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KEY WORDS Abstract The main protease (MP™) of SARS-CoV-2 plays a pivotal role in viral replication and immune
evasion. Accumulating evidence highlights its significant role in suppressing innate immunity. In this re-

Main protease; Yiew, we proYide a comprel.lensivg o.vervi.ew. of h9w MP™ modulates host innate immune responses,

e including its interference with retinoic acid-inducible gene I (RIG-I)-like receptor (RLR) and cyclic

Type 1 IEN; GMP—AMP synthase (cGAS)—stimulator of interferon gene (STING) signaling pathways, inhibition of

Inhibitor interferon production, and disruption of inflammasome activities. As a protease, M"™ cleaves a variety
of host proteins to attenuate antiviral innate immunity, a process dependent on its catalytic dyad (Cys145
—His41), which is crucial for its proteolytic activity. Meanwhile, MP™ also exerts innate immune regulatory
functions in a protease-independent manner. Notably, inhibitors targeting MP™ have demonstrated efficacy
in restoring immune functions and suppressing viral replication, offering potential therapeutic strategies
against SARS-CoV-2 infection.
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1. Introduction

The global pandemic of the coronavirus SARS-CoV-2 infection
(COVID-19) has had a profound impact on human health. SARS-
CoV-2 belongs to the § coronavirus family and shares approxi-
mately 80% genetic similarity with SARS-CoV'. Its genome is a
positive-sense single-stranded RNA (+ssRNA) consisting of 14
open reading frames (ORFs) that encode 31 viral proteins,
including 16 non-structural proteins (NSP1—16), 4 structural pro-
teins (S, M, N, and E) and 11 accessory proteins (ORF3a, ORF3b,
ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c,
and ORF10) (Fig. 1?3, The entry of SARS-CoV-2 into the host
cells is primarily mediated by the binding of the viral Spike
(S) protein to its receptor angiotensin-converting enzyme 2
(ACE2)*. This process is further facilitated by proteolytic cleavage
of the S protein by the serine protease TMPRSS2. Other potential
receptors or cofactors, including CD147, neuropilin-1, heparan
sulfate, furin, etc., are also involved in the entry processsfg.
Pathogen recognition receptors (PRRs) recognize the
conserved motifs in pathogen-associated molecular patterns
(PAMPs) from the viruses and initiate the innate immune
response’. As an RNA virus, SARS-CoV-2 is primarily sensed in
the cytoplasm by RLRs'*"!, including RIG-I and melanoma dif-
ferentiation antigen 5 (MDAS), with MDAS being the predomi-
nant sensor for SARS-CoV-2!2. Upon recognition, the receptors
then recruit the adaptor protein mitochondrial antiviral signaling
(MAVS) to form the MAVS signalosome, which then activates
TANK-binding kinase 1(TBK1) and inhibitor of B kinase
(IKK)"®. This results in the phosphorylation of the transcription
factors interferon regulatory factor 3 (IRF3) and nuclear factor-xB
(NF-kB), driving the production of type I interferons (IFN-I) and
pro-inflammatory cytokines'®. Then IFN-I binds to the type I
interferon receptor (interferon-a/@3 receptor (IFNAR)) to activate
downstream signaling pathways, such as the JAK—STAT pathway,
which ultimately induces the expression of interferon-stimulated
genes (ISGs) to combat viral infection'>. Interestingly, RIG-I
can inhibit SARS-CoV-2 infection independently of IFN-I/III by
recognizing the 3’ UTR of the viral genome and directly inter-
fering with RNA-dependent RNA polymerase (RdRp) activity,
bypassing RIG-I-induced signaling pathways'*. Nevertheless, the

Figure 1

RLR-induced signaling pathway remains the primary antiviral
mechanism.

SARS-CoV-2 infection also triggers the translocation of
chromatin DNA from the nucleus to the cytoplasm and causes
mitochondrial damage and subsequent release of mitochondrial
DNA (mtDNA) into the cytoplasm'>'®. This cytoplasmic DNA is
sensed by cGAS and activates the STING dependent signaling
pathway, resulting in the activation of IRF3 and NF-xB'>'°.
SARS-CoV-2 infection also induces the formation of the
nucleotide-binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasome and Gasdermin D (GSDMD)-induced
pyroptosis'’~'?. Toll-like receptors (TLRs) also contribute to the
innate immune response against SARS-CoV-2. TLR2 binds to the
viral E protein and induces pro-inflammatory signaling path-
ways". Activation of TLR3 and TLR7 is also observed to induce
pro-inflammatory cytokines, such as IL-1q, IL-18, IL-4, IL-6, and
IFN?'.

Accumulating evidence highlights the critical role of SARS-
CoV-2 viral proteins, both structural and non-structural proteins,
in modulating innate immunity. For example, the M protein at-
tenuates antiviral innate immune response by disrupting MAVS
aggregation’>. ORF9b suppresses the RIG-I-MAVS signaling by
impeding the K63-linked ubiquitination of NF-«kB essential
modulator (NEMO)?*. NSP6 suppresses innate immunity by
binding to TBK1 and inhibits IRF3 phosphorylation**. Addition-
ally, the NSP13, NSP14, NSP15, ORF6, and ORFS also mitigate
the interferon production and interferon-induced signaling® 2%,

NSP35, also known as 3-chymotrypsin-like protease (3CLP™), is
the main protease (MP™) of SARS-CoV-22. It is responsible for
cleaving the two long polyproteins, ppla and pplab, derived from
the SARS-CoV-2 genome, and generating NSP5-NSP16, which
are essential for the replication of SARS-CoV-2 in the host
(Fig. 1)* Extensive research has demonstrated that MP™ plays a
pivotal role in the virus—host interaction. It may antagonize the
innate immune response through mechanisms that are either
dependent on or independent of its enzymatic activity.

Given the critical role of MP™® for viral replication and its
inhibitory role in innate immunity, significant efforts have been
directed toward developing MP™ inhibitors. In-silico techniques
have demonstrated substantial utility in this pursuit, particularly for

SARS-CoV-2 genome and proteins. The front part of the SARS-CoV-2 genome, ORFla and ORF1b, encodes two polyproteins, ppla

and pplab, which can be cleaved into 16 non-structural proteins by the papain-like protease (PLP"®) and 3CLP™, also called MP™. The rest of the
genome encodes 4 structural proteins (S, E, M, and N) and 11 accessory proteins (ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b,

ORF8, ORF9b, ORF9c, and ORF10).
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predicting and evaluating inhibitors targeting SARS-CoV-2 pro-
teins, including the S protein, N protein, RdRp, NSP3, NSP15,
NSP16, and MP™, as well as predicting substrates of MP*~3!,
These computational approaches include but are not limited to
following methods: (1) molecular docking to screen potential li-
gands, (2) molecular dynamics simulations to assess protein-ligand
interaction stability, and (3) molecular mechanics Poisson-
Boltzmann surface area (MMPBSA) analysis to calculate binding
free energy"®>'. Compounds exhibiting strong binding affinity and
stability, as indicated by high docking scores and low free energy
values, are prioritized for further experimental validation. The
development of nirmatrelvir, the first approved MP™ inhibitor, also
engages in-silico techniques such as molecular docking®>.

In this review, we summarized the recent advancements in the
interplay between MP™ and the host, with a focus on its pivotal
role in modulating antiviral innate immunity. We further discussed
the potential of MP™ as a promising target for the treatment of
SARS-CoV-2 infection.

2. The structure and characteristics of SARS-CoV-2 MP™
2.1.  Structure and catalytic mechanisms of M""™

MP™ a cysteine protease, comprises three structural domains: a
chymotrypsin-like domain I, a picornavirus 3C protease-like
domain II, and a globular domain III formed by five a-helices
(Fig. 2A)***. The substrate-binding pocket is located in a cleft
between domain I and domain II****, containing five key subsites:
S1 and S2 (deeply buried), S3 (functionally tolerant), S4 (shallow
and hydrophobic), and S1’, which collectively recognize substrate
residues at P4A—P1’ positions** >, Notably, the S1 subsite exhibits
a strong preference for glutamine, dictating cleavage speci-
ficity?>>>. Catalytic activity is mediated by the Cysl45—His41
dyad located near the S1’ subsite (Fig. 2B)*°. Here, Cys145 acts as
a nucleophile, attacking the substrate’s carbonyl carbon to form an
acyl-enzyme intermediate, while His41 facilitates the deprotona-
tion of Cys145 to promote the nucleophilic attack®. The carbonyl
oxygen of the intermediate interacts with the main chain nitrogen
atoms of Gly143 and Cys145 through hydrogen bonds to form an
oxyanion hole®’. Different from the traditional catalytic Ser
(Cys)—His—Asp(Glu) triad, MP™ employs a water molecule to
form hydrogen bonds with His41 to stabilize the positive charge
on His41, playing the role of the third catalytic residue®®. MP™
functions as a homodimer, which is essential for its full enzymatic
activity. This process depends on a salt—bridge interaction be-

tween Glu290 of one protomer and Arg4 from another protomer™.

2.2.  The cleavage selectivity of MP™

MP exhibits distinct cleavage site preferences, with glutamine
(GIn) at the P1 position (the first residue N-terminal to the
cleavage site) being the most conserved and universally recog-
nized motif across substrates®® *°. However, emerging studies
reveal additional flexibility: in vitro N-terminomics using LC—MS
identified histidine (His) at P1, albeit less frequently*', and glu-
tamic acid (Glu) as a cleavage site is also reported*>. The
preferred cleavage sequences conform to X-(L/F/V)-Q | (A/S)-X*
or X-(A/S)-X-(L/M)-(Q/H)l(G/A/S)-X4l (X refers to any amino
acid, | marks the cleavage site). For example, the sequence be-
tween NSP4 and NSP5 is S-A-V-L-Q|S-G, which is consistent
with this pattern*®. Overall, there are site preferences with some

degree of versatility for MP™ substrate recognition, though the full
scope of its cleavage selectivity remains incompletely
characterized.

2.3.  The protease-independent roles of M

MP™ subverts host antiviral innate immunity through multifaceted
mechanisms, leveraging both proteolytic and non-proteolytic ac-
tivities. On the one hand, MP™ can cleave the host proteins and
impede their functions to reduce antiviral innate immunity, a
mechanism discussed in detail in subsequent sections. MP™ also
downregulates antiviral proteins via indirect strategies, such as
suppressing protein translation. For instance, SARS-CoV-2 MP™
cleaves eukaryotic translation initiation factor 4G (elF4G) at Q658,
effectively halting global protein synthesis and attenuating RLR
signaling pathway**. On the other hand, MP® also employs
protease-independent mechanisms to evade innate immunity: (1)
Ubiquitination modulation: MP™ can promote MAVS degradation
via the ubiquitin proteasome system®. Some other reports
demonstrated that MP™ exerts inhibitory effects on the ubiquitina-
tion levels of some innate immune components, such as reducing
the K63-linked ubiquitination of RIG-1***" and reducing total
ubiquitinated MAVS*, without elucidating whether protease ac-
tivity is required. (2) Autophagy exploitation: Active MP™ (not the
enzymatically inactive C145S mutant) facilitates the autophagic
degradation of STAT1 by enhancing the association between STAT 1
and autophagy receptor p62*’. (3) Stress granule disruption: MP™
impedes stress granule (SG) formation through mechanisms inde-
pendent of its proteolytic function*®. (4) Scaffold: MP™ impairs
RIG-I-TRIM25 interaction and RIG-I-MAVS interaction as a
scaffold, rather than degrading them*®*’. (5) SUMOylation mod-
ulation: MP™ promotes the SUMOylation of MAVS to increase its
stability*®. These findings will be elaborated later.

2.4.  Host regulation of M"™

The interplay between the host and the virus is a reciprocal pro-
cess. Certain E3 ubiquitin ligases possess the ability to degrade
MP™. ZBTB25, a human E3 ubiquitin ligase that requires a C2H2
domain for activity, facilitates the ubiquitin-proteasome-
dependent degradation of MP™®, whose Lys100 serves as the
ubiquitin acceptor®’. Parkin, another E3 ubiquitin ligase with a
catalytic residue Cys in a C-terminal RING-between-RING
domain, also induces the ubiquitination and degradation of
MP™, Specifically, during cell mitophagy, the protein kinase

PINKI1 activates Parkin, thereby accelerating the degradation of
MproSO.

2.5.  Brief comparisons of M"™ and other viral proteins

There are seven kinds of coronaviruses that infect humans, all of
which use NSP5 as their main protein. Among them, SARS-CoV,
MERS-CoV, and SARS-CoV-2 are highly pathogenic and share
many similarities in their genome structures, proteins, and path-
ogenesis>'. Thus, their MP™ may play a similar role in defending
innate immunity through cleaving NEMO and inhibiting IRF3
nuclear translocation, but there is little research about the first
two*>%53 Compared to SARS-CoV MP™, SARS-CoV-2 MP®
demonstrates enhanced catalytic efficiency, polyprotein cleavage
capacity, and interferon antagonism, largely due to serine (Ser)
rather than alanine (Ala) in position 46****2. This heightened
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Figure 2  Structure of SARS-CoV-2 MP™ and its interactions with inhibitors. (A) Shows the dimer of MP"® (PDB ID: 6Y2E), including protomer
A and protomer B. MP™ is a cysteine protease consisting of three domains: the chymotrypsin-like domain I (yellow), picornavirus 3C protease-like
domain II (green), and domain III (orange), a globular cluster of five helices. (B) Shows the catalytic Cys145—His41 dyad (colored red) and the
substrate-binding pocket. (C) Shows the interaction between nirmatrelvir and the substrate-binding pocket of MP™ (PDB ID: 7VHS). Nirmatrelvir
is shown in purple, and MP™ is shown in gray. Red marks represent water molecules. Yellow dotted lines represent hydrogen bonds, which exist
between nirmatrelvir and S1, S2, and S4 subsites. The C—S covalent bond is pointed out by the red circle. (D) Shows the interaction between
ensitrelvir and the substrate-binding pocket of MP" (PDB ID: 8HBK). Ensitrelvir is shown in purple, residues of protomer A are shown in orange,

and residues of protomer B are shown in gray. Red marks represent water molecules. Yellow dotted lines represent hydrogen bonds, which exist

between ensitrelvir and S1’, S1, and S2 subsites.

activity has dual implications. On the one hand, a stronger
cleavage ability of SARS-CoV-2 MP™ at the N-terminal auto-
cleavage site of viral polyproteins provides evidence that SARS-
CoV-2 has a stronger replication ability than SARS-CoV*. On
the other hand, the increased cleavage activity of host proteins
induces stronger resistance to host antiviral immunity, which may
contribute to asymptomatic transmission of COVID-19 patients**.
Compared to MERS-CoV MP, SARS-CoV-2 MP™ shows higher
thermostability and stronger stability in acidic environments®*,
More flexible cleavage sites of SARS-CoV-2 MP™, rather than
conservative ones like (L/M)-Q(S/A) of MERS-CoV MP™,
provide more potential for interfering with host immunity.

NSP3, also called papain-like protease (PLP™), is another pro-
tease of SARS-CoV-2 cleaving ppla into NSP1-NSP4. Different
from MP™, its catalytic site is a catalytic triad consisting of Cys,
His, and Asp>®. Despite its cleavage on the polyprotein ppla, it also
induces deubiquitinating (DUB) activity and deISGylating activity
through cleaving ubiquitin tags and ISG15 tags from host proteins
to defend host immunity, which also exists in other human-infecting
coronaviruses®®>’. By contrast, the pro-ubiquitination effect of MP™
is intriguing. It is interesting to explore the relationship between the
opposite effects of these two proteases.

3. The modulation of M"™ on host innate immunity
3.1.  MP" acts at multiple steps of the RLR signaling pathway

RLR is the primary sensor of SARS-CoV-2, which induces potent
antiviral signaling cascade reactions and can be modulated by

stress granules (SGs)'®*%. SG assembly is triggered by protein
kinase R (PKR), which is activated by viral nucleic acids, through
well-characterized mechanisms*®. As the structural core of SGs,
Ras GTPase-activating protein-binding protein 1 (G3BP1) facili-
tates RIG-I activation via direct interaction®®. SARS-CoV-2 MP™
has been demonstrated to bind with G3BP1, decrease its level, and
inhibit SG formation without any cleavage of SG components.
The protease-independent mechanism is evidenced that compa-
rable SG inhibition is observed with both wild-type MP™ and its
catalytically inactive mutant (C145A) in vitro experiments*®. The
impairment of G3BPIl-mediated signaling cascade leads to
sequential suppression of RIG-I activation, IFN production,
ISG expression, and enhanced viral replication. Mechanistically,
MP-mediated disruption manifests through diminished phos-
phorylation of TBK1 and IRF3, impaired IRF3 nuclear trans-
location, and consequent reduction in IFN production®®.

Current evidence presents different paradigms for the regula-
tion of MP™ on RIG-I: MP" downregulates RIG-I by cleaving it at
the N-terminal (residues 1—10), generating a dominant-negative
fragment, which competes with WT RIG-I for dsSRNA binding,
loses the ability to form a heterodimer with MAVS and reduces
IEN production in Caco-2 infection models*’. Another study
presents contradictory findings that no RIG-I and downstream
molecules cleavage is observed, but MP™ decreases the RLR
pathway proteins via cleaving elF4G and repressing protein
translation**. The methodological disparities may explain the
discrepancies. The former is performed in Caco-2 cell lines
infected with SARS-CoV-2 or transfected with MP™* but the
latter is conducted by incubating 293T whole cell extracts only



SARS-CoV-2 main protease modulates host innate immunity

4501

with MP™* This dichotomy underscores the necessity of dis-
tinguishing between bona fide virologic mechanisms and over-
expression artifacts. N-terminal Edman sequencing of endogenous
RIG-Iin SARS-CoV-2-infected airway organoids in the future will
be helpful to clarify this. MP™ is also demonstrated to physically
interact with MDAS, but the exact function needs further expo-
ration*®. Ubiquitin E3 ligase TRIM25 promotes the K63-linked
ubiquitination of RIG-I, which is essential for its oligomeriza-
tion and subsequent MAVS activation'>. MP® employs multi-
layered strategies to modulate this process. MP™ directly
impedes TRIM25—RIG-I complex formation*®*’, compromising
TRIM25-mediated K63-linked ubiquitination of RIG-I. NLRP12
constitutively binds TRIM25, limiting its E3 ligase activity™’.
MP™ proteolytically cleaves NLRP12, ostensibly to relieve its
inhibitory effect on TRIM25%.

MP® regulates the levels of MAVS in different ways. MP®
specifically enhances MAVS conjugation with SUMO2/3 (not
SUMOL1), stabilizing MAVS to amplify NF-«B-driven production
of pro-inflammatory cytokines (IL-18, IL-2, IL-6, TNF-«) via the
RIG-I/MDA5—MAVS axis*®. This facilitates hyperinflammatory
responses while suppressing type I IFN production, aligning with
COVID-19 immunopathology. Paradoxically, there is also evidence
indicating the inhibitory effects of M”™ on MAVS. MP™ can cata-
lyze K48-linked ubiquitination of MAVS at K136 to promote its
degradation®®. This apparent contradiction is further complicated by
conflicting reports: While one study observes reduced global
ubiquitination (including K48/K63 linkages) on ectopically
expressed MAVS in MP®-transfected cells44, another confirms
preserved K63-linked ubiquitination under similar conditions®'.
The degradation-supporting evidence derives from endogenous
MAVS analysis in SARS-CoV-2-infected cells and ubiquitination
analysis in ubiquitination-competent  systems (E1/E2/MP™/
MAVS)*, whereas contradictory studies rely on overexpression
models without viral infection contexts**®'. Notably, the absence of
SARS-CoV-2-infected cell models in the latter investigations raises
critical questions about physiological relevance. These discordant
findings highlight the context-dependent nature of MAVS
regulation and underscore the need for integrated virological-
biochemical approaches to resolve these mechanistic discrepancies.

The impact of MP™ on IRF3 activation presents complex
mechanistic interpretations, with studies reporting conflicting
mechanisms*~*7%%%3 In Sendai virus-infected overexpressing
MP™® A549 cells, IRF3 phosphorylation levels remain comparable
to controls, suggesting MP™ does not directly cleave IRF3 or
suppress its phosphorylation. Instead, MP™ blocks the nuclear
translocation of phosphorylated IRF3, likely by interfering with
transport machinery rather than degrading IRF3 itself®2. In
contrast, 293T cells co-transfected with MP™ and IRF3 exhibit
reduced IRF3 levels, implying MP™ facilitates IRF3 degradation®.
This discrepancy may arise from differences in cellular contexts:
A549 (lung epithelial) vs. 293T (kidney epithelial), different
expression/stimulation methods: viral infection (RIG-I/MAVS-
dependent) vs. overexpression system.

Following the nuclear translocation of IRF3, phosphorylated
IRF3 binds to IFN promoters and initiates the production of IFN-I
(IFN-a/B)"3. The host epigenetic factor histone deacetylase 2
(HDAC?2) has been reported to bind to IRF3 and positively
modulate IFN-8 promoters®*. MP™ disrupts the interaction be-
tween HDAC2 and IRF3, but this interference is not essential
for the suppression of IFN-@ expression® (Fig. 3A and
Table 1#%44+4860-79) " Ryrther studies are needed to explore
whether MP™ disrupts the nuclear translocation signal or binds to

nuclear import factors (e.g., KPNA/importin-e). The proteasome-
vs. autophagy-mediated IRF3 turnover in different cell types also
requires clarification.

3.2.  MP" suppresses the cGAS—TING signaling pathway

SARS-CoV-2 infection induces the translocation of chromatin
DNA from the nucleus to the cytoplasm, along with the release of
mtDNA into the cytoplasm, thereby activating the cGAS—STING
pathway'>'6. MP™ suppresses this pathway by directly binding
to STING (not cGAS) (Fig. 3B and Table 1) and inhibiting its
K63-linked ubiquitination—a critical modification essential for
recruiting TBK1 and IKK@ to activate NF-kB and IRF3*°. This
inhibition requires the enzymatic active sites of MP™ and is
evolutionarily conserved, observed in humans, mice, and
chickens, suggesting a shared vertebrate targeting mechansim®’.
Notably, MP™ also blocks c¢GAS—STING-mediated nuclear
translocation of p65 (NF-«kB subunit), further attenuating
proinflammatory effects®'. Unlike its suppression of IRF3 in
RIG-I/MDA5 pathways, MP™ has no effect on IRF3 and its
nuclear translocation.

3.3, MP" in IFN-I-induced signaling pathway

The RLR and cGAS—STING signaling pathways ultimately
converge on the release of IFN-I, a pivotal pro-inflammatory
cytokine critical for antiviral immunity'*®!. TFN-I binds its re-
ceptor IFNARI, activating JAK—STAT signaling to drive ISG
expression®>. Notably, Notably, LDL-receptor-related protein-
associated protein 1 (LRPAP1) interacts with IFNARI1, promoting
its ubiquitination and subsequent degradation. MP™ exacerbates
this regulatory mechanism by upregulating the expression and
secretion of LRPAP1%°.

MP™ can also reduce STAT1 protein levels, primarily through
autophagy-mediated degradation, which is dependent on its
enzymatic activity’’. This is evidenced by the fact that the
enzymatically inactive C145S mutant fails to enhance the inter-
action between STAT1 and autophagy receptor p62. Consequently,
MP impairs the phosphorylation and the nuclear translocation of
STAT1*". Following that, the expression of ISGs is decreased,
resulting in reduced antiviral functions. Intriguingly, although
MP* broadly antagonizes IFN-I signaling, it is also observed that
SARS-CoV-2-infected cells remain highly sensitive to exogenous
IEN-I therapy®®, suggesting retained responsiveness to interferon
supplementation.

All upstream inhibition results in a reduction of ISG expres-
sion. As mentioned above, HDAC?2 is a known positive regulator
of both IEN-g production and ISG transcription®*®®, and its role in
MP™-mediated immune evasion remains contentious. One study
reports that MP™ inhibits the IFN-induced signaling pathway
independent of HDAC2%*. Conversely, another demonstrates that
MP™ cleaves HDAC?2 at Q261 and Q383, impairing IFN-a-stim-
ulated ISG expression®. Similar cleavage has been extended to
other HDAC family members®®. Additionally, MP™ can cleave
DNA polymerase delta interacting protein 3 (POLDIP3) at Q176,
disrupting its role in modulating ISG transcription®’.

MP™ also directly targets antiviral proteins encoded by ISGs to
mediate immune evasion. Ring Finger Protein 20 (RNF20), an E3
ligase that forms a complex with RNF40 to stabilize each other,
restricts viral replication by inducing the degradation of sterol-
regulatory element binding protein 1 (SREBP1). MP™ cleaves
RNF20 at the conserved Q521 site, abolishing its antiviral
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Figure 3

Regulatory functions of MP™ in innate immunity. MP™ regulates multiple signaling pathways involved in innate immune response.

(A) RLR signaling pathway. (B) cGAS—STING signaling pathway. (C) IFN-I induced signaling pathway. (D) NF-«B pathway. (E) Inflammasome

activation. (F) Other antiviral proteins.

function®®. Another ISG, named mRNA-decapping enzyme la
(DCP1A), is cleaved by MP™ at Q343 and loses its antiviral
activity® (Fig. 3C and Table 1).

3.4. MP” in NF-kB pathway

MP™ disrupts NF-kB signaling through multiple mechanisms to
suppress pro-inflammatory cytokine production and interferon
responses. MP™ cleaves TAB1 at Q129 (ASLQS motif) and Q441
(LTLQS motif), abolishing its ability to activate TAKI1 and
downstream IKK signaling®. NEMO (IKK~), a critical NF-«xB
regulator, is cleaved at E152, Q205, and Q231 by MP™, further
blocking NF-xB activation®. In addition, MP™ cleaves NLRP12,
downregulating the expression of NF-xB084,

Conflicting reports exist on p65 localization: While one study
suggests MP™ sequesters p65 in the cytoplasm®, another indicates
MP™ stabilizes MAVS to promote p65 nuclear translocation*®. The
unusual function of p65 is that it can bind to the positive regu-
latory domain II (PRDII) of IFN-G promoter to activate IFN-3
productiongs. The nuclear factor of activated T cell 5 (NFAT5) is a
transcription factor homologous to NF-«B. Intriguingly, M is
capable of cleaving NFATS5 at Q1127, resulting in the N-terminal
fragment of NFATS (NFATS NT), which can compete with p65 at
PRDII on the IFN-8 promoter to repress IFN-8 expression
(Fig. 3D and Table 1)".

3.5, MP" in inflammasome activation

The NLRs are a group of cytoplasmic pathogen sensors, some of
which assemble to form inflammasomes®®. Caspase-1 can be

activated by inflammasomes to cleave pro-IL-1(3, pro-IL-18, and
GSDMD and then convert them into active forms®’. Activation of
GSDMD leads to a proinflammatory cell death called pyroptosis,
which serves as a mechanism to inhibit pathogen replication. MP™
cleaves NLRP12 at two motifs: the LQA motif (residue 938) and
the KLFQG sequence (residue 238), impairing NLRP12/NLRP3
mixed inflammasome assembly and suppressing NF-«B
signaling®. MP® cleaves GSDMD at H270, generating pore-
forming fragments that trigger pyroptosis’>. MP™ also cleaves
GSDMD at Q29 and Q193, dismantling caspase-1-generated
active fragments and attenuating GSDMD-induced pyropto-
sis>%*7% Notably, GSDMD with Q29A, S30A, and Q193A
confer resistance to MP™ cleavage but abolish its pyroptosis
activity®.

Unlike other NLRs, MP™ cleavage of NLRP1 at Q333 releases
an active N-terminal fragment that promotes GSDME-dependent
cell death (Fig. 3E and Table 1)’'. Intriguingly, MP™ hijacks
GSDMDV/E pores for extracellular release, retaining enzymatic
activity in serum to impair platelet activation and inactivate IFN-
v172. This bidirectional regulation of pyroptosis shows the cor-
relation between viral dissemination (via secretion) and immune
evasion (via IFN suppression).

3.6.  MP™ and other proteins in antiviral innate immunity

Furthermore, certain proteins cannot be classified into the above
categories. One such example is eIF4G, which regulates protein
translation and has been mentioned above. TRNA methyl-
transferase 1 (TRMT1) is responsible for catalyzing the formation
of N*-methylguanosine or N*,N>-dimethylguanosine at position 26
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Table 1 Known targets of MP™ in innate immunity.
Pathway Target Effect Mechanism Ref.
RLR G3BP1 l No protease activity required 46
RIG-1 ! Cleaving RIG-I at Q10 (LQA) as a protease 45
MDAS ! / 46
Interaction between l Reducing the K63-linked ubiquitination of RIG-I by TRIM25 46,47
RIG-I and TRIM25
MAVS T Promoting the SUMOylation of MAVS 48
l Promoting the K48-linked ubiquitination and proteosome-mediated 45
degradation of MAVS
IRF3 l 1. Inhibiting the phosphorylation of IRF3* 46,62,63
2. Inhibiting the nuclear translocation of IRF3
3. Promoting the degradation of IRF3 (no mention of protease activity
required)
Interaction between | / 64
HDAC?2 and IRF3
cGAS STING l Reducing the K63-linked ubiquitination of STING (protease activity 61
required)
IFN-I LRPAPI T Increasing the extracellular level of LRPAP1 65
STAT1 l 1. Promoting the autophagy degradation of STAT1 (protease activity 47
required)
2. Inhibiting IFN-induced phosphorylation of STAT1
3. Inhibiting the nuclear translocation of STAT1
HDAC2 ! Cleaving HDAC2 at Q261 and Q383 as a protease 66
POLDIP3 l Cleaving POLDIP3 at Q176 as a protease 67
RNF20 | Cleaving RNF20 at Q521 as a protease 68
DCP1A l Cleaving DCP1A at Q343 as a protease 66
Inflammasome NLRPI12 l Cleaving NLRP12 at Q238 (KLFQG) and Q938 (LQA) as a protease 60
activation
GSDMD | Cleaving GSDMD at Q29 and Q193 as a protease 69—71
T Cleaving GSDMD at H270 as a protease to activate it 72
NLRP1 T Cleaving NLRP1 at Q333 as a protease to activate it 71
NF-«B TAB1 ! Cleaving TAB1 at Q129 (ASLQS) and Q441 (LTLQS) as a protease 60
po5 l Inhibiting the nuclear translocation of p65° 63
NEMO ! Cleaving NEMO at E152, Q205 and Q231 as a protease 42
NFAT5 ¢ Cleaving NFATS at Q1127 as a protease 73
Others elF4G ! Cleaving eIF4G at Q658 (LQGI) as a protease 44
TRMT1 ! Cleaving TRMT1 at Q530 as a protease 74
p62 l Cleaving p62 at Q354 as a protease 75,76
MAGED2 l Cleaving MAGED?2 at Q263 as a protease 77
p53 l Inhibiting the transcription activity of p53 (protease activity required) 78
SUD2core T Binding with SUD2core to increase the effect of SUD2core on Bcl2G4 79

| means inhibiting its function; 1 means promoting its function.
*Another research®® demonstrates that MP™

has no influence on the phosphorylation of IRF3.

®Another research*® demonstrates that MP™ promotes the nuclear translocation of p65.
“The cleaved fragment competes away p65 at PRDII on the IFN-8 promoter to suppress IFN-3 production.

of the majority of human tRNAs. This process ensures that the
tRNA is folded into the correct structure®®. MP™ cleaves TRMT]
at Q530 to disrupt tRNA folding and global protein synthesis’*.
Whether this process suppresses the production of host antiviral
proteins (e.g., IFN) or hinders viral virion assembly remains un-
resolved, warranting further investigation. P62, also known as
SQSTMI, is an autophagy receptor that can target the ubiquiti-
nated SARS-CoV-2 M protein for autophagic degradation, but not
S or E proteins’>. MP™ cleaves p62 at Q354, disabling its ability to
traffic M protein to autophagosomes’”. By preserving M protein
integrity, essential for viral envelope formation, MP™ ensures
virion assembly while evading host autophagy. Concurrently,
reduced expression of p62 in COVID-19 patients correlates with
reduced TNF and IL-107°. Furthermore, melanoma-associated
antigen D2 (MAGED?2) has been proven to interact with SARS-

CoV-2 N protein in the cytoplasm to block its binding to the
viral genome’’. MP™ cleaves MAGED2 at Q263, releasing an
N-terminal fragment that translocates to the nucleus’’. This
cleavage restores N protein-viral genome interactions, enabling
efficient viral genome packaging and replication.

Two additional targets associated with cell cycle and apoptosis
are reported. P53 is a well-known regulator of the cell cycle and
apoptosis. Intriguingly, it is also evidenced to restrict SARS-CoV-2
replication’®3°. MP™ inhibits the transcriptional activity of p53 in a
protease-dependent manner, thereby repressing p53-driven pro-
moter activation and downregulating target genes such as p2/. This
suppression disrupts p53-mediated antiviral responses and cell
cycle regulation78, The SARS unique domain 2 (SUD2) of NSP3
binds the antiapoptotic gene B cell lymphoma 2 (Bcl2) promoter
G-quadruplex (G4) sequence (Bcl2G4)°. MP™ synergizes with
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SUD2core (SUD2-N+4+M domains [K412 to S675]) to enhance
binding affinity for Bcl2G4, suppressing Bcl2 expression and
promoting apoptosis’® (Fig. 3F and Table 1).

While numerous putative MP™ substrates have been discovered
through large-scale in silico prediction and in vitro experiments,
the functional consequences of some cleaved proteins remain
unvalidated, necessitating further mechanistic exploration by
in vitro or in vivo experiments (Table 2394191y

4. MP" is a potential target for the treatment of SARS-CoV-
2 infection

4.1.  MP" inhibitors in clinical practice

MP™ is a pivotal drug target due to its dual role in viral replication
and immune evasion. While early breakthroughs highlight MP™’s
druggability, thousands of additional candidates, spanning cova-
lent, non-covalent, and allosteric inhibitors, have been identified
through high-throughput screening and computational modeling.
Inhibitors of MP™ have emerged as promising therapeutic agents,
with many targeting its catalytic dyad (Cys145—His41) to block
enzymatic activity.

Several inhibitors are currently in clinical use or clinical trials
(Table 3°2'%%). The best-known pharmaceutical agent is nirma-
trelvir (Paxlovid, PF-07321332) from Pfizer. Nirmatrelvir is a
representative of reversible covalent inhibitors, targeting MP™ by
forming a C—S covalent bond with Cys145 and engaging subsites
S1, S2, and S4 (Fig. 2C)'%. Clinical trials and real-world data
confirm its efficacy in reducing viral load and improving patient
outcomes, making it the only FDA-approved oral antiviral for
COVID-19"19"112 Another inhibitor, ensitrelvir, is a non-covalent
small-molecule inhibitor, stabilizing the binding to the MP*’s S1,
S2, and S1’ subsites through a hydrogen bond network
(Fig. 2D)'"3. Ensitrelvir has demonstrated antiviral efficacy and
the ability to relieve symptoms in clinical trials®.

Preclinical studies suggest that combining nirmatrelvir with
other antivirals may yield synergistic effects. For instance, RdRp
inhibitors (e.g., molnupiravir, remdesvir) and HCB NS5A in-
hibitors (e.g., ombitasvir) have been shown to increase suppres-
sion of SARS-CoV-2 compared to nimatrelvir monotherapy' 46
However, large-scale clinical evidence remains limited. A target
trial emulation (n = 18,196) reports no added benefit from
combining Paxlovid with remdesivir''’. Systematic reviews

Table 2

Substrate Function

Potential substrates of protease MP™.

Probable cleavage Ref.
site

OPTN Ubiquitin-binding Q151 (LQAE) and 41
protein Q165 (LQLK)
CWC22 Component of the RNA RSVLQAQSAS 91

spliceosome

FANCD2 Associated with PSRLQASQVK& 91

DNA damage EQLLQSTFSV
CTBP1  Transcriptional REGTRVQ& 39
CO-TEpressor SVEQIRE
protein
IRAK1 Activating NF-kB / 39
pathway
ITCH E3 ligase / 41
UBE3A  E3 ligase / 41

caution that multidrug regimens may increase the risk of adverse
events''”. In contrast, a randomized controlled trial (RCT)
(n = 312) demonstrates that combining Paxlovid with Huashi
Baidu granule (an antiviral Chinese patent medicine) significantly
improved the therapeutic efficacy against Omicron variant
compared to monotherapies''®. One review highlights that tradi-
tional Chinese medicine may synergize with Paxlovid through
multi-target and multi-pathway mechanisms, and specific drug
interactions arise from its influences on the pharmacokinetics of
Paxlovid, which still needs further research to clarify''. These
findings underscore the potential of integrating traditional Chinese
medicine with known antiviral inhibitors. Among other MP™ in-
hibitors, only ensitrelvir has shown enhanced efficacy when
combined with corticosteroids in a hamster model'?’. Moving
forward, well-designed RCTs are essential to validate combination
strategies and address mechanistic uncertainties.

4.2.  Resistance of M"™ against inhibitors

Although drugs are currently available for COVID-19 infection,
viral resistance to M™™ inhibitors, driven by genetic mutations,
diminishes therapeutic efficacy. Nimatrelvir resistance arises via
three mutation classes: (1) Reduced binding affinity: Mutations in
S1/S4 subsites (F140L, S144A, E166V, L167F, and A193P) impair
inhibitor binding. Notably, E166V mutation disrupts a critical
hydrogen bond with the lactam ring of nirmatrelvir'>'; (2)
Enhanced protease activity: Mutations (T211 in S4’, L50F in S2/,
and P252L) increase substrate binding and cleavage efficiency, not
only strengthening the protease’s ability to cleave viral poly-
proteins and interfere with host immunity, but also compensating
for the reduced protease activity caused by E166V in double
(T21I/E166V, LSOF/E166V) or triple mutants (L50F/E166V/
L167F)"?*!23; (3) Indirect resistance: T304 at the P3 position of
the NSP5/6 cleavage site enhances auto-cleavage, indirectly pro-
moting resistance'?'. As for ensitrelvir, it has reduced antiviral
effects in M49L or E166V mutants, in which a disrupted hydrogen
bond with E166 weakens its interaction with MP™''*'2*_ Although
an epidemiological study indicates that resistance to MP™ in-
hibitors is currently rare in clinical settings'?’, this emergence
underscores the need for next-generation inhibitors, which target
conserved regions or resistant mutant-specific pockets, and com-
bination therapies to mitigate resistance through multi-target
approaches.

4.3.  Anti-resistance M inhibitors and drugs

Newly developed anti-resistant drugs still include covalent in-
hibitors, non-covalent inhibitors, and allosteric inhibitors, as well
as agents inducing degradation of MP™ or targeting host proteins.
Covalent inhibitors target MP™’s catalytic Cysl145 via reactive
warheads. Oridonin, a novel covalent inhibitor, forms C—S covalent
bonds with Cys145 of MP™ through the Michael acceptors without
relying on nirmatrelvir-binding subsites, retaining efficacy against
nirmatrelvir-resistant mutants (e.g., E166 V/A)'?*!26_ 1t also sup-
presses NLRP3 and NF-«B pathways, offering dual antiviral and
anti-inflammatory effects'>’. TMP1 and ML2006a4 are two in-
hibitors with a-ketoamide demonstrating antiviral activity against
E166 V/A mutants'**'?°. ML2006a4 may extend its P1’ position to
provide additional hydrogen bonds and enhanced affinity with MP™
mutants'?. AB-343, with a nitrile group, mimics nirmatrelvir, but
shows reduced interactions with nirmatrelvir-resistant mutation
sites except E166 to show anti-resistance effects'*.
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As for non-covalent inhibitors, they circumvent catalytic site
mutations through alternative binding modes. Besides ensitrelvir,
some molecules adopt a macrocyclization strategy to become
macrocyclic peptides or macrocyclic lactams'*"'32. NMI-003,
C5N17B, and glycyrrhizic acid derivatives are also non-
covalent inhibitors and show resistance to some MP™ mutants,
especially E166V'**7135_All of them don’t form hydrogen bonds
with E166'°%** or even strongly interact with V166 of mu-
tants'**!%. The above inhibitors effectively inhibit the prolif-
eration of SARS-CoV-2 in vitro, no matter whether mutations
exist. Some drugs employ a dual-target strategy to resist MP™
mutations, such as targeting Spike-ACE2 interaction or
TMPRSS2'%136_ This strategy reduces viral escape probability
through complementary targeting. Finally, some allosteric in-
hibitors have been developed, such as methyl rosmarinate and
the compound ZINC4497834, which bind non-catalytic pockets
(e.g., dimerization interface), disrupting MP™ activity without
direct competition'>”"'*8,

In addition, novel degradation strategies, including PROTACs
and host target approaches, are also developed. HP211206 and
MPD2 (MP™ PROTAC degraders 2) recruit E3 ligases (e.g.,
CRBN) to ubiquitinate and degrade MP™ via the proteasome, even
in E166 V/A mutants'**'%°, Mutations in MP™ occur frequently.
Thus, developing drugs that target host molecules could lead to
unexpected effects. For example, it has been demonstrated that
«2M, an inhibitor of LRPAPI, suppresses viral replication®. To
sum up, the strategies of newly developed inhibitors against MP™
mutations mainly include avoiding interactions with mutation
sites, changing drug targets, and exploring multi-targets.

While a considerable number of MP™ inhibitors demonstrate
potential in preclinical development, their clinical efficacy and
safety profiles against circulating SARS-CoV-2 variants require
rigorous validation. Advances in understanding the structural
plasticity, substrate specificity, and host interaction networks of
MP™ provide critical frameworks for designing next-generation
therapies capable of overcoming resistance mechanisms and
achieving clinical impacts. The structural and mechanistic di-
versity of MP™ inhibitors also underscores their potential as broad-
spectrum antivirals. Future efforts should not only prioritize
optimizing pharmacokinetics, selectivity, and resistance profiles to
advance clinical candidates, but also optimize drug delivery sys-
tems and explore combination therapies to improve clinical
efficacy.

5. Summary and perspective

MP™ is indispensable for viral replication, cleaving SARS-CoV-2
polyproteins ppla/pplab into functional non-structural proteins.
Beyond this role, MP™ actively subverts host antiviral innate im-
munity by targeting antiviral innate immune signaling components.
While several host substrates or targets have been identified, key
questions remain unsolved about substrate specificity and cleavage
dynamics: MP™ exhibits context-dependent selectivity, preferen-
tially cleaving substrates with Gln at the P1 position but tolerating
flexibility at other subsites (e.g., S4 hydrophobic pocket). However,
a detailed understanding of its substrate specificity and the kinetics
of these cleavage events in the regulation of innate immunity will
be of great interest. The large-scale prediction suggests numerous
unvalidated host proteins as potential substrates of MP™. There is
an urgent need to elucidate how MP™ interacts with unidentified
host proteins and the related signaling pathways to suppress or
manipulate the immune response.

Although MP™ is primarily characterized as a protease,
emerging evidence highlights its enzymatic activity-independent
roles in subverting antiviral innate immunity. The following is-
sues remain to be resolved: How MP™ alters ubiquitin-dependent
immune signaling functions by acting as a ubiquitin E3 ligase or
a deubiquitinase mimic; whether MP™ exploits autophagy receptors
to degrade antiviral proteins; how MP® disrupts host
protein—protein interactions; and how the non-catalytic regions of
MP™ (such as dimerization domains or flexible loops) contribute to
immune evasion functions. It is also necessary to address whether
MP™ modulates host epigenetic regulation (e.g., histone modifica-
tions, DNA methylation) of antiviral genes to mediate immune
evasion and how MP® interferes with crosstalk between innate
immunity and adaptive immunity. Future studies should prioritize
native infection systems over MP™ overexpression models. This can
be achieved by utilizing polarized airway/organoid cultures and
primary human cell panels. Additionally, integrating time-resolved
multi-omics approaches (e.g., phosphoproteomics, ubiquitinomics)
with spatial transcriptomics will provide a comprehensive under-
standing of the kinetic functions of MP™ in innate immunity
regulation. These strategies will help overcome the limitations of
previous studies and yield more reliable and insightful conclusions.

With the ongoing evolution of SARS-CoV-2, how mutations in
MP™ affect its function and resistance to inhibitors has been partly
explained. It is yet unknown if MP™ co-evolves with other viral
proteins to maximize immune evasion. More research is required to
determine their impact on host—pathogen interplay, such as altered
virulence, enhanced immune evasion, and elevated drug resistance.

Therefore, future research on SARS-CoV-2 MP™ should pri-
oritize integrating structural insights, host—pathogen inter-
actomics, and translational innovation to address unresolved
mechanisms of immune evasion and drug resistance. Next-
generation therapies have the potential to achieve broader effi-
cacy against current and emerging coronaviruses by targeting both
viral replication and immune suppression. It will take coordinated
efforts from the fields of virology, immunology, and drug dis-
covery to accomplish this aim.
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