and activation of IRF3.''?
Furthermore, two independent groups identified NSP13 as a TBK1
interactor that downregulates IFN signaling by limiting TBK1 and
IRF3 activation.'">''® Nonstructural protein 6 (nsp6) also binds
TBKI1 to suppress IRF3 phosphorylation.lw As a pivotal transcrip-
tional factor driving IFN production, IRF3 is also targeted by
SARS-CoV-2. ORF6 binds importin karyopherin o 2 (KPNA2) to
inhibit IRF3 nuclear translocation, not IRF3 phosphorylation.'*’
Based on the IFN-B luciferase screening, Wenjing et al. reported
that NSP12 attenuates IFN production by inhibiting IRF3 nuclear
translocation.'”> However, Aixin et al. found that, although NSP12
could suppress IFN-B promoter luciferase activity, it showed no
inhibitory effect on IFN-B production or its downstream signaling.'*

After binding to its receptor, IFN activates the Jak-STAT pathway,
triggering STAT dimerization and nuclear translocation. Hongjie
et al. identified two sets of viral proteins that antagonize type I IFN
signaling through blocking signal transducer and activator of tran-
scription (STAT1)/STAT2 phosphorylation or nuclear transloca-
tion.''” Remarkably, Orf6 localizes at the nuclear pore complex where
it binds directly to the Nup98-Rael complex to block STAT nuclear
import and antagonize IFN signaling.'*’ In addition, N protein was
also reported to antagonize type I IFN signaling by suppressing phos-
phorylation and nuclear translocation of STAT1 and STAT2."'” The
unique accessory protein of SARS-CoV-2, ORFS8 forms intracellular
aggregates and inhibits not only basal expression of several antiviral
ISGs, including DHX58, ZBP1, MX1, and MX2, but also the induc-
tion of antiviral molecules by IFN in lung epithelial cells.'**
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Table 1. Specific viral antagonism mechanisms at each stage of interferon signaling

Working model Viral protein ~ Targets Mechanisms References
il ki 1'104’
NSP10 viral RNA cofactor of NSP16 for RNA cap methylation Wl amowsid et a 105
Viswanathan et al
NSP14 viral RNA gu‘an‘ine-,N7—methy1transferase lactivity that can Ogando et al."*®
mimic 5'cap structure on the viral RNA
Evasion of PRRs recognition of viral RNA
NSP16 viral RNA 2’—O—meth_yltransferase activity involved in viral Wilamowski et al.'::]‘;
RNA capping Viswanathan et al.
. processes viral RNA and limits the formation of 107
NSP15 al RNA D t al.
i dsRNA intermediates eng eta
TRIM25 i:lltélifleres with the interaction of TRIM25 and Wang et ALl Zhao et al.|””
N hosphoryl d nucl
suppresses phosphorylation and nuclear 110
STAT1/STAT2 Mu et al.
/ translocation of STAT1 and STAT2 ned
impairs MAVS aggregation and its recruitment of 111 112
MAVS Fuetal. ', Zh t al.
downstream TRAF3, TBK1, and IRF3 ueta eng eta
M
TBKL 1merach with TBK1, thus p?eventmg the Fuetallll, Zheng et al. 112
formation of the multiprotein complex
suppresses type I interferon (IFN-I) responses . 113
ORF9b TOM70 t al.
through association with TOM70 Jiang et a
ORF3b IRF3 prevents the translocation of IRF3 into the nucleus ~ Konno et al.'"*
Inhibition of PRRs-mediated signaling cascades . "
int ith TBK1 inhibits TKB1/IRF. s
NSP13 TBK1 interacts wit and inhibits TKBI/IRF3 Guo et al.'"?, Lei et al.''®
activation
NSPI5 IRF3 intéraéts with RNF41, an E3 ligase associated with Gordon et al''”
activation of IRF3
ORF3a STAT1 suppresses STAT1 phosphorylation via Wang et al.'*
upregulating SOCS1
NSP6 TBK1 binds TBKI to suppress IRF3 phosphorylation Xia et al.'"’
IRF3 meisl importin karyopherin o, 2 (KPNA2) to Miorin et al.2°
inhibit IRF3 nuclear translocation
ORF6 ——
STATI binds directly t9 the Nup98-Rael complex to block Miorin et al.'2”
STAT nuclear import
N RIG-I ass‘ociAatAes With TRIM25 and suppresses the Wang et al."%®
ubiquitination of RIG-I
M TBK1 inc_luceAzsA TBKl degradation via K48-linked Sui et al?!
ubiquitination
Modulati f ubiquitinati d
© u & Al(.m é ubiquitination an cleavage of ISG15 from IRF3 and attenuates type I . 122
deubiquitination . Shin et al.
interferon responses
PLpro ISG15
mediates de-ISGyaltion of MDAS5 and inhibit IFN . 123
Liu et al.
response
ORF9b NEMO interrupts K63-linked ubiquitination of NEMO Wu et al.'**
i 1 f IRF NSP. Its i 5
PLpro IRF3 direct cleavage o 3 by NSP3 results in reduced Moustagil et al."”*
type I IFN response
Viral proteases-mediated cleavage . ) 3 e doath o
3Clpro cleaves NEMO to induces the death o . 126
3Cl NEMO hine L: tal ”
pro human brain endothelial cells Josephine Lampe e
NSP1 408 subunit shuts down host protein Franslation and' Zhang et al. o
subsequently blocks host immune functions
ts translational inhibition to abolish the IFN-I-
Host translation shutoff NSP14 Unknown exerts ransAa 10nal Lribition to abolish the Hsu et al.'*®
dependent induction of ISGs
£ f NSP14 Exerts lational inhibiti
NSP10 NSP14 cofactor of NS xerts translational inhibition Hsu et al.'2

to abolish the IFN-I-dependent induction of ISGs
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Figure 4. Innate immune evasion by SARS-CoV-2

Recognition by PRRs triggers a signaling cascade that culminates in the transcription and subsequent generation of interferons. SARS-CoV-2 has evolved to antagonize
these pathways at virtually all stages, indicated by red blunt end arrows. Red solid arrows indicate hyperactivated signal cascade by SARS-CoV-2. Black solid arrows

indicated pathway connection.

Modulation of ubiquitination and deubiquitination

Ubiquitination, a crucial type of protein posttranslational modifica-
tion catalyzed by the sequential action of ubiquitin-activating (E1),
ubiquitin-conjugating (E2), and ubiquitin-ligating (E3) enzymes,
plays a crucial role in regulating antiviral innate immune re-
sponses."”” To maintain proper protein homeostasis, all the major
posttranslational modifications, including the ubiquitination process,
can be reversed. The process of cleaving ubiquitin molecules from
ubiquitin-conjugated protein substrates by deubiquitinating enzymes
(DUBs) is called deubiquitination.'*° Yinghua et al. found that low-
dose N protein combined with TRIM25 could suppress the ubiquiti-
nation and activation of RIG-1.'”” SARS-CoV-2 M could interact with
MDA-5, TRAF3, IKKe, and TBK1, and induce TBK1 degradation via
K48-linked ubiquitination.'”" SARS-CoV ORF3a overexpression has
been reported to induce the lysosome-mediated degradation of IF-
NARL.""” For SARS-CoV-2, Nsp14 induces lysosomal degradation
of IFNARI, thereby preventing STAT transcription factor activa-
tion."*® Jing Wu et al. revealed that ORF9b targets the NEMO and in-
terrupts its K63-linked polyubiquitination upon viral stimulation,
thereby inhibiting the canonical NF-kB signaling and subsequent
IFN production.'** A more general strategy by which SARS-CoV-2
interferes with ubiquitination involves viral PLpro protease that re-
moves ubiquitin-like ISG15 protein and ubiquitin from host proteins
to negatively impact the innate immune system. Although it shares

83% sequence identity with SARS-CoV-PLpro, SARS-CoV-2-PLpro
exhibits different host substrate preferences; SARS-CoV-2-PLpro
preferentially cleaves the ubiquitin-like ISG15, whereas SARS-CoV-
PLpro predominantly targets ubiquitin chains.'*> Donghyuk et al.
reported that SARS-CoV2-PLpro contributes to the cleavage of
ISG15 from IRF3 and attenuates type I IFN responses.122 In addition,
ISG15 conjugation is essential for antiviral IFN responses mediated
by the viral RNA sensor MDA-5. The ISG15-dependent activation
of MDA-5 is also antagonized through direct de-ISGylation mediated
by the PLpro of SARS-CoV-2."'*

Viral proteases-mediated cleavage

Many viral proteases that are involved in the cleavage and processing
of viral polyproteins, such as those found in positive-strand RNA
viruses, have also been demonstrated to cleave factors essential for
the IFN response.'*” The genome of SARS-CoV-2 encodes two viral
proteases, PLpro and 3Clpro, that are responsible for cleaving viral
polyproteins during replication. For PLpro, IRF3 has been identified
as its substrate. Direct cleavage of IRF3 by NSP3 would result in
reduced type I IFN response during SARS-CoV-2 infections.'”> As
a main protease, 3CLpro is also highly conserved among coronavi-
ruses. STAT2 and NEMO, the essential modulators of IFN signaling,
are known to be cleaved by coronavirus main protease.'*>'*!
The cleavage of STAT2 by 3Clpro has not been reproduced for
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SARS-CoV-2 yet. However, Josephine et al. reported that 3Clpro
cleaves NEMO, the essential modulator of both NF-kB and IFN
signaling, in human brain endothelial cells.'** Human Brel/RNF20
(hBrel), the E3 ubiquitin ligase for histone 2B monoubiquitination,
is necessary for ISGs transcription.'*> Zhang et al. revealed that
3Clpro cleaves RNF20 to disrupt the RNF20/RNF40 complex, which
promotes SARS-CoV-2 replication.'*> Although the host proteolytic
targets of 3Clpro are still anonymous, multifarious host proteins
have been predicted as 3Clpro. Among these, TRIF, IRF2, STAT1/
4, TFI6, RIP1/2, NEDD4, and SMURE?2 are reported to be involved
in the regulation of IFN signaling."**

Host translation shutoff by virus

Many viruses have evolved ways to shut off host gene expression by
interacting with the host translational machinery and degrading
host mRNA."** This global inhibition of cellular protein synthesis
serves to ensure maximal viral gene expression and to prevent the
synthesis of antiviral genes.'* SARS-CoV-2 infection leads to the
accelerated degradation of cytosolic cellular mRNA including innate
immune genes. Nonstructural protein 1 (Nspl) specifically shuts
down host protein translation and subsequently blocks host immune
functions through competing with RNA segment to bind the small
ribosomal 40S subunit to stall mRNA translation at various stages
during imitation and binding to the ribosome for endonucleolytic
cleavage and degradation of host mRNAs.'*”»'*’ In addition, corona-
virus NSP14 protein, known to have 3'-5" exoribonuclease (ExoN)
activity and guanine-N7-methyltransferase activity (N7-MTase),
also has the translational inhibition activity."”® Jack Chun-Chieh
et al. revealed that ExoN and N7-MTase activities enable NSP14 to
exert translational inhibition to abolish the type I IFN-dependent
induction of ISGs.'*® Another nonstructural protein NSP10 also
participates in host translational shutoff through forming the com-
plex of NSP10-NSP14 that enhances translation inhibition executed
by NSP14.'%*

Complement system in severe COVID-19

The complement system, also known as complement cascade, is a
critical part of the innate immune system that enhances antibodies
and phagocytic cells to clear pathogens and damaged cells from an or-
ganism, promote inflammation, and attack the pathogen’s cell mem-
brane.'*® The complement system consists of more than 50 proteins
in the plasma and on cell surfaces that exert their functions through
highly ordered interactions.'” There are three major pathways
through which the complement system can be activated: classical, lec-
tin, and alternative.'*’
ment cascade hyperactivation being involved in the pathogenesis and
disease severity of COVID-19. SARS-CoV-2 can directly activate the
complement cascade through the lectin pathway, the alternative
pathway, and classical pathway. Mechanistically, multiple lectin
pathway recognition molecules of the complement system can bind
to SARS-CoV-2 S and N proteins.'”" S protein (S1 and S2), but not
the N protein, directly activates the alternative pathway of comple-
ment on cell surfaces.'”? In addition, N protein activates the lectin
pathway via directly binding to the lectin pathway effector enzyme

Multiple lines of evidence pointed to comple-

1878 Molecular Therapy Vol. 30 No 5 May 2022

MASP-2."""'%3 These studies suggest that SARS-CoV-2 infection
involves the hyperactivation of multiple complement cascades.
Currently, little is known about the role of the complement system
in the elimination of coronavirus. However, its deleterious involve-
ment in the severe COVID-19 is becoming clear. Gao et al. reported
that N protein of SARS-CoV, MERS-CoV, and SARS-CoV-2 bound
to MASP-2, resulting in aberrant complement activation and aggra-
vated inflammatory lung injury. Either blocking the N protein-
MASP-2 interaction or deleting MASP-2 can significantly attenuate
N protein-induced complement hyperactivation and lung injury
'>3 Holter et al. described the systemic comple-
ment activation in hospitalized COVID-19 patients and its associa-
tion with the development of respiratory failure.'>*

in vitro and in vivo.

SARS-CoV-2 activates NF-«B signaling to exert
hyperinflammation

The transcription factor NF-kB is a crucial modulator of proinflam-
matory gene induction and functions in both innate and adaptive im-
mune cells. Accumulating evidence suggests that the hyperactivation
of NF-kB signaling, i.e., cytokine storm, has been implicated in the
pathogenesis of COVID-19, which was supported by the fact that
severity of COVID-19 is associated with an increased level of NF-
kB-mediated inflammatory mediators including cytokines and
chemokines such as interleukin IL-1pB, IL-6, IL-8, MCP-1, MIP-1a,
MIP-18, and TNF-a in blood upon SARS-CoV-2 infection. !> 1%%
The relevance of TLR receptors to stimulate excessive inflammation
in COVID-19 has been documented. Upon SARS-CoV-2, viral
envelop and S protein could induce hyperactivation of NF-kB-medi-
ated inflammation through directly binding to TLR2 and TLR4.*”*!
In addition, S protein can also be sensed by various CLRs on the sur-
face of immune cells, which not only helps SARS-CoV-2 get into cells
but also exacerbates proinflammatory responses (Figure 2).*°"** For
SARS-CoV-1, nucleocapsid (N), ORF3a, and ORF7a proteins were
able to activate NF-kB and significantly enhanced IL-8 and IL-6
expression.ng For SARS-CoV-2, Chia-Ming et al. identified ORF3a,
M, ORF7a, and N proteins of SARS-CoV-2 as NF-«B activators.'®°
Particularly, the ORF7a protein induced the NF-«B dictated proin-
flammatory cytokines including IL-1e, IL-1p, IL-6, IL-8, IL-10, and
TNF-a, and different chemokines including CCL11, CCL17,
CCL19, CCL20, CCL21, CCL22, CCL25, CCL26, CCL27, and
CXCL9.'” Notably, SARS-CoV-2 has evolved some unique proteins
with dual-role in NF-«kB activation and the suppression of IFN
signaling. ORF8, the unique protein encoded by SARS-CoV-2, has
an inhibitory effect on the IFN pathway.'**'®" On the other hand,
Xiaoyuan et al. demonstrated that ORFS8 could interact with IL-17 re-
ceptor and subsequently aggravate the secretion of pro-inflammatory
factors by activating NF-kB signaling pathway.'®* NSP14, well docu-
mented in inhibiting IFN signaling, was also reported to contribute to
the viral activation of NF-kB signaling, which was characterized by
the nuclear translocation of NF-kB p65 subunit and upregulation of
IL-6 and IL-8.'% Mechanistically, NSP14 interacts with host ino-
sine-5'-monophosphate dehydrogenase 2 (IMPDH2) protein, which
is known to regulate NF-kB signaling.'®’
features of severe COVID-19 are defined as hyperactivation of

The imbalanced immune
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NF-kB-mediated inflammation but a relatively lower level of antiviral
IFNs. The dual-role of ORF8 and NSP14 in NF-kB activation and IFN
signaling inhibition would contribute to the understanding of the
imbalanced immune response of COVID-19 and provide drug targets
for controlling COVID-19.

Conclusions and perspectives

SARS-CoV-2 emerged in the human population in 2019 and has
become a serious global health threat that impacts all countries. Dur-
ing host-virus co-evolution, SARS-CoV-2 has evolved well to adapt to
avoiding the host innate immune response and inhibiting the host
antiviral IFN signaling. This adaption of SARS-CoV-2 depends on
the interaction between the host innate immune system and the virus.
By this interaction, SARS-CoV-2 escapes host antiviral machinery
and hijacks host innate immunity and accomplishes the life cycle.
Although a plethora of viral proteins encoded by SARS-CoV-2 have
been identified as IFN antagonists,''®"'? we are still far from clearly
understanding the complex immune regulation of SARS-CoV-2,
due to most of these viral IFN antagonist proteins being identified
in the contexts of ectopic expression by transfection in cell lines.
Thus, it is important to validate these findings using more compara-
tive analyses and multiple experimental systems in the contexts of
authentic viral infection in both cultured cells and animal models.
In combination with reverse genetic systems of SARS-CoV-2, identi-
fication of viral proteins with antagonistic action against innate im-
mune or IFN will facilitate the development of live-attenuated vaccine

. 36,164,165
candidates.”™ °**”

The traditional design and screening of antivirus drugs often target
viral proteins that offer a substantial benefit, as identified compounds
may be more specific against viruses and have fewer side effects on
humans. However, as an RNA virus, SARS-CoV-2 has a high rate
of mutation leading to the constant generation of many different
strains with an altered viral evasion or resistant protein, which could
render the therapy ineffective.'*>'®” Thus, developing novel antivirals
targeting virus-host innate immune interaction offers a huge potential
for alleviating the pathology of virus infections as well as assisting the
immune system to clear viral infection. The strategies for designing
antiviral drugs based on the knowledge of crosstalk between virus
and host innate immunity can be divided into several categories:
(1) targeting TLRs and CLRs as well as NF-kB to prevent hyperin-
flammation in COVID-19; (2) designing novel IFN agonists with
comparable or better antiviral activities but with less toxicity than
IFN itself; (3) targeting ISGs that produce natural antiviral products,
like CH25 produces natural antiviral 25HC; (4) screening compounds
that can target both viral protein and host innate immune. The
increasing knowledge on the interaction between viruses and hosts
has been and continues to guide the development of broad-spectrum
antiviral drugs not only in the fight against SARS-CoV-2 but also in
regulating the host immune system.

Currently, plenty of compounds have been screened to target SARS-
CoV-2 proteases PLpro and 3Clpro, which not only inhibit viral poly-
protein processing but also would rescue host antiviral IFN

signaling.””'**"'”! Aside from PLpro and 3Clpro, multiple viral pro-
teins are also involved in the dysregulation of antiviral IFN signaling.
Thus, combinatory usage of multiple drugs targeting viral IFN antag-
onists might be a promising strategy for anti-SARS-CoV-2 therapy.
Unlike PLpro and 3Clpro with enzymatic activities, other viral pro-
teins are undruggable or difficult-to-target proteins that may demand
more innovative thinking and novel therapeutic approaches. Proteol-
ysis targeting chimeras (PROTAC) technology shows many advan-
tages over small-molecule inhibitors, such as inducing the durative
and fast depletion of target proteins, overcoming mutation-caused
drug resistance, targeting “undruggable” and mutant proteins.'””
Potent and selective PROTACs might be considered in the study of
anti-SARS-CoV-2 therapy by degrading viral IFN antagonists. Partic-
ularly, we propose to use the small compounds library to screen small
molecules targeting both viral protein and host factors to generate se-
lective PROTACs with the potential to degrade viral protein and re-
activate host antiviral innate immunity.

Elucidating how SARS-CoV-2 evades the innate immune response is
critical for understanding the pathogenicity and developing innova-
tive therapeutic approaches to limit the sequelae of viral infections.
The discovery of critical immune evasion proteins paves the way
for the development of more effective antivirals that target these viral
proteins. In addition, the identification of pivotal cellular antiviral
pathways against SARS-CoV-2 infection also facilitates the develop-
ment of strategies targeting these pathways to overwhelm incoming
viruses.
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