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Deubiquitylating enzymes (DUBs) are proteases that crack the ubiquitin code from 
ubiquitylated substrates to reverse the fate of substrate proteins. Recently, DUBs have 
been found to mediate various cellular biological functions, including antiviral innate 
immune response mediated by pattern-recognition receptors (PRRs) and NLR Family 
pyrin domain containing 3 (NLRP3) inflammasomes. So far, many DUBs have been 
identified to exert a distinct function in fine-tuning antiviral innate immunity and are utilized 
by viruses for immune evasion. Here, the recent advances in the regulation of antiviral 
responses by DUBs are reviewed. We also discussed the DUBs-mediated interaction 
between the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and antiviral 
innate immunity. The understanding of the mechanisms on antiviral innate immunity 
regulated by DUBs may provide therapeutic opportunities for viral infection.

Keywords: deubiquitylating enzymes, virus, innate immunity, pattern-recognition receptors, immune evasion, 
inflammasome, SARS-CoV-2

INTRODUCTION

The innate immune response is a powerful tool for the host cell to sense and resist microbial 
invasion, such as viruses. Viral proteins and nucleic acids characterize viral pathogen-associated 
molecular patterns (PAMSs) recognized by pattern-recognition receptors (PRRs) expressed on 
immune cells. Several major PRRs, including Toll-like receptors (TLRs), cyclic GMP-AMP 
(cGAMP) synthase (cGAS), RIG-I like receptors (RLRs), and NOD-like receptors (NLRs), as 
the initiation molecule of immune signal, activating the expression of immune factors such 
as interferon (IFNs) and proinflammatory cytokines to resist virus infection by inducing specific 
signaling pathway (Akira et  al., 2006; Takeuchi and Akira, 2010). The immune factor can 
enable cells to establish an effective “antiviral state” and activate adaptive immune responses 
mediated by T and B cells to collectively resist viral infection (Akira et  al., 2006). The effective 
transmission of immune signals is assisted by multiple regulatory actions, including the ubiquitin 
system, a dynamic network composed of ubiquitin enzymes, deubiquitylating enzymes, ubiquitin 
molecules, and modified substrate proteins (Mevissen and Komander, 2017).
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Ubiquitin is a small protein of 76 amino acids that exist 
in eukaryotes, it modifies the target protein under the catalysis 
of a series of enzymes, including ubiquitin-activating enzymes 
(E1), ubiquitin-conjugating enzymes (E2), and ubiquitin ligases 
(E3). With the specific treatment of the E3 enzyme, the ubiquitin 
molecules can bind to a target protein in a manner of individuals 
or the form of the chain. Such modification is called mono-
ubiquitination modification or poly-ubiquitination modification 
(Liu et al., 2005). The most common type of polyubiquitination 
is the binding of the lysine site in the middle of the ubiquitin 
protein (including K6, K11, K27, K29, K33, K48, and K63), 
and the other type is the end-to-end binding of the ubiquitin 
molecules, support linear ubiquitination. The most widely studied 
is the polyubiquitin chain mediated by K48- and K63-linked 
polyubiquitin chains, the K48-linked ubiquitin chains mainly 
guide proteins to 26S proteasome for degradation, while the 
K63-linked ubiquitin chains have non-degradation functions, 
involving activation of signal factors, the interaction between 
proteins, DNA damage response (Hershko and Ciechanover, 
1998). Same to other post-transcription, the ubiquitin process 
is reversible. The deubiquitinating enzymes (DUBs) can 
antagonize the effect of ubiquitin molecular by specifically 
identifying and removing conjugated ubiquitin from the target 
protein, and there are nearly 100 kinds of deubiquitinating 
enzyme genes in the human genome, based on the unique 
structure, DUBs can be  classified into five members: the 
ubiquitin-specific proteases (USPs), the ovarian tumor-related 
proteases (OTUs), the ubiquitin carboxy-terminal hydrolases 
(UCHs), the Machado–Joseph disease protein domain proteases 
(MJDs), and the Jad1/Pad/MPN-domain-containing 
metalloenzymes (JAMMs), which are involved in the regulation 
of cellular biological functions (Komander et  al., 2009; Clague 
et  al., 2019). Accumulating evidences has gradually revealed 
the role of DUBs in innate immunity, which regulates the 
PRRs mediated antiviral responses and the transmission of 
signal pathways (Zong et  al., 2021). It also modulates the 
activation of the NLR Family pyrin domain containing 3 
(NLRP3) inflammasome. NLRP3, a member of the cytoplasmic 
PRRs receptor NLR family, could be  activated by PAMPs and 
danger-associated molecular patterns (DAMPs) to promote 
antiviral responses mainly by releasing inflammatory factors 
leading to pyroptotic cell death (Broz and Dixit, 2016). However, 
this regulation is not unique to the host, and viruses can 
hijack the cellular DUBs to regulate immune signals for their 
benefits, like achieving immune evasion, facilitating self-
replication. This review discusses the DUBs participating in 
the regulation of antiviral immunity signaling and how viruses 
manipulate the immune regulation of cellular DUB to promote 
their interests.

DEUBIQUITINATION IN IKK ACTIVATION

Activation of the inhibitor of κB kinases (IKK) is critical for 
PRR signaling. A class of IKK complexes, composed of two 
catalytic subunits IKKα and IKKβ, a regulatory subunit: NF-κB 
essential modulator (NEMO, also known as IKK γ). 

Upon activation, IKK phosphorylates IKBα, causing IKBα 
degraded by the proteasome pathway, NF-κB can be reactivated 
and transferred into the nucleus, facilitating the induction of 
proinflammatory cytokines. While IKKε and TANK-binding 
kinase 1 (TBK1), phosphorylates IRF7 and IRF3, respectively, 
promotes that they enter the nucleus as dimers and initiate 
the expression of type I  IFNs (Chen, 2012; Jin et  al., 2014).

TBK1 is an important signaling adaptor in type I  IFN 
signaling, and its activation needs to form complexes with 
mitochondrial antiviral-signaling protein (MAVS) or stimulator 
of interferon genes (STING), and TNF receptor-associated factor 
(TRAFs) for its activation (Fang et  al., 2017). Moreover, the 
ubiquitination modification is also required (Zeng et al., 2009). 
A variety of viruses can attenuate interferon production by 
inhibiting TBK1 activation. The membrane-anchored papain-
like protease (PLpro) domain (PLpro-TM) of SARS-CoV interacts 
with the STING-TRAF3-TBK1 complex and disrupts the 
interaction between the components in the complex. In addition, 
SARS PLpro-TM decreases the levels of ubiquitination of 
TBK1 in the STING-TRAF3-TBK1 complex (Chen et al., 2014). 
The nonstructural proteins 5 (NS5) of Zika virus (ZIKV) 
combines with the ubiquitin-like domain of TBK1 and inhibits 
the complex of TBK1 and TRAF6, and subsequently diminishes 
the phosphorylation, nuclear translocation, and activation of 
IRF3 subsequently (Lin et  al., 2019). Some viruses may inhibit 
TBK1 activation at the ubiquitination level. For example, the 
membrane (M) protein of severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) interacts with and catalytic the 
K48-linked ubiquitination of TBK1, promoting its degradation 
(Sui et  al., 2021). The leader proteinase [L(pro)] of foot-and-
mouth disease virus (FMDV) and Seneca Valley Virus (SVV) 
3C protease (3Cpro) are viral proteins with DUB activity, both 
of which can significantly inhibit the ubiquitination of TBK1 
and reduce the expression of interferon-related genes (Wang 
et  al., 2011; Xue et  al., 2018). Therefore, the regulation of 
TBK1 by DUB is somewhat necessary, for fine-tuning the 
transmission of antiviral signals.

E3 ligase DTX4, TRIP, and TRIM27 are responsible for 
inducing the K48-linked ubiquitin chains and degradation of 
TBK1 (Zhang et  al., 2012). Several DUBs have been 
demonstrated involved in modulating the K48-linked ubiquitin 
chains of TBK1. The complex of USP1 and UAF1 (USP1-
associated factor 1) removes the K48-linked ubiquitin chain 
after binding to TBK1. USP1-UAF1 complex increased TLR3/4 
and RIG-I mediated IFN-β production, and the discovered 
USP1-UAF1 inhibitor ML323 can reduce interferon expression 
and promote viral replication both in vivo and in vitro (Yu 
et  al., 2017). USP7 was found to bind to TRIM27 and this 
binding effect was significantly enhanced after viral infection. 
USP7 stabilizes TRIM27 by removing the K48-linked ubiquitin 
chain of TRIM27 and increases the degradation effect of 
TRIM27 on TBK1 (Cai et  al., 2018). USP38 has a special 
effect on the K48-linked ubiquitin chains of TBK1. It cleaves 
the K33-linked ubiquitin chain at lys670 of TBK1 and allows 
the E3 enzyme DTX4, TRIP to catalyze the formation of the 
K48-linked ubiquitin chains at the same position in an NLRP4-
dependent manner. USP38 knockdown has enhanced the 
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ubiquitination of K33-linkage poly-ubiquitin chains, but the 
formation of the k48-linked ubiquitin chain and the degradation 
of TBK1 are disrupted, indicating that the effects of DTX4 
and TRIP on TBK1 depend on the presence of USP38. 
Collectively, USP38 could promotes TBK1 proteasome 
degradation and maintains the homeostasis of the antiviral 
response (Lin et  al., 2016a).

K63 polyubiquitination contributes to TBK1 activation (Li 
et  al., 2011). Three DUBs were shown toward the K63-linked 
ubiquitin chains of TBK1. The ubiquitin-editing enzyme A20 
and its adaptor protein TAX1BP1 antagonistic K63-linked 
polyubiquitination of TBK1 to block its activity, inhibiting 
the transmission of antiviral signals (Parvatiyar et  al., 2010). 
Another study showed that USP2b can also deconjugate the 
K63-linked ubiquitin chain of TBK1, overexpression of USP2b 
contributes to the enhanced replication of vesicular stomatitis 
virus (VSV; Zhang et  al., 2014). In addition, USP15 interacts 
with TBK1 and inhibits its activity only in the presence of 
ubiquitin-conjugating enzyme UBE2C. UBE2S possesses the 
E3 ligase activity, it regulates the innate immune responses 
by targeting the K63-linked ubiquitin chain at K30/k401 of 
TBK1, regardless of its E2 or E3 enzyme activity, but by 
recruiting USP15 to form the UBE2C-USP15-TBK1 complex. 
This complex composed of USP15 increases virus replication 
during infection (Huang et  al., 2020). In total, these results 
indicated that DUBs play an indispensable role in 
TBK1 activation.

Atypical, K6-linked ubiquitination is important for the DNA 
binding ability of IRF3 and the induction of target genes (Ndoja 
et  al., 2014; Li et  al., 2019b), and it can be  cleaved by OTUD1 
after viral infection. Moreover, the ovarian tumor domain allows 
the OTUD1 to separate IRF3 from the promoter region of 
the target gene and inhibits the normal production of interferon, 
while it does not affect the normal dimerization of IRF3 and 
translocate into the nucleus. After viral infection, Otud1−/− 
mice produced higher IFN-I and proinflammatory cytokines 
and were more resistant to the infection of herpes simplex 
virus (HSV) and VSV (Zhang et al., 2020). In brief, this article 
revealed that DUBs are capable of regulating the noncanonical 
ubiquitination to affect IRF3 regulation of target genes and 
interferon production.

OTUD6B, another member of the OTUD family, was 
found to inhibit TRAF6-induced K63-linked polyubiquitination 
of IRF3 and IRF7  in zebrafish, depending on the role of 
the OTU domain. Besides, OTUD6B can also inhibit the 
binding of TBK1 to IRF3 and IRF7 and damage the 
phosphorylation of IRFs molecules. Mutated OTUD6B can 
improve the antiviral infection ability and survival rate of 
zebrafish in spring (Zhou et  al., 2021). USP22 is a kind of 
DUB capable of shuttling between cytoplasm and nucleus, 
and it promotes the entry of IRF3 into the nucleus by 
regulating the ubiquitination and stability of intermediate 
protein KPNA2. KPNA2 acts as a transporter to help IRF3 
undergo nuclear heterotopic. USP22 inhibits the degradation 
of KPNA2 through NDP53 mediated selective autophagy, 
which stabilizes the nuclear translocation of IRF3 (Cai et  al., 
2020). These findings may promote the research progress of 

the mechanism of DUBs regulating the nuclear ectopic 
mechanism of IRF3.

THE MULTIPLE ROLES OF DUBs IN 
PRRS MEDIATED ANTIVIRAL SIGNALING

Deubiquitylating enzymes precisely control the transmission 
of PRR signaling. Some opposite regulatory results of DUB 
reflect the bidirectional regulation of DUB on PRR signaling. 
Special protein interaction domains are one of the reasons 
that DUBs negatively regulate PRR signaling. A characteristic 
of USP18 is that it has a domain interacting with IFNs receptor 
IFNAR2. USP18 blocks IFNAR2 binding with its original ligand 
JAK1, hampering the production of downstream interferon-
stimulated genes (Malakhova et  al., 2006). In addition, USP18 
could deconjugate K63-linked ubiquitin chains of both TAK1 
and NEMO to inhibit IFNs production mediated by the NF-κB 
pathway (Liu et  al., 2013; Yang et  al., 2015). In the aspect of 
promoting immune signaling, USP18 mostly acts as a molecular 
scaffold, and it serves as a scaffold protein to recruit USP20 
to bind and remove the K48-linked ubiquitin chain of STING 
or induce the relocation of TRIM31 from the cytoplasm to 
mitochondria and promoting the interaction between TRIM31 
and MAVS, facilitating the formation of more MAVS aggregates 
(Zhang et  al., 2016; Hou et  al., 2021).

Preference for different catalyzed substrates and specific 
ubiquitin branches ultimately contribute to the bidirectional 
regulation of DUBs in antiviral immune signaling, such as USP15. 
In RLR-mediated immune signaling, E3 ligase TRIM25 catalytic 
K63-linked ubiquitylation of RIG-I, promoting it undergoes 
oligomerization and interacts with MAVS efficiently and stimulate 
downstream signaling (Gack et  al., 2007). Multiple sites of the 
SPRY domain in TRIM25 experience K48-linked polyubiquitylation 
that can be  mediated by E3 ligase complex LUBAC (Inn et  al., 
2011). Studies have found that ectopic expression of USP15 
effectively reduces LUBAC-mediated Lys48-linked polyubiquitin 
chains of TRIM25, leading to its stabilization. The stabilizing 
effect of USP15 on TRIM25 indirectly upregulated the expression 
of RIG-I in infected cells. In responsible for virus infection, the 
expression of USP15 is required for TRIM25 and RIG-I induced 
IFNs production (Pauli et  al., 2014). However, the regulation of 
USP15  in IFNs signaling seems not constant. A follow-up study 
showed that USP15 exhibits negative regulation in innate immunity. 
In this study, overexpression USP15 dampened the transcription 
of IFN-β, which directly removed the K63-linked ubiquitin chains 
of RIG-I, and the catalytic activity of USP15 is dependent on 
histidine 862, critical catalytic properties of the USPs. In addition, 
mutation of the catalytic residue does not abolish USP15 on 
IFN signaling antagonism completely. It is indicated that still 
have some USP15 inhibits IFNs production independent of its 
DUB activity. This part of USP15 is associated with RIG-I in 
a manner of physical interaction, which hindered the interaction 
between RIG-I and IPS-1 (an adaptor triggering RIG-I mediated 
IFNs signaling by binding with the N-terminal CARDs of RIG-I) 
(Zhang et  al., 2015). Furthermore, USP15 can be  recruited by 
ubiquitin-conjugating enzyme UBE2S (E2) to deubiquitylates 
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TBK1, inhibiting type I  IFN production (Huang et  al., 2020). 
These two contradictory results reflect the tight regulation of 
DUBs in antiviral signals, although dealing with RNA virus 
infection in both cases, it probably worked at different periods.

Another example is cylindromatosis (CYLD). CYLD was 
originally considered a tumor suppressor gene mutated in 
familial cylindromas (Bignell et al., 2000). It has been extensively 
studied in the antiviral immune response, negatively regulating 
most PRR signaling. The C-terminal part of CYLD contains 
a class of catalytic domains homologs to the USP family, which 
mediated the affinity of CYLD for the K63-linked ubiquitin 
chain and linear ubiquitin chain (Komander et  al., 2008; Sato 
et  al., 2015). It inhibited the NF-κB pathway by removing the 
K63-linked ubiquitin chain on TRAF2, TRAF6, and the linear 
ubiquitin chain of NEMO (Kovalenko et  al., 2003). Recently, 
the E3 ligase HUWE1 has been found to protect the TRAF6 
from the deubiquitylation of CYLD by generating k48 branched 
on the K63-linked polyubiquitin chain of TRAF6 (Ohtake et al., 
2016). In addition, a variety of PRRs signaling factors including 
RIG-I, TBK1, STING, TRAF7, NEMO, and RIP1 are regulated 
by CYLD. CYLD toward the K63-linked ubiquitin chain of 
RIG-I and utilized by Optineurin (Optn) to inhibit the enzyme 
activity of downstream kinase TBK1, which efficiently dampens 
the basic signal of IFNs induced by RIG-I (Friedman et  al., 
2008; Zhang et al., 2008). In a yeast two-hybrid screen, identifying 
a glycoprotein existing on the cell membrane, SDC4, interacts 
with RIG-I and CYLD through its carboxyl-terminal intracellular 
domain, promoting the deubiquitylation of RIG-I by CYLD 
and facilitating viral replication. What is more, the auxiliary 
effect of SDC4 on CYLD may also affect the membrane 
redistribution of RIG-I in a perinuclear pattern under viral 
infection (Lin et  al., 2016b). In most cases, CYLD plays a 
stabilizing role in immune signals and prevents excessive 
activation. In particular, researchers have recently found that 
CYLD acts as a specific checkpoint of the STING-mediated 
antiviral signaling after DNA virus infection. CYLD transfers 
to Golgi from the endoplasmic reticulum (ER) to remove the 
K48-linked ubiquitin chain of STING, enhancing the innate 
antiviral response (Zhang et  al., 2018).

Nowadays, many DUBs have been identified to regulate PRR 
signaling bidirectionally through similar mechanisms. It is sufficient 
to prove that DUBs does not play a single role in antiviral 
signals; the immunomodulatory effects of DUBs are diverse and 
complex, which cannot simply be  defined as immune activators 
or suppressors. It also shows that the regulation process of antiviral 
signal needs to be  controlled accurately. These DUBs that play 
a dual role in PRRs signaling are summarized in Table  1.

POSTTRANSLATIONAL MODIFICATION 
AFFECTED THE REGULATION OF DUBs  
ON PRR SIGNALING

Deubiquitylation is a sophisticated event, resulting from the 
catalytic activity and function of DUBs are also modulated by 
post-translational modifications except for the functional diversity 

TABLE 1 | The multiple roles of deubiquitylating enzymes (DUBs) in pattern-
recognition receptor (PRR) signaling.

DUBs Substrate Positive 
regulation

Negative 
regulation

References

USP13 STING, 
STAT1

Stabilizing 
STAT1 
expression

Removing 
K27/33-linked 
polyubiquitin 
chains from 
STING

Yeh et al., 
2013; Sun 
et al., 2017

USP14 RIG-I, 
CGAS

Recruited by 
TRIM14 to 
stabilize CGAS 
and promote 
IFNs production.

Removing K63-
linked 
polyubiquitin 
chains from 
RIG-I

Chen et al., 
2016; Li 
et al., 2019a

USP15 RIG-I, TBK1 Stabilizing the 
expression of 
TRIM25

Removing K63-
linked 
polyubiquitin 
chains from 
RIG-I; Recruited 
by UBE2S to 
deubiquitinating 
TBK1

Pauli et al., 
2014; Zhang 
et al., 2015

USP18 TAK1, 
NEMO, 
STING, 
MAVS, 
IFNAR2

Acting as a 
Scaffold protein 
to recruit USP20 
and TRIM31, 
stabilizing STING 
and MAVS, 
respectively.

Interrupting the 
interaction 
between IFNAR2 
and JAK1; 
removing K63-
linked 
polyubiquitin 
chains from 
TAK1 and 
NEMO

Malakhova 
et al., 2006; 
Liu et al., 
2013; Yang 
et al., 2015; 
Zhang et al., 
2016; Hou 
et al., 2021

USP27X RIG-I, 
CGAS

Removing K48-
linked 
polyubiquitin 
chains from 
CGAS

Removing K63-
linked 
polyubiquitin 
chains from 
RIG-I

Guo et al., 
2019; Tao 
et al., 2020

OTUD4 Myd88, 
TRAF6, 
MAVS

Removing K48-
linked 
polyubiquitin 
chains from 
MAVS

Deubiquitinating 
K63-linked 
polyubiquitin 
chain from 
TRAF6 and 
Myd88

Zhao et al., 
2018; Liuyu 
et al., 2019; 
Liu et al., 
2020

OTUD5 
(DUBA)

TRAF3, 
STING

Removing K48-
linked 
polyubiquitin 
chain on  
STING

Removing the 
K63-linked 
polyubiquitin 
chain on TRAF3

Kayagaki 
et al., 2007; 
Guo et al., 
2021b

OTUB1 RIG-I, 
TRAF3, 
TRAF6

Deubiquitinating 
K48-linked 
ubiquitin chain 
or forming a 
complex with 
UBCH5c to 
activate RIG-I

Removing K63-
linked 
polyubiquitin 
chains on 
TRAF3/TARF6.

Li et al., 
2010; Jahan 
et al., 2020

CYLD TRAF2, 
TRAF6, 
NEMO, 
RIP1, 
TBK1, 
STING, 
RIG-I

Removing K63-
linked 
polyubiquitin 
chains on RIG-I 
and TRAF2/6; 
Removing  
linear ubiquitin 
chain on 
NEMO; 
Inhibiting the 
enzymatic 
activity of TBK1

Removing K48-
linked 
polyubiquitin 
chains on 
STING.

Yoshida 
et al., 2005; 
Zhang 
et al., 2006; 
Friedman 
et al., 2008; 
Genin et al., 
2015; Lork 
et al., 2018; 
Zhang 
et al., 2018
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of DUB (Mevissen and Komander, 2017). This modification 
may influence DUBs to regulate the antiviral immune response.

Prior work discovered that rapid and transient phosphorylation 
of CYLD is necessary for the ubiquitination of TRAF2 and 
activation of JNK (Lork et  al., 2018). It requires co-expression 
with IKKγ. Phosphorylation of Ser418 of CYLD inhibits CYLD-
mediated TRAF2 deubiquitination, promoting TNF-induced 
gene expression (Reiley et  al., 2005; Hutti et  al., 2009). Recent 
evidence demonstrates a new phosphorylation site, Ser568  in 
CYLD, which could stimulate CYLD toward K63-linked 
polyubiquitin chains. Ser568 works with Ser418 to facilitate 
CYLD-dependent regulation of TNFR1 and NOD2 signaling. 
The author also identified that CAP-Glys3 regions outside of 
the catalytic domain in CYLD regulate their activity and are 
responsible for CYLD-mediated NOD2 signaling in cells. These 
findings indicated that phosphorylation of the residues in CYLD 
is critical for innate immune response. TNF-RSC and NOD2-SC 
is a transient multi-protein complex formed stimulated by TNF 
and NOD2  in the cytoplasm upon cellular stimulation. CYLD 
was recruited to the two complexes together with A20, limiting 
gene activation cooperatively. The difference is that they have 
opposite effects on the stability of the M1 chain in the complex. 
CYLD unravels M1 chains, increasing the sensitivity of cells 
to TNF-induced cell death, whereas A20 prevents the removal 
effect, thus inhibiting cell death (Elliott et  al., 2021).

On the other hand, phosphorylation can increase the 
regulatory effect of A20 on antiviral immunity. Research shows 
that IKKβ phosphorylated A20 at Ser381 both in vitro and 
in vivo, which enhances the ability of A20  in inhibiting the 
NF-κB pathway (Hutti et  al., 2007).

THE ROLE OF DUBs IN NLRP3 
INFLAMMASOME MEDIATED ANTIVIRAL 
SIGNALING

NLRP3 and absent in melanoma 2 (AIM2) recruit apoptosis-
associated speck-like protein (ASC) and caspase-1, forming 
NLRP3 inflammasome. NLRP3 inflammasome-mediated antiviral 
responses could through the maturation and release of interleukin 
(IL)-1 and IL-18 to induce cell death (Man and Kanneganti, 
2016). The activation of NLRP3 inflammasome is induced in 
response to RNA viruses such as SARS-CoV and IAV (Tate 
and Mansell, 2018; Siu et  al., 2019). Mice lacking NLRP3 or 
other NLRP3 inflammasome complex components were shown 
to be  susceptible to IAV infection (Tate and Mansell, 2018). 
Different DUBs play specific regulatory roles in NLRP3 
inflammasome activation, strictly controlling inflammasome 
assembly and activation. Here, we used Figure 1 to summarize 
the regulatory role of DUBs on the NLRP3 inflammasome.

Positive Regulators of DUBs on NLRP3 
Inflammasome
BRCC3, BRCC3 complex components ABRO1, USP50, USP7, 
USP47, and UAF1 are DUBs that contribute to the activation 
of NLRP3 inflammasome. Treated mouse macrophages with the 

DUB inhibitor G5 showed the secretion of IL-1β was decreased, 
more importantly, drove NLRP3 ubiquitination, and the activation 
of caspase-1 was inhibited, indicating that deubiquitylation may 
affect NLRP3 inflammasome activation. By screening the 
expression library of DUB determined that BRCC3 (named 
BRCC36  in humans) is the critical DUB affecting NLRP3 
activation; it specifically binds to the LRR domain of NLRP3 
to mediate deubiquitylation and inhibit NLRP3 degradation, 
which may act on the K63-linked polyubiquitin chain of NLRP3. 
In comparison, it is not clear about the in vivo effect of BRCC3 
on the deubiquitylation of NLRP3 (Py et  al., 2013).

ABRO1, a component of the BRCC3 complex (also known 
as BRISC), was found to stabilize BRCC3 and is necessary for 
NLRP3 complex formation, NLRP3 inflammasome subunits ASC 
oligomerization, and downstream caspase-1 activation. ABRO1 
binds to NLRP3 in a phosphorylation-dependent manner, which 
facilitates the deubiquitylation of BRISC to NLRP3. Importantly, 
the ABRO1-knockout mice exhibit the same phenotype as mice 
lacking the active ingredient of BRISC (Ren et  al., 2019), 
indicating the importance of ABRO1 on the catalytic activity 
of BRCC3 complex and the activation of inflammasome. Chemical 
inhibition of USP7 and USP47 can block spot formation and 
oligomerization of ASC and affect the total ubiquitination level 
of NLRP3, but the K48- and K63-linked ubiquitin chains on 
the NLRP3 after inflammasome activation are not affected. 
Although USP7 affects the NF-κB pathway, it does not initiate 
TLR4-induced inflammasome activation in this way. Furthermore, 
activated inflammasomes also regulate USP7 and USP47 activity, 
which forms a positive feedback pathway for resistance to 
pathogen infection (Palazon-Riquelme et  al., 2018).

UAF1 is involved in NLRP3 inflammasome activation by 
combining with USP12 or USP46 to form a deubiquitinase 
complexes. In the initial step of inflammasome activation, the 
complex of UAF1/USP12 and UAF1/USP46 enhances NF-κB 
signal transduction by removing the K48-linked ubiquitination 
of p65, which enhances NF-κB-mediated transcription of NLRP3 
and cytokines. On the other hand, UAF1 also binds USP1 to 
selectively remove the K48-linked polyubiquitylation of NLRP3, 
contributing to subsequent assembly and activation of NLRP3 
inflammasome (Song et  al., 2020).

Apoptosis-associated speck-like protein spot formation and 
oligomerization require the participation of USP50; it cleaves 
the K63-linked ubiquitin chains of ASC, which may prevent 
the degradation of NLRP3 inflammasome through autophagy. 
In addition, depletion of USP50  in both human THP-1 and 
mouse macrophages affected spot formation and oligomerization 
of ASC decreases NLRP3 activity, which resulted in reduced 
secretion of IL-1β and IL-18 (Lee et  al., 2017).

Negative Regulators of DUBs on NLRP3 
Inflammasome
Several DUBs, including A20, Spata2-CYLD, and STAMBP, 
inhibit NLRP3 inflammasome activation. A20 (also known as 
TNFAIP3) is an NF-κB-responsive gene and is also required 
for terminating PRR-mediated innate immunity (Boone et al., 2004; 
Coornaert et  al., 2009). It has been reported that A20 blocks 
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NLRP3 inflammasome activation by inhibiting the ubiquitination 
of pro-Interleukin-1β protein complexes (Duong et  al., 2015). 
In addition, the inhibition of A20 on NLRP3 inflammasome 
may prevent the development of several inflammatory diseases. 
For example, negative regulation of NLRP3 inflammasome by 
blocking caspase-1 activation, may preventing further deterioration 
of rheumatoid arthritis (Walle et  al., 2014). Another study 
revealed that haploidy deficiency of A20 (HA20) caused by 
TNFAIP3 deletion mutation induces inflammatory disease 
(Aeschlimann et al., 2018). P. (Lys91*) mutation is a new member 
of HA20 mutations that impair the interaction between A20 
and proteins, resulting in loss of A20 inhibition of NF-κB and 
NLRP3 inflammasome. Enhanced caspase-8-dependent NLRP3 
inflammasome reactivity leads to the secretion of IL-1 β and 
IL-18  in HA20 patients (Rajamaki et  al., 2018).

In addition, the activation of NLRP3 inflammasome is 
inhibited by the centrosome protein Spata2, a well-known 
CYLD companion protein, which can recruit CYLD to 
deubiquitinate centrosome-spindle kinase PLK4  in the 
centrosome. It contributes to the binding of PLK4 to NEK7 

and phosphorylation of NEK7 at Ser204, weakening the binding 
of NEK7 to NLRP3, which is critical for the activation of 
NLRP3 inflammasome. Both PLK4 knockdown and Ser204 
mutation of NEK7 enhanced NLRP3 activity (Yang et al., 2020).

The deubiquitinase STAMBP is also a negative regulator of 
NLRP3. Knockout of STAMBP in monocytes increases LPS or 
TLR-induced chemokine expression. The difference is that 
STAMBP does not affect the protein abundance of NLRP3, 
but STAMBP deficiency enhances the K63-linked ubiquitin chain 
of NLRP3, and the non-degraded STAMBP ubiquitination process 
favors NLRP3 inflammasome activation (Bednash et  al., 2021).

DUBs REGULATE THE ANTIVIRAL 
IMMUNE SIGNALING IN THE 
AUTOPHAGY-LYSOSOMAL SYSTEM

In addition to reversing the ubiquitin signal added to the 
substrate protein, DUBs also regulate substrates through 
autophagy pathways. Screening the potential NLRP3 partner 

FIGURE 1 | Deubiquitylating enzymes in the activation of NLR Family pyrin domain containing 3 (NLRP3) inflammasome. The expression of NLRP3 and pro-IL-1β 

induced by NF-κB as the priming signal of NLRP3 inflammasome activation. Signal 2: with the stimulate of danger-associated molecular patterns (DAMPs), NEK7 
binds with NLRP3, promoting its oligomerization and activation completely. Activated NLRP3 interacts with apoptosis-associated speck-like protein (ASC) through 
the N-terminal Pyrin domain to recruit pro-caspase-1, enhancing autoproteolytic activation of caspase-1. Cellular DUBs that positive or negative regulate the 
signaling are shown with orange or green color, respectively.
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in co-immunoprecipitation (Co-IP) experiments have identified 
USP5 as a DUB that interacts with NLRP3 and locates in the 
lysosome. USP5 functions as a scaffold to recruit the E3 enzyme 
MARCHF7/MARCH7, promoting the K48-linked ubiquitination 
of NLRP3 and subsequent autophagy-lysosomal degradation. 
Increased USP5 expression in mice reduced IL-1β and PMN 
infiltration in aluminum-induced peritonitis (Cai et  al., 2021). 
Data from another study have found that USP19 regulates 
kinase TBK1 lysosomal degradation; it did not change the 
ubiquitination of TBK1, and mutation with enzyme activity 
of USP19 still can bind with TBK1 and promote its degradation. 
In comparing with TBK1, amino acid sequences in different 
species have found a conserved CMA-motif (KFDKQ) dependent 
on key protein HSPA8 and LAMP2A, which is associated with 
the selective selection protein degradation process. USP19 
interact with TBK1, HSPA8 as well as LAMP2A, promoting 
the expression of HSPA8 and LAMP2A. Knockdown of HSPA8 
or LAMP2A disrupts CMA could restore the TBK1 protein 
level in the case of USP19 expression (Zhao et  al., 2021). 
Moreover, USP15 endows a role in the negative regulation of 
antiviral immune signaling mediated by TNF α and IL-1β via 
autophagy pathway, in which USP15 targets the subunit of 
TAK1 complex, TAB2, and TAB3. The interaction enhanced 
between USP15 and TAK1 complex upon stimulated by TNFα. 
USP15 induce unraveling of lysine 48-linked TAB2 ubiquitination 
or prevents lysosome-related TAB1 from degradation in a 
deubiquitination-dependent manner. On the other hand, it 
promotes NBR1-mediated selective autophagic degradation of 
TAB3, independent of its deubiquitinase activity. The differential 
regulation consistently maintained the TAK1-TAB complex and 
potentiated NF-κB activation induced by TNF-α and IL-1β 
(Zhou et al., 2020). In addition, USP50 can also inhibit NLRP3 
inflammasome degradation through the autophagy pathway as 
mentioned above (Lee et  al., 2017). The results indicated that 
other protein’s degradation process is also regarded as an 
effective way for DUBs to regulate the stability of substrate 
protein, which affects the transmission of host antiviral signaling.

CELLULAR DUBs EXPLOITED BY 
VIRUSES TO SUPPORT 
SELF-REPLICATION AND IMMUNE 
EVASION

The innate immune response is a dynamic process of interaction 
between host and virus. Along the way, viruses have evolved 
strategies to prepare for immune evasion and their replication. 
Although viruses can also encode proteins with DUB activity 
(Kumari and Kumar, 2018), they often utilize cellular DUB 
for benefits, as illustrated in Figure  2.

Herpes simplex virus utilizes USP7 to maintain its latent 
state. HSV immediate-early protein (ICP0) blocks TLR-dependent 
inflammatory responses mainly through USP7. ICP0 mediates 
the transfer of USP7 from the nucleus to the cytoplasm, where 
USP7 binds and deubiquitinates TRAF6 and NEMO, weakening 
the host’s innate immune response to HSV-I infection (Daubeuf 

et  al., 2009). In addition, ICP0 induces the K48-linked 
ubiquitination of BRCC36 to indirectly lead to downregulation 
of the IFN receptor IFNAR1, blocking IFN at its functional 
stage (Zhang et  al., 2021b).

Epstein-Barr virus (EBV) can exist in most people in a 
latent state, inseparable from its ability to escape and destroy 
the innate immune system (Xin et al., 2019; Dang et al., 2021). 
EBV oncoprotein LMP1 promotes the expression of IRF7, which 
has been implicated in IFNs signaling in previous studies (Ning 
et al., 2005). Interestingly, A20 induced by LMP1 has a negative 
regulatory effect on IRF7 by directly binding to reduce 
ubiquitination of IRF7 and inhibit its activity (Laherty et  al., 
1992; Ning and Pagano, 2010), which seems that IRF7 is subject 
to a variety of complex regulation in the case of EBV infection 
and it may benefit the latent infection of EBV in the host 
and promote the carcinogenic effect on the host.

The E6 protein is one of the high-risk human papillomaviruses 
(hrHPV) proteins with oncogenic properties. In the RLR-mediated 
signaling pathway, E6 forms a three-molecule complex with 
TRIM25 and USP15, which triggers the K48-linked ubiquitination 
and proteasomal degradation of TRIM25, attenuates the TRIM25-
mediated K63-linked ubiquitination of RIG-I. USP15 is known 
to cut the K48-linked ubiquitin chain of TRIM25 to stabilize 
its expression, while E6 intervention may compete with USP15 
to regulate TRIM25, impeding the original RIG-I signal activation 
(Chiang et  al., 2018). UCHL1 a thiol protease could bind with 
monoubiquitin and prevent its degradation from the lysosome 
pathway, except for hydrolyzing K48-linked ubiquitylation, UCHL1 
could elaborate K63-linked polyubiquitin chains on substrate 
molecular (Leroy et al., 1998; Bilguvar et al., 2013). The regulatory 
function of UCHL1  in antiviral signaling was discovered based 
on the study of immune evasion of HPV. The researcher utilizes 
a unique mode of hrHPV (high-risk HPV) infection, including 
the PRR signaling in non, newly, persistently hrHPV-infected 
keratinocytes, and found that PRR induced production of 
pro-inflammatory cytokines, IFNs, chemokines are suppressed 
in the case of active infection with hrHPV. Moreover, it depends 
on the attenuation of antiviral signaling by cellular UCHL1. 
UCHL1 inhibited the K63-linked ubiquitination of TRAF3 and 
reduced the number of TRAF3-TBK1 complexes. Even more, 
it promotes NEMO degradation and inhibits the phosphorylation 
of P65 and IRF3, effectively blocking the production of 
inflammatory factors and interferons (Karim et  al., 2013). How 
HPV utilizes UCHL1 to inhibit the immune response is not 
clear yet, but the presence of UCHL1 greatly reduces the 
clearance of HPV infected cells by the immune system.

The NS1 protein of Influenza A Virus (IAV) regulates diverse 
functions, including but not limited to virus mutation, replication, 
and transmission (Krug, 2015). In A549 cells, NS1 dramatically 
induces the expression of A20, a typical negative regulator of 
immune signals. Highly expressed A20 suppressed IAV-induced 
the expression of IRF3 and type I  IFNs, and lung epithelial 
cells and myeloid cells lacking A20 can resist IAV infection 
(Feng et  al., 2017). The results indicated that induced A20 is 
related to viral virulence and inhibits the innate immune 
responses after IAV infection, consistent with previous reports 
that A20 deficient macrophages are hyperresponsive to IAV 
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infection, concomitant with higher production of 
proinflammatory cytokines and type I  interferon (IFN-I). In 
vivo, A20−/− mice show increased alveolar macrophages and 
neutrophils (Maelfait et  al., 2012). In addition, IAV can block 
OTUB1 induced immune responses. OTUB1 removes the 
K48-linked ubiquitin chain of RIG-I through enzymatic activity. 
In addition, it can form a complex with the E2 enzyme UBCH5c 
to inhibit the K48-linked ubiquitination of RIG-I. This dual 
mechanism of OTUB1 greatly promotes the activation of immune 
signals. The NS1 proteins trigger OTUB1 degradation through 
the proteasome pathway, inhibiting the activation of RIG-I 
signals during IAV infection (Jahan et  al., 2020).

Infection of ZIKV triggers the activation of NLRP3 
inflammasome (Wang et  al., 2018). The NS1 protein of the 
virus recruit of USP8 to remove the K11-linked polyubiquitin 
chains at lys134 of caspase-1, the enhanced stabilization of 
caspase-1 further promotes cleavage CGAS, which inhibits type 
I IFN signaling and benefits ZIKA infection (Zheng et al., 2018).

Bovine viral diarrhea virus (BVDV) infection induced the 
expression of DNA damage-inducible transcript 3 (DDIT3), a 

class of protein that play a role in ER stress. Induced DDIT3 
inhibits the antiviral response in BVDB-infected cells by 
promoting NF-κB-dependent OTUD1. The upregulated OTUD1 
act as a trigger factor to enhance the deubiquitylation of smurf1 
and its protein level, a class of E3 enzymes of MAVS, mediating 
the degradation of the MAVS/TRAF3/TRAF6 signalosome and 
ultimately effectively inhibiting interferon production, ultimately 
dampening IFN-I production and promoting BVDV replication 
(Wang et  al., 2021).

In particular, SARS-CoV-2, which has caused the current 
pandemic of coronavirus disease 2019 (COVID-19; Dong et al., 
2020; Li et  al., 2020), is inseparable from the damage to the 
host immune system. Lower level of IFNs production was 
found in SARS-CoV-2 infected cells and animal models compared 
to other respiratory viruses, as well as in the serum of COVID-19 
patients (Blanco-Melo et  al., 2020; Chu et  al., 2020). The viral 
proteins such as non-structural proteins (nsp6, nsp13, and 
nsp15) and the accessory protein ORF9B are able to destroy 
the role of innate immune signaling proteins and hinder the 
transmission of antiviral signals (Hackbart et  al., 2020; 

FIGURE 2 | Viruses inhibit innate immunity using cellular DUBs activity. Viral infection induces a cascade of immune signals resulting in the expression of interferon 
(IFN)-I. Viruses utilize the host’s DUB to block different steps of the antiviral response. Cellular DUBs that positive or negative regulate the signaling are shown with 
orange or green color, respectively.
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Lei et  al., 2020; Xia et  al., 2020; Wu et  al., 2021). The PLpro, 
which is a part of the viral nsp3, endows the DUB activity 
(Barretto et al., 2005; Klemm et al., 2020). PLpro predominantly 
targets the ubiquitin-like interferon-stimulated gene 15 protein 
(ISG15), unraveling ISG15 from MDA5 or IRF3 (Shin et  al., 
2020; Liu et  al., 2021). PLpro can also directly cleave IRF3 
and weaken the production of IFNs (Moustaqil et  al., 2021).

In addition, SARS-CoV-2 infection is able to induce RIG-I 
degradation through increasing the expression of the USP5. 
USP5 interacts with STUB1 (the E3 ligase of RIG-I) to 
catalyze the K48-linked ubiquitination of RIG-I (Zhang et al., 
2021a). The nsp13 has been found to interact with TBK1 
and interrupt the association between TBK1 and TRAFs, 
which inhibits the recruitment of TBK1 by MAVS and the 
activation of downstream signaling. The immune inhibitory 
effect of nsp13 on interferons was supported by USP13, which 
is a SARS-CoV-2 interacting protein that enriched in T cells 
(Sut, 2020), through deubiquitinating and stabilizing the 
expression of nsp13. Indeed, loss of USP13 or treatment 
with USP13 inhibitor leads to more IFNs production and 
less viral replication (Guo et  al., 2021a).

All the above studies have shown that using cellular DUBs 
to target the proteins in innate immune signaling is an efficient 
aspect for viruses, including SARS-CoV-2, to evade host immune 
surveillance and benefit for the viral survival.

CONCLUSION AND PERSPECTIVE

Deubiquitylating enzymes control PRR signaling and NLRP3 
inflammasomes activation to ensure effective signal transduction 
and virus clearance. In antiviral innate immunity, recognizing 

of diversity polyubiquitin chains is the main mechanism for 
DUBs, their regulation of innate immune responses is subtle, 
tightly controlling signal activation at every stage, though this 
regulation is cannot be  completed independently by one DUB 
in some cases and some other factors including post-translational 
modification can also regulate the catalytic activity of DUBs, 
which further affects the regulation of DUBs on substrate 
molecules. Despite DUBs playing an important role in regulating 
immune signaling, our knowledge about the regulation of antiviral 
innate immunity of DUBs family is still limited, and their 
specific regulatory mechanisms of DUBs remain to 
be  fully elucidated.

On the other hand, the regulation of DUBs on the immune 
signal serves the host and can be  used by the virus for its 
latent and replication. It is of great significance to develop specific 
drugs for anti-virus therapy targeting these DUB used by the virus.
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