
Frontiers in Microbiology | www.frontiersin.org 1 December 2021 | Volume 12 | Article 794882

REVIEW
published: 01 December 2021

doi: 10.3389/fmicb.2021.794882

Edited by: 
Jue Liu,  

Yangzhou University, China

Reviewed by: 
Junji Xing,  

Houston Methodist Research 
Institute, United States

Yang Linwei,  
Sun Yat-sen University, China

*Correspondence: 
Fu-Huang Li  

lfh5118@126.com
Xiao-Jia Wang  

wangxj@cau.edu.cn

Specialty section: 
This article was submitted to  

Virology,  
a section of the journal  

Frontiers in Microbiology

Received: 14 October 2021
Accepted: 08 November 2021
Published: 01 December 2021

Citation:
Zhang X-Z, Li F-H and Wang X-J 

(2021) Regulation of Tripartite 
Motif-Containing Proteins on Immune 

Response and Viral Evasion.
Front. Microbiol. 12:794882.

doi: 10.3389/fmicb.2021.794882

Regulation of Tripartite Motif-
Containing Proteins on Immune 
Response and Viral Evasion
Xiu-Zhong Zhang 1, Fu-Huang Li 2* and Xiao-Jia Wang 1*

1 Key Laboratory of Animal Epidemiology of the Ministry of Agriculture, College of Veterinary Medicine, China Agricultural 
University, Beijing, China, 2 Beijing General Station of Animal Husbandry Service (South Section), Beijing, China

Tripartite motif-containing proteins (TRIMs), exhibiting ubiquitin E3 ligase activity, are 
involved in regulation of not only autophagy and apoptosis but also pyrotosis and antiviral 
immune responses of host cells. TRIMs play important roles in modulating signaling 
pathways of antiviral immune responses via type I interferon, NF-κB, Janus kinase/signal 
transducer and activator of transcription (JAK/STAT), and Nrf2. However, viruses are able 
to antagonize TRIM activity or evenly utilize TRIMs for viral replication. This communication 
presents the current understanding of TRIMs exploited by viruses to evade host 
immune response.
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INTRODUCTION

Tripartite motif-containing proteins (TRIMs), an expanding family of proteins characterized 
by their N-terminal domains, containing a tripartite motif, are widely present in mammals 
(Marin, 2012). They are also known as RBCC proteins from the presence of an RBCC motif, 
consisting of a RING domain, one or two B-boxes, and a coiled-coil region (Figure  1; Reddy 
and Etkin, 1991; Meroni and Diez-Roux, 2005). In contrast to the conserved N-terminal 
domains, the additional C-terminal domains are variable and can be  used to classify TRIMs 
into 11 subfamilies (Ozato et  al., 2008).

Presenting in most TRIMs, the RING domain is comprised of a zinc finger motif (Borden, 
2000). This motif confers E3-ligase activity and is able to catalyze the conjugation of ubiquitin 
and ubiquitin-like proteins (ISG15 or SUMO), leading to the degradation of targeted proteins 
(Meroni and Diez-Roux, 2005; Ozato et  al., 2008; Marin, 2012). Following the RING domain, 
the B-box domains are also zinc finger motifs. However, their functions are still largely unclear 
(Nisole et  al., 2005; Meroni, 2012). It seems that they are involved in viral recognition, self-
association, or interactions with other proteins (Nisole et  al., 2005; Meroni, 2012). The coiled-
coil domain (CCD) is the third domain of the RBCC motif. This domain has the ability to 
assemble with other coiled-coil structures, mediating homomeric self-association and 
heteromeric assemblies (Nisole et  al., 2005). So far, 10 different types of C-terminal domain 
have been described, one or more of which can be  present (Ozato et  al., 2008). Specific 
C-terminal domains confer different functions by recruiting unique functional partners 
(Nisole et  al., 2005; Khan et  al., 2019).
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TRIMs have been characterized in detail as members of 
E3-ubiquitin ligase group according to their interactions with 
E2-ubiquitin ligase (Rajsbaum et  al., 2014a). Briefly, TRIMs 
transfer ubiquitin to the target protein by facilitating interaction 
with E2 enzymes via their RING domain. It has been shown 
that TRIMs can catalyze synthesis of K48-, K63-, or unanchored 
K63-linked poly-ubiquitin chains. Proteins that with K48-linked 
poly-ubiquitin are usually targeted for degradation by the 
proteasome. However, proteins with K63-linked polyubiquitin 
are involved in activation of antiviral signaling pathways. In 
addition, unanchored K63-linked poly-ubiquitin chains have 
also been proposed to activate kinases involved in signaling 
pathways in a proteasomal degradation-independent manner.

Tripartite motif-containing proteins are involved in various 
biological functions, including apoptosis, pyroptosis, antiviral 
activity, and viral evasion (Hatakeyama, 2017; Chen et  al., 
2018b; Koepke et  al., 2021). TRIMs are involved in innate 
immune responses to restrict the replication of various viruses, 
while viruses have evolved strategies to antagonize TRIMs 
(Nisole et  al., 2005; Rajsbaum et  al., 2014a; Koepke et  al., 
2021). In addition, viruses are able to employ TRIMs to 
enhance their replication (Xing et  al., 2017; Li et  al., 2018; 
Zheng et  al., 2019a).

In this review, we  describe the functions of TRIMs in 
immune signaling pathways and discuss the latest research on 
viral evasion of immune system by antagonizing or 
utilizing TRIMs.

TRIM REGULATION OF INNATE 
IMMUNE RESPONSE

In response to viral infection, eukaryotes have evolved many 
strategies to restrict viral replication. As the first line of defense, 
the innate immune response is initiated when pattern recognition 
receptors (PRRs) recognize pathogen-associated molecular 
patterns (PAMPs; Medzhitov, 2007). There are a number of 
types of PRRs, including Toll-like receptors (TLRs), NOD-like 
receptors (NLRs), C-type lectin receptors (CLRs), and RIG-I-
like receptors (RLRs; Kagan and Barton, 2014). PRRs use 
various adaptor proteins to activate downstream signaling 
pathways, and this leads to the production of interferons (IFNs) 

and inflammatory factors as well as interferon-stimulated genes 
(ISGs); those factors are important in the defense against 
incoming pathogens (Rajsbaum et  al., 2014a).

Some review articles demonstrated that TRIMs act as 
important positive and negative modulators of PRR signaling 
pathways (Ozato et  al., 2008; Rajsbaum et  al., 2014a). In this 
section, we detail the role of TRIMs in regulating several main 
pathways, including TLR, RLR, STING, and Janus kinase/signal 
transducer and activator of transcription (JAK/STAT) signaling.

Toll-Like Receptor
Human TLR1, TLR2, TLR4, TLR5, and TLR6 are associated 
with the plasma membrane, while TLR3, TLR7, TLR8, and 
TLR9 are located in the endosome (Jimenez-Dalmaroni et al., 
2016; Odendall and Kagan, 2017). Although TLR4 is mainly 
located in the plasma membrane, it can also be  internalized 
in the endosome (van Tol et  al., 2017). TLRs were first 
identified as receptors of bacterial PAMPs and also have 
recently been found to respond to viral infection (Bottermann 
and James, 2018; van Gent et  al., 2018). TLR3 senses both 
double-stranded RNA (dsRNA) and single-stranded RNA 
(ssRNA) of viruses, TLR7 and TLR8 can recognize viral 
single-stranded RNA, and TLR9 recognizes CpG motifs 
(Thompson et  al., 2011; Tatematsu et  al., 2013; Jimenez-
Dalmaroni et al., 2016). All TLRs except TLR3 signal through 
the adaptor molecule MyD88 by recruiting the kinases IRAK1/4 
and E3 ubiquitin ligase TRAF6, and this results in the activation 
of the NF-κB and AP-1 signaling pathways (Villano et  al., 
2014; Jimenez-Dalmaroni et  al., 2016). TLR3 and TLR4 can 
interact with adaptor TRIF, resulting in the activation of IRF, 
NF-κB, and AP-1 signaling pathways via TRAF3 and TBK1/
IKKε (Gay et  al., 2014).

Tripartite motif-containing proteins are able to modulate 
the TLR signaling pathways (Shen et  al., 2012; Hu et  al., 2014; 
Sundquist and Pornillos, 2018; Ganser-Pornillos and Pornillos, 
2019). It has been proposed that TRIM5α is implicated in 
NF-κB signaling pathways and promotes the synthesis of 
unanchored K63-linked polyubiquitin chains, which can in turn 
activate the TAK1 (Sundquist and Pornillos, 2018; Ganser-
Pornillos and Pornillos, 2019). TRIM56 has been shown to 
interact with TRIF in TLR3-mediated IFN/ISG production 
(Shen et  al., 2012). TRIM38 negatively regulates TLR signaling 

FIGURE 1 | Domain structure of tripartite motif-containing protein (TRIM) family proteins. TRIM contains a RING domain, a B-box 1 and/or B-box 2 domain, a 
coiled-coil domain (CCD), and distinct C-terminal domains. AR, acid-rich region; ARF, ADP ribosylation-like factor; BR, bromodomain; COS, C-terminal subgroup 
one signature; FIL, filamin-type immunoglobulin; FN3, fibronectin type 3; MATH, meprin and tumor-necrosis receptor-associated factor homology; NHL, NHL 
repeats; PHD, plant homeodomain; PRY, SPRY-associated domain; SPRY, SPIa, and the ryanodine receptor domain; and TM, transmembrane.
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by targeting TRAF6, TRIF, and NAP1 for degradation, leading 
to the suppression of TAB2/3, TBK1/IKKε, and IRF3/7 (Zhao 
et  al., 2012; Hu et  al., 2014, 2015). TRIM8 negatively affects 
TLR3/4-mediated response by catalyzing the polyubiquitination 
of TRIF, resulting in disruption of the TRIF–TBK1 interaction 
(Ye et  al., 2017).

RIG-I-Like Receptor
RIG-I-like receptors are essential sensors in the process of 
viral infection, responding to dsRNA or ssRNA containing 
5'-triphophates (Runge et  al., 2014). RIG-I and melanoma 
differentiation-associated protein (MDA5) induce antiviral 
pathways and contain a central DEAD (Asp-Glu-Ala-Asp) box, 
a C-terminal domain (CTD), and two N-terminal caspase-
activated recruitment domains (CARDs; Chan and Gack, 2015). 
RIG-I encoded by Ddx58 binds small dsRNA, while MDA5 
encoded by Ifih1 recognizes long ssRNA (Chiang et  al., 2018b; 
van Gent et  al., 2018). Binding viral RNA to RIG-I or MDA5 
induces the activation of RLR pathways. Then the CARDs are 
exposed, which leads to the recruitment of RIG-I or MDA5 
to their common adaptor mitochondrial antiviral signaling 
protein (MAVS; Yoneyama et  al., 2004; Jiang et  al., 2012). 
MAVS can activate NF-κB and IRF3/7 pathways, finally via 
recruiting IKK-related kinases IKKα/β/γ complex and IKKε, 
respectively (Takeuchi and Akira, 2010).

Some TRIMs act as key regulators of RLR signaling (Tan 
et  al., 2017; Chen et  al., 2019; Sun et  al., 2020). As a 
positive regulator of RLR signaling, TRIM35 directly catalyzes 
K63-linked polyubiquitination of TRAF3. This promotes the 
formation of a signaling complex TRAF3-MAVS-TBK1, 
facilitating the activation of IRF3/7 (Sun et al., 2020). TRIM14 
provides a docking platform for the assembly of MAVS 
complex, consisting of Werner helicase interacting protein 
1 (WHIP) and protein phosphatase PPP6C (Tan et al., 2017). 
TRIM14 is also reported to recruit adaptor protein IKKγ/
NEMO to MAVS, taking part in RIG-1-mediated IRF3 and 
NF-κB signaling (Zhou et  al., 2014). TRIM65, identified as 
an E3 ligase of MDA5, catalyzes K63-linked polyubiquitination 
of MDA5 at the RNA helicase domain K743, promoting 
IRF3/7 signaling to restrict encephalomyocarditis virus 
(EMCV; Lang et  al., 2017). EcTRIM44L, identified from 
the orange spotted grouper fish, negatively regulates MAVS-
mediated IFN response rather than IRF3-mediated (Zheng 
et  al., 2019b).

STING
STING is at the outer mitochondrial membrane and ER, and 
most cytosolic DNA sensors activate it. Various cytosolic DNA 
sensors have been identified in recent years, including cyclic 
GMP-AMP synthase (cGAS), DDX41, and DHDX36 (Ishikawa 
et  al., 2009). It has been reported that they can detect various 
DNA viruses, including adenoviruses (AdV), human 
cytomegalovirus (HCMV), and HSV-1, as well as retroviruses 
such as vesicular stomatitis virus (VSV), human 
immunodeficiency virus (HIV), and Dengue virus (DENV; 
Paijo et  al., 2016; Reinert et  al., 2016; Sun et  al., 2017; Tan 
et al., 2018). Upon DNA binding, STING signaling is activated. 

It has been shown that STING interacts with TBK1, which 
phosphorylates IRF3/7, resulting in type I  IFN induction 
(Vance, 2016).

Several TRIMs have been demonstrated to modulate STING-
mediated signaling via regulatory modifications (Tsuchida 
et  al., 2010; Zhang et  al., 2012; Wang et  al., 2014; Seo et  al., 
2018). Mammalian TRIM32 may target STING for K63-linked 
ubiquitination to promote dimerization and enhance type 
I  IFN production (Zhang et  al., 2012). The function of TRIM 
56  in the induction of antiviral response is controversial. An 
initial report described TRIM56 interacting with STING by 
inducing K63-linked polyubiquitination of STING upon cytosolic 
DNA stimulation, but a later study failed to detect any 
ubiquitination signal of STING in the presence of TRIM56. 
A very recent study showed that TRIM56 directly targets 
cGAS, rather than STING or its downstream signaling, against 
HSV-1 infection but not against influenza A virus (IAV) 
infection (Tsuchida et  al., 2010; Wang et  al., 2014; Seo et  al., 
2018), similar to the SUMOylation of RIG-I and MDA5, 
TRIM38 SUMOylates cGAS, and STING, which inhibits the 
ligation of K48-linked ubiquitin and proteasomal degradation 
(Hu et  al., 2016).

Janus Kinase/Signal Transducer and 
Activator of Transcription
Janus kinase/signal transducer and activator of transcription 
signaling induces multiple molecular immune responses and 
is essential in cytokine and growth factor signaling (Ghoreschi 
et al., 2009). Four different JAKs have been identified, including 
JAK1, JAK2, JAK3, and TyK2 (Tyrosine kinase 2), and seven 
members of STAT, including STAT1, STAT2, STAT3, STAT4, 
STAT5a, STAT5b, and STAT6 (Meyts and Casanova, 2021). 
JAK/STAT is initially activated by binding of cytokines, such 
as IFNα/β, IFNγ, and IL-6. IFNα/β employs TYK2 and JAK1 
to phosphorylate STAT1 and STAT2, IFNγ recruits JAK1 and 
JAK2 to phosphorylate STAT1, and IL-6 leads to one or both 
JAK-mediated phosphorylations of STAT3 (Majoros et al., 2017; 
Banji et  al., 2021). These activated STAT dimers are then 
transported to the nucleus and promote the transcription of 
interferon stimulated genes (ISGs; Raftery and Stevenson, 2017).  
Negative regulators, protein tyrosine phosphatase, non-receptor 
type 6 (PTPN6), suppressor of cytokine signaling (SOCS-1) 
and protein inhibitor of activated STAT (PIAS-1), suppress the 
JAK/STAT pathway (Cokic et al., 2012; Tikhe and 
Dimopoulos, 2021).

Reports have indicated that the JAK/STAT pathway can 
be regulated by some TRIMs (Rajsbaum et al., 2014b; Teng et al., 
2020; van Tol et al., 2020). TRIM6 was found to modulate IFNα/β-
induced JAK/STAT signaling for antiviral response via cooperation 
with E2-ubiquitin conjugase UbE2K and promotion of the synthesis 
of unanchored K48-linked polyubiquitin chains, which activated 
IKKε for subsequent STAT1 phosphorylation (Rajsbaum et  al., 
2014b). Another study identified VAMP8, a regulator of IFNα/β-
induced JAK/STAT signaling, and mediator of the phosphorylation 
of STAT1 in West Nile virus infection. Its expression and function 
are dependent on TRIM6 activity (van Tol et  al., 2020). TRIM59 
interacts with STAT1 by recruiting much more PIAS1 to suppress 
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the activation of STAT1, and it also suppresses IL-1β-induced 
activation of the JAK2/STAT3 pathway (Su et  al., 2020; Teng 
et al., 2020). TRIM8 enhances IL-6-dependent activation of STAT3 
by degradation of PIAS3, which is the protein inhibitor of activated 
STAT3 (Okumura et  al., 2010).

VIRAL ANTAGONIZATION OF TRIMs

Researches have shown that TRIMs play a critical role in 
restricting viral replication via regulating the innate immune 
signaling (Masroori et  al., 2016; Choudhury et  al., 2020). 
Viruses, however, have developed various strategies to antagonize 
the antiviral function of TRIM proteins, including improving 
their proteasomal degradation, affecting their relocation, and 
ubiquitination (Schilling et al., 2017; Chen et al., 2018a; Koepke 
et  al., 2021). For example, IAV is able to antagonize TRIM25 
for its replication (Gack et al., 2009). In this section, we discussed 
the mechanism of viral evasion by antagonization of TRIMs, 

including TRIM6, TRIM19, TRIM23, and TRIM25, as depicted 
in Figure  2.

TRIM6
TRIM6 restricts viral replication via enhancing type I  IFN 
production. It interacts with IKKε and catalyzes the synthesis 
of unanchored K48-linked polyubiquitin chains, which in turn 
activates IKKε for subsequent STAT1 phosphorylation, resulting 
in increasing of IRF3-mediated type I IFN production (Rajsbaum 
et  al., 2014b). This pathway can be  evaded by the matrix 
structural protein (M) of Nipah virus (NiV). The NiV-M protein 
interacts with TRIM6 and promotes TRIM6 degradation, so 
the synthesis of unanchored K48-linked polyubiquitin chains 
and production of type I  IFNs are inhibited (Bharaj et  al., 
2016). It has been reported that the Ebola virus VP35 protein 
hijacks TRIM6 to promote its ubiquitination and polymerase 
activity, which results in the reduction of type I  IFNs and 
increase of virus replication (Bharaj et  al., 2017).

FIGURE 2 | Viral evasion of immunity via antagonization of TRIMs. Some TRIMs (green) positively regulate innate immune response. Viral proteins (orange) 
antagonize these TRIMs to reduce the production of type I IFNs and inflammatory factors. BPLF1, the deconjugases of HSV; E6, the oncoprotein of HPV16; MP, the 
matrix structural protein of NiV; NS1, the nonstructural protein 1 of IAV; NSs, the nonstructural protein NSs of SFTSV; NP, the nucleocapsid protein of SARS-CoV, 
MERS-CoV, or SARS-CoV-2; tAg, the small t antigen of JCV; Us11, the Us11 protein of HSV-1; VP35, the VP35 protein of EBOV; 3B, the 3B protein of FMDV; 48, 
K48-linked polyubiquitination; and 63, K63-linked polyubiquitination.
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TRIM19/PML
TRIM19/PML, also named leukemia (PML) protein, localizes 
both in the nucleoplasm and in the nuclear bodies (NBs). 
The function of TRIM19  in viral restriction has been fairly 
thoroughly investigated, for both DNA viruses and RNA viruses, 
such as vesicular stomatitis virus (VSV), HSV, IAV, varicella-
zoster virus (VZV), HIV, HCMV, and rabies virus (Blondel 
et al., 2010; Reichelt et al., 2011; Dutrieux et al., 2015; Masroori 
et  al., 2016). The mechanisms of restriction are various and 
include the silencing of viral genomes, entrapment of newly 
synthesized nucleocapsids (Ns), indirect interference with reverse 
transcription, and regulating of type I  IFN induction.

On the other hand, some viruses have developed strategies 
to suppress PML. The HCMV immediate-early protein IE1, 
for instance, directly binds to the CCD of TRIM19 through 
its globular core, and it prevents the SUMOylation of TRIM19 
and disrupts the nuclear bodies (Scherer et  al., 2014). 
Binding of IE1 to TRIM19 abrogates the de novo SUMOylation 
of PML at specific lysine residues, but this does not affect 
global protein SUMOylation (Schilling et  al., 2017). TRIM19 
represses the replication of EV71 by inhibiting autophagy and 
increasing response to IFNs (Chen et  al., 2018a). In EV71-
infected Hela cells, the expression of TRIM19 is reduced and 
the reduction is caused by viral protease 3Cpro rather than 
proteasome pathway (Chen et  al., 2018a). The degradation of 
NB-associated PML has also been identified in HSV-1-infected 
cells. The HSV-1 immediate-early protein ICP0 directly binds 
to PML and Sp100, inducing proteasome-dependent degradation 
(Chelbi-Alix and de The, 1999; Boutell et al., 2003). The ORF75c 
protein encoded by murine gammaherpesvirus 68 (MHV68) 
contains ubiquitin E3 ligase activity and mediates direct 
ubiquitination of PML, resulting in its degradation by the 
proteasome (Sewatanon and Ling, 2013). Arenaviruses use a 
different strategy to incapacitate TRIM19: The Z protein of 
arenaviruses colocalizes with PML via the RING domain and 
induces its relocation from NBs to the cytoplasm (Kentsis 
et  al., 2001) This results in PML and the Z protein binding 
directly to the translation initiation factor eIF4E and inhibiting 
translation (Kentsis et  al., 2001).

TRIM19 plays an important role against various viral 
infections, and the restriction of TRIM19 to viruses depends 
on the antiviral mechanisms induced by IFNs (Nisole et  al., 
2005; Chen et  al., 2018a). Viruses have developed strategies 
to antagonize TRIM19, but the NB disruption induced by 
TRIM19 degradation to overcome a cellular antiviral defense 
remains controversial (Kentsis et  al., 2001; Lopez et  al., 2002). 
In PML overexpression cells, ICP0 colocalized with PML in 
ND10 early in infection, but the two proteins did not overlap 
or were juxtaposed in orderly structures and PML overexpression 
had no significant effect on HSV-1 replication (Lopez et  al., 
2002). It is possible that other virus mechanisms may block 
PML-mediated repression, and further studies are needed.

TRIM23
It has been demonstrated that TRIM23 is involved in the 
induction of autophagy to decrease viral replication (Sparrer 
et al., 2017). Upon viral infection, the GTP hydrolysis activity 

of TRIM23 is activated by the autoubiquitination of ARF 
with unconventional K27-linked polyubiquitin. This facilitates 
TBK1 dimerization, which proceeds to phosphorylate p62 
and ultimately induces autophagic degradation of viral 
components (Sparrer et  al., 2017).

HSV-1 has developed strategy to enhance its replication by 
antagonizing TRIM23. In HSV-1-infected cells, on the other 
hand, expression of the HSV-1 Us11 protein promotes HSV-1 
growth, while expression of TRIM23 restricts HSV-1 replication 
in the absence of US11 (Liu et  al., 2019). The Us11 protein 
binds the ARF domain in TRIM23 and disrupts the 
TRIM23-TBK1 complex, causing decrease of autophagy-mediated 
restriction of HSV-1 infection (Liu et  al., 2019).

TRIM25
TRIM25 restricts the replication of viruses, such as MERS-
CoV, NDV, IAV, SinV, SARS-CoV-2, porcine reproductive and 
respiratory syndrome virus (PRRSV), and Sendai virus (SeV; 
Zeng et  al., 2010; Sanchez et  al., 2016; Hu et  al., 2017; Zhao 
et  al., 2019; Choudhury et  al., 2020). TRIM25 catalyzes 
K63-linked polyubiquitination on the N-terminal CARD at 
K172 of RIG-I via its B30.2 domain chains, and this facilitates 
its recruitment to MAVS and thus induces downstream IFNs 
induction (Sanchez et  al., 2016). However, K48-linked 
ubiquitination of TRIM25 negatively regulates RIG-I activation, 
though this can be  reversed by the deubiquitinating enzyme 
USP15 (Pauli et al., 2014). Recently, it was found that TRIM25 
enhances the antiviral activity of zinc finger antiviral protein 
(ZAP) with both ubiquitin ligase activity and multimerization 
(Li et  al., 2017; Zheng et  al., 2017). In addition, TRIM25 
ubiquitinates DDX3X (a critical component of TBK1) at K55, 
and TRIM25 and DDX3X cooperatively enhance type I IFN 
induction following RIG-I activation (Soulat et al., 2008; 
Atkinson et al., 2021).

TRIM25 plays an important role in a broad range of 
antiviral activity; however, viruses have evolved a diverse 
collection of strategies to antagonize TRIM25 activity. The 
nonstructural protein 1 (NS1) of IAV, for instance, targets 
the TRIM25 coiled-coil domain directly, thus inhibiting 
TRIM25 dimerization and preventing the activation of RIG-I 
with K63-polyubiquitin (Gack et  al., 2009). The interaction 
between NS1 and TRIM25 has been shown to be  species-
specific, in that human TRIM25 binds to all species-adapted 
IAV strains, while chicken TRIM25 interacts with NS1 only 
from avian strains, and murine TRIM25 does not bind with 
any NS1 interacts (Rajsbaum et  al., 2012). However, a recent 
study of the crystal structures of TRIM25-NS1 complexes 
showed that the formation of unanchored K63-linked 
polyubiquitin chains is unchanged by NS1 binding. And the 
binding of NS1 interferes with the correct positioning of 
the PRYSPRY domain of TRIM25, which is required for 
substrate ubiquitination (Koliopoulos et al., 2018). Moreover, 
the N-terminal domain of NS1 encoded by IBV is responsible 
for interaction with TRIM25, and this interaction blocks the 
Lys63-linked ubiquitination of RIG-I (Jiang et  al., 2016). 
Recently, it was found that NS1 disrupts the TRIM25:DDX3X 
interaction, abrogating both TRIM25-mediated ubiquitination 
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of DDX3X and cooperative activation of the IFNB1 promoter 
(Atkinson et al., 2021).

Like IAV/IBV, the coronaviruses, including SARS-CoV, MERS-
CoV, and SARS-CoV-2, are able to suppress TRIM25 activity 
via the viral N protein. The N protein of SARS-CoV has been 
demonstrated to interact with the C-terminal SPRY domain 
of TRIM25, interfering with subsequent ubiquitination of the 
RIG-I CARD domains and negative regulating type I  IFNs 
(Hu et al., 2017). This strategy of RIG-I-induced IFN-β reduction 
is also seen in SARS-CoV-2 and MERS-CoV (Hu et  al., 2017; 
Oh and Shin, 2021). In addition to modulating type I  IFNs, 
the N protein of MERS-CoV also suppresses type III expression, 
and this offers a plausible mechanism for coronavirus evasion 
of the host immune response (Chang et al., 2020). Interestingly, 
although not a coronavirus, PRRSV exhibits a similar loss of 
RIG-I-induced IFN-β when its N protein associates with TRIM25 
(Zhao et  al., 2019). In foot-and-mouth disease virus (FMDV), 
it is 3B protein that suppresses type I  IFN production and 
host antiviral response by blocking the interaction between 
RIG-I and TRIM25, which prevents the TRIM25-mediated, 
K63-linked ubiquitination of RIG-I (Zhang et  al., 2020b).

Severe fever with thrombocytopenia syndrome virus (SFTSV), 
a highly pathogenic member of the Bunyavirales, has developed 
a different mechanism to inhibit TRIM25. The nonstructural 
protein NSs of SFTSV interacts with and redistributes RIG-I, 
TRIM25, and TBK1 into NSs-induced cytoplasmic structures, 
which circumvents IFN responses (Santiago et al., 2014). Another 
report demonstrated that NSs specifically trap TRIM25 into viral 
inclusion bodies and inhibits TRIM25-mediated RIG-ILys-63-
linked ubiquitination/activation, contributing to suppression of 
RLR-mediated antiviral signaling at its initial stage (Min et al., 2020).

The DENV and human papillomavirus Type 16 (HPV16) 
suppress TRIM25 activity by USP15 to attenuate RIG-I signaling. 
PR-2B, an epidemic strain of dengue virus, encodes subgenomic 
flavivirus RNA, which binds to host TRIM25 and prevents 
USP15-mediated deubiquitination (Manokaran et  al., 2015). 
The E6 oncoprotein of HPV16 interacts with TRIM25 and 
USP15, promoting K48-linked ubiquitination of TRIM25 and 
suppressing TRIM25-mediated K63-linked ubiquitination of 
RIG-I to evade the host antiviral response (Chiang et al., 2018a).

The small t antigen (tAg) of JC polyomavirus (JCV) interacts 
with TRIM25, preventing it from binding with RNA and 
inhibiting the K63-linked ubiquitination of RIG-I (Chiang et al., 
2021). This antagonism strategy is also conserved in tAg 
presented polyomavirus BK virus (BKV; Chiang et  al., 2021). 
Herpesviruses use a different strategy to antagonize TRIM25 
activity. BPLF1 of herpesvirus promotes the dimerization and 
autoubiquitination of TRIM25, which inactivates the RIG-I 
signalosome (Gupta et  al., 2018).

VIRAL UTILIZATION OF TRIMs

Some of TRIMs exhibit negatively regulatory effect in the innate 
immune. Thus, apart from antagonizing TRIMs, some viruses 
directly utilize TRIMs or induce their gene expression to promote 
viral replication. In this section, we discuss viruses employ TRIMs 

to enhance their replication, including TRIM21, TRIM26, TRIM27, 
TRIM29, and TRIM30a, as depicted in Figure  3.

TRIM21
TRIM21, also named Ro52, seems to follow two strategies; 
some studies indicate that TRIM21 restricts viral replication 
and positively regulates antiviral pathways, while other reports 
show that TRIM21 negatively regulates innate immune response 
to promote viral production (Higgs et  al., 2008; Yang et  al., 
2009; McEwan et  al., 2013; Zhang et  al., 2013; Manocha et  al., 
2014). On the one hand, TRIM21 has exhibited antiviral activity. 
TRIM21 catalyzes the formation of Lys63 (K63)-linked ubiquitin 
chains and activates the NF-κB, AP-1, and IRF signaling 
pathways (McEwan et al., 2013). However, in porcine epidemic 
diarrhea virus (PEDV) infection, TRIM21 exhibits a different 
strategy; TRIM21 was found to interact and colocalize with 
the N protein, inducing the degradation of the N protein in 
a proteasome-dependent manner (Wang et  al., 2021).

On the other hand, TRIM21 is also able to facilitate viral 
evasion of the innate immune response. TRIM21 interacts with 
IRF3 via its C-terminal SPRY domain post-pathogen recognition, 
resulting in the polyubiquitination and proteasomal degradation 
of IRF3 (Higgs et al., 2008). The SPRY-PRY domain of TRIM21 
targets the DEADc domain of DDX41 at Lys9 and Lys115, 
inducing the Lys48 (K48)-linked ubiquitination and degradation 
of DDX41 and thereby inhibiting the innate immune response 
to intracellular dsDNA (Zhang et  al., 2013). Evidence shows 
that Japanese encephalitis virus (JEV) evades the innate immune 
response by inducing transcriptional expression of TRIM21 
(Manocha et al., 2014). In JEV-infected human microglial cells, 
TRIM21 overexpression inhibited phosphorylation of IRF3 and 
activation of IFN-β, while TRIM21 silencing contributed to 
the type I  IFN responses (Manocha et  al., 2014).

Other mechanisms involved in antiviral evasion have been 
reported recently. HPV E7 was found to recruit TRIM21 to 
ubiquitinate and degrade the IFI16 inflammasome, leading to 
the inhibition of cell pyroptosis and production of inflammatory 
factors including IL-18 and IL-1β (Song et  al., 2020). SFTSV 
NSs binds to the carboxylterminal SPRY subdomain of TRIM21, 
promoting p62 stability and oligomerization and causing activation 
of the Nrf2 antioxidant signal pathway (Choi et  al., 2020). The 
activation of the p62-Keap1-Nrf2 antioxidant response provides 
an optimal environment for SFTSV replication (Choi et al., 2020).

TRIM23
At least two studies have revealed that TRIM23 is an important 
factor in virus replication (Laurent-Rolle et al., 2014). TRIM23 
interacts with and polyubiquitinates yellow fever virus (YFV) 
NS5 to promote its binding to STAT2 and trigger IFN-I signaling 
inhibition, thus overcoming the antiviral action of IFN-I 
(Laurent-Rolle et  al., 2014). MnTrim23 identified from 
Macrobrachium nipponense negatively regulates the Relish 
transcription factor-mediated expression of antimicrobial peptides 
(AMPs), promoting WSSV replication (Zhang et  al., 2020a). 
It has been also shown that knockdown of MnTrim23 inhibits 
WSSV replication and VP28 expression.
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TRIM26
Identified as a negative regulator of IFN-β, TRIM26 binds to 
IRF3 and promotes its K48-linked polyubiquitination and 
degradation in the nucleus. More important, viral infection 
promotes TRIM26 nuclear translocation, which in turn increases 
IRF3 degradation (Wang et  al., 2015a). The suppression of 
IFN-β-involved IRF3 has also been observed in HSV-2, VSV, 
and PRRSV infection (Huang et  al., 2020). It is worth noting 
that a different report showed that TRIM26 positively regulates 
type I  IFNs, upon RNA viral infection; TRIM26 undergoes 
autoubiquitination and subsequently associates with NEMO, 
to promote TBK1–NEMO interaction and the activation of 
IRF3 and NF-kB (Ran et  al., 2016). Some of the discrepancies 
among these results might be  attributed to the different 
experimental systems (Ran et  al., 2016).

TRIM27
Report mentioned that TRIM27 positive regulates RIG-I 
signaling, leading to increased production of IFN-β in response 
to viral infection (Blaine et  al., 2015; Conwell et  al., 2015). 
However, other studies have proven that TRIM27 is a negative 
modulator of immune response. It has been suggested that 
TRIM27 negatively regulates NOD2-induced NF-κB signaling 
via the K48-linked ubiquitination and subsequent proteasomal 
degradation of NOD2, which can recognize viral RNA and 

DNA (Moreira and Zamboni, 2012; Kapoor et  al., 2014). In 
SeV infection there seems to be another mechanism at work; 
the ubiquitin-specific peptidase 7 (USP7) interacts with and 
stabilizes TRIM27, promoting the degradation of TBK1 and 
suppressing the activation of IFN-β (Cai et  al., 2018). As 
in SeV infection, TRIM27 inhibits type I  IFN response to 
HCV infection by inhibiting the IRF3 and NF-κB pathways 
(Zheng et  al., 2019a).

TRIM29
TRIM29 acts as a negative regulator of proinflammatory cytokines 
in macrophages and directly binds NEMO, inducing its 
ubiquitination and proteolytic degradation, which in turn inhibits 
the NF-κB pathway (Xing et  al., 2016). TRIM29 expression is 
especially induced by DNA virus and cytosolic DNA in 
macrophages and dendritic cells and targets STING for K48 
ubiquitination and degradation, negatively regulating immune 
response in infection by DNA viruses like HSV-1 and Epstein-
Barr virus (Xing et  al., 2017; Li et  al., 2018). Recently, a 
different regulatory function of TRIM29 was reported in the 
context of RNA virus infection in human mDCs; TRIM29 
was found to interact with MAVS and subsequently induce 
K11-linked ubiquitination and degradation, causing decrease 
of type I  IFN (Xing et  al., 2018). In addition, TRIM29 
ubiquitinates and degrades TAB2, suppressing IFN-γ production 

FIGURE 3 | Viral evasion of immune response via induction of TRIMs. Some TRIMs (green) negatively regulate innate immune response. Viral proteins (orange) can 
utilize these TRIMs to reduce the production of type I IFNs and inflammatory factors. USP7, the ubiquitin-specific peptidase 7 of SeV; 48, K48-linked 
polyubiquitination; and 63, K63-linked polyubiquitination.
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in NK cells (Dou et  al., 2019). Indeed, deficiency of TRIM29 
resulted in an enhanced IFN-γ production and consequently 
protected mice from murine CMV infection (Dou et al., 2019).

TRIM30α
TRIM30α enhances the degradation of STING via K48-linked 
ubiquitination at Lys275  in a proteasome-dependent pathway 
and suppresses innate immune response to DNA viruses (Wang 
et al., 2015b). TRIM30α also negatively regulates TRAF6-induced 
NF-κB activation involved in TLR by degrading TAB2 and 
TAB3 (Shi et  al., 2008). Although TRIM30a is well known in 
mouse, it is phylogenetically related to human TRIMs 5, 6, 
22, and 34, which provide the possibility that TRIMs serve 
as immune regulator in mouse in a similar manner with that 
in humans (Song et  al., 2005).

CONCLUSION AND FUTURE 
PERSPECTIVES

Here we have collected recent studies on the regulatory effects 
of TRIMs in several main signaling pathways, and we have discussed 
the latest research on immune evasion of viruses by antagonizing 
TRIM activity or utilizing TRIMs. There seems to be no direct 
correlation between the immune regulation and any particular 
subfamily of TRIMs. Thus, TRIM6 and TRIM25, belonging to 
the C-IV group, positive regulate PRR signaling pathways, while 
TRIM21 and TRIM26, also members of the C-IV group, act as 
negative regulators of antiviral immune response (Manocha et  al., 
2014; Rajsbaum et al., 2014b; Ran et al., 2016; Sanchez et al., 2016).

Over the past decade, multiple studies have explored the 
function of TRIMs in the innate immunity. It is clear that 
TRIMs play critical roles in regulating immune response to 
restrict viral infection, especially in NF-κB and IRF signaling. 
However, TRIMs whose mechanisms are not limited to innate 
immune regulation. Recently, previously uncharacterized 
phenomenon has been detected, for example, TRIM25 presentation 
of RNA-binding activity, TRIM23 induction of autophagy, TRIM21 
participation in cell pyroptosis, and TRIM21 activation of the 
Nrf2 antioxidant signal pathway (Choudhury et al., 2017; Sparrer 
et  al., 2017; Choi et  al., 2020; Song et  al., 2020). The functions 
of TRIMs in the innate immunity remain to be  further defined, 
but the functions of TRIMs likely go far beyond immune regulation.

The viral evasions are mainly involved in the regulatory 
function of TRIMs in immune response. TRIMs, including 
TRIM25, TRIM6, TRIM14, and TRIM30α (Wang et  al., 2015b; 

Sanchez et  al., 2016), act as positive or negative modulator in 
the innate immune. Nevertheless, reports have shown that some 
TRIMs are able to regulate immune pathways both positively 
and negatively, such as TRIM21, TRIM27, and TRIM32 (Higgs 
et al., 2008; Yang et al., 2009; Conwell et al., 2015). A comprehensive 
understanding of the regulation of TRIMs on immune response 
can support further research on antiviral innate immunity 
pathway dependencies during the process of viral infection. Of 
highly topical interest, the SARS-CoV, MERS-CoV, and SARS-
CoV-2, belonging to the Coronaviridae family, have caused 
devastating pandemic disease in humans. There is evidence to 
show that the coronaviral nucleocapsid (N) protein suppresses 
TRIM25 activity to defend against human immune response 
(Hu et  al., 2017; Chang et  al., 2020; Oh and Shin, 2021). On 
the other hand, the N protein can be  degraded by TRIM21 
(Wang et  al., 2021). It is therefore of urgent interest to clarify 
the dynamic interaction of the N protein with TRIMs, which 
can provide new clues to understand coronavirus pathogenesis.

The current understanding of the role of TRIMs in immune 
regulation is broad and well supported, but the knowledge of 
the mechanisms by which TRIMs participate in viral immune 
evasion is weakness. This review would be  a fruitful line for 
future investigations. Demonstration of virus-TRIM interactions 
may reveal new molecular targets for the treatment, or even 
prevention, of viral infectious diseases.

AUTHOR CONTRIBUTIONS

X-ZZ wrote the manuscript. F-HL and X-JW improved the 
manuscript. All authors contributed to the article and approved 
the submitted version.

FUNDING

This work was supported by the National Natural Science 
Foundation of China (31772739 and 32172821) and a CAU-Grant 
for the Prevention and Control of Immunosuppressive Disease 
in Animals of the China Agricultural University.

ACKNOWLEDGMENTS

We appreciate HCR Wang at the University of Tennessee for 
his critical review of this report.

 

REFERENCES

Atkinson, S. C., Heaton, S. M., Audsley, M. D., Kleifeld, O., and Borg, N. A. 
(2021). TRIM25 and DEAD-Box RNA Helicase DDX3X Cooperate to Regulate 
RIG-I-Mediated Antiviral Immunity. Int. J. Mol. Sci. 22:9094. doi: 10.3390/
ijms22169094

Banji, D., Alqahtani, S. S., Banji, O. J. F., Machanchery, S., and Shoaib, A. 
(2021). Calming the inflammatory storm in severe COVID-19 infections: 
role of biologics—a narrative review. Saudi Pharm. J. 29, 213–222. doi: 
10.1016/j.jsps.2021.01.005

Bharaj, P., Atkins, C., Luthra, P., Giraldo, M. I., Dawes, B. E., Miorin, L., et al. 
(2017). The host E3-ubiquitin ligase TRIM6 ubiquitinates the ebola virus 
VP35 protein and promotes virus replication. J. Virol. 91, e00833–e00917. 
doi: 10.1128/JVI.00833-17

Bharaj, P., Wang, Y. E., Dawes, B. E., Yun, T. E., Park, A., Yen, B., et al. 
(2016). The matrix protein of Nipah virus targets the E3-ubiquitin ligase 
TRIM6 to inhibit the IKKepsilon kinase-mediated type-I IFN antiviral 
response. PLoS Pathog. 12:e1005880. doi: 10.1371/journal.ppat.1005880

Blaine, A. H., Miranzo-Navarro, D., Campbell, L. K., Aldridge, J. R., Webster, R. G., 
and Magor, K. E. (2015). Duck TRIM27-L enhances MAVS signaling and 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.3390/ijms22169094
https://doi.org/10.3390/ijms22169094
https://doi.org/10.1016/j.jsps.2021.01.005
https://doi.org/10.1128/JVI.00833-17
https://doi.org/10.1371/journal.ppat.1005880


Zhang et al. Viral Evasion Involved TRIMs

Frontiers in Microbiology | www.frontiersin.org 9 December 2021 | Volume 12 | Article 794882

is absent in chickens and turkeys. Mol. Immunol. 67, 607–615. doi: 10.1016/j.
molimm.2015.07.011

Blondel, D., Kheddache, S., Lahaye, X., Dianoux, L., and Chelbi-Alix, M. K. 
(2010). Resistance to rabies virus infection conferred by the PMLIV isoform. 
J. Virol. 84, 10719–10726. doi: 10.1128/JVI.01286-10

Borden, K. L. (2000). RING domains: master builders of molecular scaffolds? 
J. Mol. Biol. 295, 1103–1112. doi: 10.1006/jmbi.1999.3429

Bottermann, M., and James, L. C. (2018). Intracellular antiviral immunity. Adv. 
Virus Res. 100, 309–354. doi: 10.1016/bs.aivir.2018.01.002

Boutell, C., Orr, A., and Everett, R. D. (2003). PML residue lysine 160 is required 
for the degradation of PML induced by herpes simplex virus type 1 regulatory 
protein ICP0. J. Virol. 77, 8686–8694. doi: 10.1128/JVI.77.16.8686-8694.2003

Cai, J., Chen, H. Y., Peng, S. J., Meng, J. L., Wang, Y., Zhou, Y., et al. (2018). 
USP7-TRIM27 axis negatively modulates antiviral type I  IFN signaling. 
FASEB J. 32, 5238–5249. doi: 10.1096/fj.201700473RR

Chan, Y. K., and Gack, M. U. (2015). RIG-I-like receptor regulation in virus 
infection and immunity. Curr. Opin. Virol. 12, 7–14. doi: 10.1016/j.
coviro.2015.01.004

Chang, C. Y., Liu, H. M., Chang, M. F., and Chang, S. C. (2020). Middle east 
respiratory syndrome coronavirus nucleocapsid protein suppresses type I and 
type III interferon induction by targeting RIG-I signaling. J. Virol. 94, 
e00099–e00020. doi: 10.1128/JVI.00099-20

Chelbi-Alix, M. K., and de The, H. (1999). Herpes virus induced proteasome-
dependent degradation of the nuclear bodies-associated PML and Sp100 
proteins. Oncogene 18, 935–941. doi: 10.1038/sj.onc.1202366

Chen, D., Feng, C., Tian, X., Zheng, N., and Wu, Z. (2018a). Promyelocytic 
leukemia restricts enterovirus 71 replication by inhibiting autophagy. Front. 
Immunol. 9:1268. doi: 10.3389/fimmu.2018.01268

Chen, Y., Cao, S., Sun, Y., and Li, C. (2018b). Gene expression profiling of 
the TRIM protein family reveals potential biomarkers for indicating tuberculosis 
status. Microb. Pathog. 114, 385–392. doi: 10.1016/j.micpath.2017.12.008

Chen, B., Huo, S., Liu, W., Wang, F., Lu, Y., Xu, Z., et al. (2019). Fish-specific 
finTRIM FTR36 triggers IFN pathway and mediates inhibition of viral 
replication. Fish Shellfish Immunol. 84, 876–884. doi: 10.1016/j.fsi.2018.10.051

Chiang, C., Dvorkin, S., Chiang, J. J., Potter, R. B., and Gack, M. U. (2021). 
The small t antigen of JC virus antagonizes RIG-I-mediated innate immunity 
by inhibiting TRIM25's RNA binding ability. mBio 12, e00620–e00621. doi: 
10.1128/mBio.00620-21

Chiang, C., Pauli, E. K., Biryukov, J., Feister, K. F., Meng, M., White, E. A., 
et al. (2018a). The human papillomavirus E6 oncoprotein targets USP15 
and TRIM25 to suppress RIG-I-mediated innate immune signaling. J. Virol. 
92, e01737–e01717. doi: 10.1128/JVI.01737-17

Chiang, J. J., Sparrer, K. M. J., van Gent, M., Lassig, C., Huang, T., Osterrieder, N., 
et al. (2018b). Viral unmasking of cellular 5S rRNA pseudogene transcripts 
induces RIG-I-mediated immunity. Nat. Immunol. 19, 53–62. doi: 10.1038/
s41590-017-0005-y

Choi, Y., Jiang, Z., Shin, W. J., and Jung, J. U. (2020). Severe fever with 
thrombocytopenia syndrome virus NSs interacts with TRIM21 to activate the 
p62-Keap1-Nrf2 pathway. J. Virol. 94, e01684–e01619. doi: 10.1128/JVI.01684-19

Choudhury, N. R., Heikel, G., and Michlewski, G. (2020). TRIM25 and its 
emerging RNA-binding roles in antiviral defense. Wiley Interdiscip. Rev. RNA 
11:e1588. doi: 10.1002/wrna.1588

Choudhury, N. R., Heikel, G., Trubitsyna, M., Kubik, P., Nowak, J. S., Webb, S., 
et al. (2017). RNA-binding activity of TRIM25 is mediated by its PRY/
SPRY domain and is required for ubiquitination. BMC Biol. 15:105. doi: 
10.1186/s12915-017-0444-9

Cokic, V. P., Bhattacharya, B., Beleslin-Cokic, B. B., Noguchi, C. T., Puri, R. K., 
and Schechter, A. N. (2012). JAK-STAT and AKT pathway-coupled genes in 
erythroid progenitor cells through ontogeny. J. Transl. Med. 10:116. doi: 
10.1186/1479-5876-10-116

Conwell, S. E., White, A. E., Harper, J. W., and Knipe, D. M. (2015). Identification 
of TRIM27 as a novel degradation target of herpes simplex virus 1 ICP0. 
J. Virol. 89, 220–229. doi: 10.1128/JVI.02635-14

Dou, Y., Xing, J., Kong, G., Wang, G., Lou, X., Xiao, X., et al. (2019). Identification 
of the E3 ligase TRIM29 as a critical checkpoint regulator of NK cell 
functions. J. Immunol. 203, 873–880. doi: 10.4049/jimmunol.1900171

Dutrieux, J., Maarifi, G., Portilho, D. M., Arhel, N. J., Chelbi-Alix, M. K., and 
Nisole, S. (2015). PML/TRIM19-dependent inhibition of retroviral reverse-
transcription by Daxx. PLoS Pathog. 11:e1005280. doi: 10.1371/journal.ppat.1005280

Gack, M. U., Albrecht, R. A., Urano, T., Inn, K. S., Huang, I. C., Carnero, E., 
et al. (2009). Influenza A virus NS1 targets the ubiquitin ligase TRIM25 
to evade recognition by the host viral RNA sensor RIG-I. Cell Host Microbe 
5, 439–449. doi: 10.1016/j.chom.2009.04.006

Ganser-Pornillos, B. K., and Pornillos, O. (2019). Restriction of HIV-1 and 
other retroviruses by TRIM5. Nat. Rev. Microbiol. 17, 546–556. doi: 10.1038/
s41579-019-0225-2

Gay, N. J., Symmons, M. F., Gangloff, M., and Bryant, C. E. (2014). Assembly 
and localization of toll-like receptor signalling complexes. Nat. Rev. Immunol. 
14, 546–558. doi: 10.1038/nri3713

Ghoreschi, K., Laurence, A., and O'Shea, J. J. (2009). Janus kinases in immune cell 
signaling. Immunol. Rev. 228, 273–287. doi: 10.1111/j.1600-065X.2008.00754.x

Gupta, S., Yla-Anttila, P., Callegari, S., Tsai, M. H., Delecluse, H. J., and Masucci, M. G. 
(2018). Herpesvirus deconjugases inhibit the IFN response by promoting TRIM25 
autoubiquitination and functional inactivation of the RIG-I signalosome. PLoS 
Pathog. 14:e1006852. doi: 10.1371/journal.ppat.1006852

Hatakeyama, S. (2017). TRIM family proteins: roles in autophagy, immunity, 
and carcinogenesis. Trends Biochem. Sci. 42, 297–311. doi: 10.1016/j.
tibs.2017.01.002

Higgs, R., Gabhann, J. N., Larbi, N. B., Breen, E. P., Fitzgerald, K. A., and 
Jefferies, C. A. (2008). The E3 ubiquitin ligase Ro52 negatively regulates 
IFN-beta production post-pathogen recognition by polyubiquitin-mediated 
degradation of IRF3. J. Immunol. 181, 1780–1786. doi: 10.4049/
jimmunol.181.3.1780

Hu, Y., Li, W., Gao, T., Cui, Y., Jin, Y., Li, P., et al. (2017). The severe acute 
respiratory syndrome coronavirus nucleocapsid inhibits type I  interferon 
production by interfering with TRIM25-mediated RIG-I ubiquitination. J. 
Virol. 91, e02143–e02116. doi: 10.1128/JVI.02143-16

Hu, M. M., Xie, X. Q., Yang, Q., Liao, C. Y., Ye, W., Lin, H., et al. (2015). 
TRIM38 negatively regulates TLR3/4-mediated innate immune and 
inflammatory responses by two sequential and distinct mechanisms. J. 
Immunol. 195, 4415–4425. doi: 10.4049/jimmunol.1500859

Hu, M. M., Yang, Q., Xie, X. Q., Liao, C. Y., Lin, H., Liu, T. T., et al. (2016). 
Sumoylation promotes the stability of the DNA sensor cGAS and the adaptor 
STING to regulate the kinetics of response to DNA virus. Immunity 45, 
555–569. doi: 10.1016/j.immuni.2016.08.014

Hu, M. M., Yang, Q., Zhang, J., Liu, S. M., Zhang, Y., Lin, H., et al. (2014). 
TRIM38 inhibits TNFalpha- and IL-1beta-triggered NF-kappaB activation 
by mediating lysosome-dependent degradation of TAB2/3. Proc. Natl. Acad. 
Sci. U. S. A. 111, 1509–1514. doi: 10.1073/pnas.1318227111

Huang, H., Sharma, M., Zhang, Y., Li, C., Liu, K., Wei, J., et al. (2020). Expression 
profile of porcine TRIM26 and its inhibitory effect on interferon-beta 
production and antiviral response. Genes 11:1226. doi: 10.3390/genes11101226

Ishikawa, H., Ma, Z., and Barber, G. N. (2009). STING regulates intracellular 
DNA-mediated, type I  interferon-dependent innate immunity. Nature 461, 
788–792. doi: 10.1038/nature08476

Jiang, X., Kinch, L. N., Brautigam, C. A., Chen, X., Du, F., Grishin, N. V., 
et al. (2012). Ubiquitin-induced oligomerization of the RNA sensors RIG-I 
and MDA5 activates antiviral innate immune response. Immunity 36, 959–973. 
doi: 10.1016/j.immuni.2012.03.022

Jiang, J., Li, J., Fan, W., Zheng, W., Yu, M., Chen, C., et al. (2016). Robust 
Lys63-linked ubiquitination of RIG-I promotes cytokine eruption in early 
influenza B virus infection. J. Virol. 90, 6263–6275. doi: 10.1128/JVI.00549-16

Jimenez-Dalmaroni, M. J., Gerswhin, M. E., and Adamopoulos, I. E. (2016). 
The critical role of toll-like receptors--from microbial recognition to 
autoimmunity: a comprehensive review. Autoimmun. Rev. 15, 1–8. doi: 
10.1016/j.autrev.2015.08.009

Kagan, J. C., and Barton, G. M. (2014). Emerging principles governing signal 
transduction by pattern-recognition receptors. Cold Spring Harb. Perspect. 
Biol. 7:a016253. doi: 10.1101/cshperspect.a016253

Kapoor, A., Forman, M., and Arav-Boger, R. (2014). Activation of nucleotide 
oligomerization domain 2 (NOD2) by human cytomegalovirus initiates innate 
immune responses and restricts virus replication. PLoS One 9:e92704. doi: 
10.1371/journal.pone.0092704

Kentsis, A., Dwyer, E. C., Perez, J. M., Sharma, M., Chen, A., Pan, Z. Q., et al. 
(2001). The RING domains of the promyelocytic leukemia protein PML and 
the arenaviral protein Z repress translation by directly inhibiting translation 
initiation factor eIF4E. J. Mol. Biol. 312, 609–623. doi: 10.1006/jmbi.2001. 
5003

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1016/j.molimm.2015.07.011
https://doi.org/10.1016/j.molimm.2015.07.011
https://doi.org/10.1128/JVI.01286-10
https://doi.org/10.1006/jmbi.1999.3429
https://doi.org/10.1016/bs.aivir.2018.01.002
https://doi.org/10.1128/JVI.77.16.8686-8694.2003
https://doi.org/10.1096/fj.201700473RR
https://doi.org/10.1016/j.coviro.2015.01.004
https://doi.org/10.1016/j.coviro.2015.01.004
https://doi.org/10.1128/JVI.00099-20
https://doi.org/10.1038/sj.onc.1202366
https://doi.org/10.3389/fimmu.2018.01268
https://doi.org/10.1016/j.micpath.2017.12.008
https://doi.org/10.1016/j.fsi.2018.10.051
https://doi.org/10.1128/mBio.00620-21
https://doi.org/10.1128/JVI.01737-17
https://doi.org/10.1038/s41590-017-0005-y
https://doi.org/10.1038/s41590-017-0005-y
https://doi.org/10.1128/JVI.01684-19
https://doi.org/10.1002/wrna.1588
https://doi.org/10.1186/s12915-017-0444-9
https://doi.org/10.1186/1479-5876-10-116
https://doi.org/10.1128/JVI.02635-14
https://doi.org/10.4049/jimmunol.1900171
https://doi.org/10.1371/journal.ppat.1005280
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1038/s41579-019-0225-2
https://doi.org/10.1038/s41579-019-0225-2
https://doi.org/10.1038/nri3713
https://doi.org/10.1111/j.1600-065X.2008.00754.x
https://doi.org/10.1371/journal.ppat.1006852
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.4049/jimmunol.181.3.1780
https://doi.org/10.4049/jimmunol.181.3.1780
https://doi.org/10.1128/JVI.02143-16
https://doi.org/10.4049/jimmunol.1500859
https://doi.org/10.1016/j.immuni.2016.08.014
https://doi.org/10.1073/pnas.1318227111
https://doi.org/10.3390/genes11101226
https://doi.org/10.1038/nature08476
https://doi.org/10.1016/j.immuni.2012.03.022
https://doi.org/10.1128/JVI.00549-16
https://doi.org/10.1016/j.autrev.2015.08.009
https://doi.org/10.1101/cshperspect.a016253
https://doi.org/10.1371/journal.pone.0092704
https://doi.org/10.1006/jmbi.2001.5003
https://doi.org/10.1006/jmbi.2001.5003


Zhang et al. Viral Evasion Involved TRIMs

Frontiers in Microbiology | www.frontiersin.org 10 December 2021 | Volume 12 | Article 794882

Khan, R., Khan, A., Ali, A., and Idrees, M. (2019). The interplay between 
viruses and TRIM family proteins. Rev. Med. Virol. 29:e2028. doi: 10.1002/
rmv.2028

Koepke, L., Gack, M. U., and Sparrer, K. M. (2021). The antiviral activities of 
TRIM proteins. Curr. Opin. Microbiol. 59, 50–57. doi: 10.1016/j.mib.2020.07.005

Koliopoulos, M. G., Lethier, M., van der Veen, A. G., Haubrich, K., Hennig, J., 
Kowalinski, E., et al. (2018). Molecular mechanism of influenza A NS1-
mediated TRIM25 recognition and inhibition. Nat. Commun. 9:1820. doi: 
10.1038/s41467-018-04214-8

Lang, X., Tang, T., Jin, T., Ding, C., Zhou, R., and Jiang, W. (2017). TRIM65-
catalized ubiquitination is essential for MDA5-mediated antiviral innate 
immunity. J. Exp. Med. 214, 459–473. doi: 10.1084/jem.20160592

Laurent-Rolle, M., Morrison, J., Rajsbaum, R., Macleod, J. M. L., Pisanelli, G., 
Pham, A., et al. (2014). The interferon signaling antagonist function of 
yellow fever virus NS5 protein is activated by type I  interferon. Cell Host 
Microbe 16, 314–327. doi: 10.1016/j.chom.2014.07.015

Li, M. M., Lau, Z., Cheung, P., Aguilar, E. G., Schneider, W. M., Bozzacco, L., 
et al. (2017). TRIM25 enhances the antiviral action of zinc-finger antiviral 
protein (ZAP). PLoS Pathog. 13:e1006145. doi: 10.1371/journal.ppat. 
1006145

Li, Q., Lin, L., Tong, Y., Liu, Y., Mou, J., Wang, X., et al. (2018). TRIM29 
negatively controls antiviral immune response through targeting STING for 
degradation. Cell Discov. 4:13. doi: 10.1038/s41421-018-0010-9

Liu, X., Matrenec, R., Gack, M. U., and He, B. (2019). Disassembly of the 
TRIM23-TBK1 complex by the Us11 protein of herpes simplex virus 1 
impairs autophagy. J. Virol. 93, e00497–e00419. doi: 10.1128/JVI.00497-19

Lopez, P., Jacob, R. J., and Roizman, B. (2002). Overexpression of promyelocytic 
leukemia protein precludes the dispersal of ND10 structures and has no 
effect on accumulation of infectious herpes simplex virus 1 or its proteins. 
J. Virol. 76, 9355–9367. doi: 10.1128/JVI.76.18.9355-9367.2002

Majoros, A., Platanitis, E., Kernbauer-Holzl, E., Rosebrock, F., Muller, M., and 
Decker, T. (2017). Canonical and non-canonical aspects of JAK-STAT signaling: 
lessons from interferons for cytokine responses. Front. Immunol. 8:29. doi: 
10.3389/fimmu.2017.00029

Manocha, G. D., Mishra, R., Sharma, N., Kumawat, K. L., Basu, A., and 
Singh, S. K. (2014). Regulatory role of TRIM21  in the type-I interferon 
pathway in Japanese encephalitis virus-infected human microglial cells. J. 
Neuroinflammation 11:24. doi: 10.1186/1742-2094-11-24

Manokaran, G., Finol, E., Wang, C., Gunaratne, J., Bahl, J., Ong, E. Z., et al. 
(2015). Dengue subgenomic RNA binds TRIM25 to inhibit interferon 
expression for epidemiological fitness. Science 350, 217–221. doi: 10.1126/
science.aab3369

Marin, I. (2012). Origin and diversification of TRIM ubiquitin ligases. PLoS 
One 7:e50030. doi: 10.1371/journal.pone.0050030

Masroori, N., Merindol, N., and Berthoux, L. (2016). The interferon-induced 
antiviral protein PML (TRIM19) promotes the restriction and transcriptional 
silencing of lentiviruses in a context-specific, isoform-specific fashion. 
Retrovirology 13:19. doi: 10.1186/s12977-016-0253-1

McEwan, W. A., Tam, J. C., Watkinson, R. E., Bidgood, S. R., Mallery, D. L., 
and James, L. C. (2013). Intracellular antibody-bound pathogens stimulate 
immune signaling via the Fc receptor TRIM21. Nat. Immunol. 14, 327–336. 
doi: 10.1038/ni.2548

Medzhitov, R. (2007). Recognition of microorganisms and activation of the 
immune response. Nature 449, 819–826. doi: 10.1038/nature06246

Meroni, G. (2012). Genomics and evolution of the TRIM gene family. Adv. 
Exp. Med. Biol. 770, 1–9. doi: 10.1007/978-1-4614-5398-7_1

Meroni, G., and Diez-Roux, G. (2005). TRIM/RBCC, a novel class of 'single 
protein RING finger' E3 ubiquitin ligases. Bioessays 27, 1147–1157. doi: 
10.1002/bies.20304

Meyts, I., and Casanova, J. L. (2021). Viral infections in humans and mice 
with genetic deficiencies of the type I IFN response pathway. Eur. J. Immunol. 
51, 1039–1061. doi: 10.1002/eji.202048793

Min, Y. Q., Ning, Y. J., Wang, H., and Deng, F. (2020). A RIG-I-like receptor 
directs antiviral responses to a bunyavirus and is antagonized by virus-
induced blockade of TRIM25-mediated ubiquitination. J. Biol. Chem. 295, 
9691–9711. doi: 10.1074/jbc.RA120.013973

Moreira, L. O., and Zamboni, D. S. (2012). NOD1 and NOD2 signaling in 
infection and inflammation. Front. Immunol. 3:328. doi: 10.3389/
fimmu.2012.00328

Nisole, S., Stoye, J. P., and Saib, A. (2005). TRIM family proteins: retroviral 
restriction and antiviral defence. Nat. Rev. Microbiol. 3, 799–808. doi: 10.1038/
nrmicro1248

Odendall, C., and Kagan, J. C. (2017). Activation and pathogenic manipulation 
of the sensors of the innate immune system. Microbes Infect. 19, 229–237. 
doi: 10.1016/j.micinf.2017.01.003

Oh, S. J., and Shin, O. S. (2021). SARS-CoV-2 nucleocapsid protein targets 
RIG-I-like receptor pathways to inhibit the induction of interferon response. 
Cells 10:530. doi: 10.3390/cells10030530

Okumura, F., Matsunaga, Y., Katayama, Y., Nakayama, K. I., and Hatakeyama, S. 
(2010). TRIM8 modulates STAT3 activity through negative regulation of 
PIAS3. J. Cell Sci. 123, 2238–2245. doi: 10.1242/jcs.068981

Ozato, K., Shin, D. M., Chang, T. H., and Morse, H. C. (2008). TRIM family 
proteins and their emerging roles in innate immunity. Nat. Rev. Immunol. 
8, 849–860. doi: 10.1038/nri2413

Paijo, J., Doring, M., Spanier, J., Grabski, E., Nooruzzaman, M., Schmidt, T., 
et al. (2016). cGAS senses human cytomegalovirus and induces type I interferon 
responses in human monocyte-derived cells. PLoS Pathog. 12:e1005546. doi: 
10.1371/journal.ppat.1005546

Pauli, E. K., Chan, Y. K., Davis, M. E., Gableske, S., Wang, M. K., Feister, K. F., 
et al. (2014). The ubiquitin-specific protease USP15 promotes RIG-I-mediated 
antiviral signaling by deubiquitylating TRIM25. Sci. Signal. 7:ra3. doi: 10.1126/
scisignal.2004577

Raftery, N., and Stevenson, N. J. (2017). Advances in anti-viral immune defence: 
revealing the importance of the IFN JAK/STAT pathway. Cell. Mol. Life 
Sci. 74, 2525–2535. doi: 10.1007/s00018-017-2520-2

Rajsbaum, R., Albrecht, R. A., Wang, M. K., Maharaj, N. P., Versteeg, G. A., 
Nistal-Villan, E., et al. (2012). Species-specific inhibition of RIG-I ubiquitination 
and IFN induction by the influenza A virus NS1 protein. PLoS Pathog. 
8:e1003059. doi: 10.1371/journal.ppat.1003059

Rajsbaum, R., Garcia-Sastre, A., and Versteeg, G. A. (2014a). TRIMmunity: 
the roles of the TRIM E3-ubiquitin ligase family in innate antiviral immunity. 
J. Mol. Biol. 426, 1265–1284. doi: 10.1016/j.jmb.2013.12.005

Rajsbaum, R., Versteeg, G. A., Schmid, S., Maestre, A. M., Belicha-Villanueva, A., 
Martinez-Romero, C., et al. (2014b). Unanchored K48-linked polyubiquitin 
synthesized by the E3-ubiquitin ligase TRIM6 stimulates the interferon-
IKKepsilon kinase-mediated antiviral response. Immunity 40, 880–895. doi: 
10.1016/j.immuni.2014.04.018

Ran, Y., Zhang, J., Liu, L. L., Pan, Z. Y., Nie, Y., Zhang, H. Y., et al. (2016). 
Autoubiquitination of TRIM26 links TBK1 to NEMO in RLR-mediated 
innate antiviral immune response. J. Mol. Cell Biol. 8, 31–43. doi: 10.1093/
jmcb/mjv068

Reddy, B. A., and Etkin, L. D. (1991). A unique bipartite cysteine-histidine 
motif defines a subfamily of potential zinc-finger proteins. Nucleic Acids 
Res. 19:6330. doi: 10.1093/nar/19.22.6330

Reichelt, M., Wang, L., Sommer, M., Perrino, J., Nour, A. M., Sen, N., et al. 
(2011). Entrapment of viral capsids in nuclear PML cages is an intrinsic 
antiviral host defense against varicella-zoster virus. PLoS Pathog. 7:e1001266. 
doi: 10.1371/journal.ppat.1001266

Reinert, L. S., Lopusna, K., Winther, H., Sun, C., Thomsen, M. K., Nandakumar, R., 
et al. (2016). Sensing of HSV-1 by the cGAS-STING pathway in microglia 
orchestrates antiviral defence in the CNS. Nat. Commun. 7:13348. doi: 
10.1038/ncomms13348

Runge, S., Sparrer, K. M., Lassig, C., Hembach, K., Baum, A., Garcia-Sastre, A., 
et al. (2014). In vivo ligands of MDA5 and RIG-I in measles virus-infected 
cells. PLoS Pathog. 10:e1004081. doi: 10.1371/journal.ppat.1004081

Sanchez, J. G., Chiang, J. J., Sparrer, K. M. J., Alam, S. L., Chi, M., 
Roganowicz, M. D., et al. (2016). Mechanism of TRIM25 catalytic activation 
in the antiviral RIG-I pathway. Cell Rep. 16, 1315–1325. doi: 10.1016/j.
celrep.2016.06.070

Santiago, F. W., Covaleda, L. M., Sanchez-Aparicio, M. T., Silvas, J. A., 
Diaz-Vizarreta, A. C., Patel, J. R., et al. (2014). Hijacking of RIG-I signaling 
proteins into virus-induced cytoplasmic structures correlates with the inhibition 
of type I  interferon responses. J. Virol. 88, 4572–4585. doi: 10.1128/JVI. 
03021-13

Scherer, M., Klingl, S., Sevvana, M., Otto, V., Schilling, E. M., Stump, J. D., 
et al. (2014). Crystal structure of cytomegalovirus IE1 protein reveals targeting 
of TRIM family member PML via coiled-coil interactions. PLoS Pathog. 
10:e1004512. doi: 10.1371/journal.ppat.1004512

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1002/rmv.2028
https://doi.org/10.1002/rmv.2028
https://doi.org/10.1016/j.mib.2020.07.005
https://doi.org/10.1038/s41467-018-04214-8
https://doi.org/10.1084/jem.20160592
https://doi.org/10.1016/j.chom.2014.07.015
https://doi.org/10.1371/journal.ppat.1006145
https://doi.org/10.1371/journal.ppat.1006145
https://doi.org/10.1038/s41421-018-0010-9
https://doi.org/10.1128/JVI.00497-19
https://doi.org/10.1128/JVI.76.18.9355-9367.2002
https://doi.org/10.3389/fimmu.2017.00029
https://doi.org/10.1186/1742-2094-11-24
https://doi.org/10.1126/science.aab3369
https://doi.org/10.1126/science.aab3369
https://doi.org/10.1371/journal.pone.0050030
https://doi.org/10.1186/s12977-016-0253-1
https://doi.org/10.1038/ni.2548
https://doi.org/10.1038/nature06246
https://doi.org/10.1007/978-1-4614-5398-7_1
https://doi.org/10.1002/bies.20304
https://doi.org/10.1002/eji.202048793
https://doi.org/10.1074/jbc.RA120.013973
https://doi.org/10.3389/fimmu.2012.00328
https://doi.org/10.3389/fimmu.2012.00328
https://doi.org/10.1038/nrmicro1248
https://doi.org/10.1038/nrmicro1248
https://doi.org/10.1016/j.micinf.2017.01.003
https://doi.org/10.3390/cells10030530
https://doi.org/10.1242/jcs.068981
https://doi.org/10.1038/nri2413
https://doi.org/10.1371/journal.ppat.1005546
https://doi.org/10.1126/scisignal.2004577
https://doi.org/10.1126/scisignal.2004577
https://doi.org/10.1007/s00018-017-2520-2
https://doi.org/10.1371/journal.ppat.1003059
https://doi.org/10.1016/j.jmb.2013.12.005
https://doi.org/10.1016/j.immuni.2014.04.018
https://doi.org/10.1093/jmcb/mjv068
https://doi.org/10.1093/jmcb/mjv068
https://doi.org/10.1093/nar/19.22.6330
https://doi.org/10.1371/journal.ppat.1001266
https://doi.org/10.1038/ncomms13348
https://doi.org/10.1371/journal.ppat.1004081
https://doi.org/10.1016/j.celrep.2016.06.070
https://doi.org/10.1016/j.celrep.2016.06.070
https://doi.org/10.1128/JVI.03021-13
https://doi.org/10.1128/JVI.03021-13
https://doi.org/10.1371/journal.ppat.1004512


Zhang et al. Viral Evasion Involved TRIMs

Frontiers in Microbiology | www.frontiersin.org 11 December 2021 | Volume 12 | Article 794882

Schilling, E. M., Scherer, M., Reuter, N., Schweininger, J., Muller, Y. A., and 
Stamminger, T. (2017). The human cytomegalovirus IE1 protein antagonizes 
PML nuclear body-mediated intrinsic immunity via the inhibition of PML 
de novo SUMOylation. J. Virol. 91, e02049–e02016. doi: 10.1128/JVI.02049-16

Seo, G. J., Kim, C., Shin, W. J., Sklan, E. H., Eoh, H., and Jung, J. U. (2018). 
TRIM56-mediated monoubiquitination of cGAS for cytosolic DNA sensing. 
Nat. Commun. 9:613. doi: 10.1038/s41467-018-02936-3

Sewatanon, J., and Ling, P. D. (2013). Murine gammaherpesvirus 68 ORF75c 
contains ubiquitin E3 ligase activity and requires PML SUMOylation but 
not other known cellular PML regulators, CK2 and E6AP, to mediate PML 
degradation. Virology 440, 140–149. doi: 10.1016/j.virol.2013.02.014

Shen, Y., Li, N. L., Wang, J., Liu, B., Lester, S., and Li, K. (2012). TRIM56 is 
an essential component of the TLR3 antiviral signaling pathway. J. Biol. 
Chem. 287, 36404–36413. doi: 10.1074/jbc.M112.397075

Shi, M., Deng, W., Bi, E., Mao, K., Ji, Y., Lin, G., et al. (2008). TRIM30 alpha 
negatively regulates TLR-mediated NF-kappa B activation by targeting TAB2 
and TAB3 for degradation. Nat. Immunol. 9, 369–377. doi: 10.1038/ni1577

Song, B., Gold, B., O'Huigin, C., Javanbakht, H., Li, X., Stremlau, M., et al. 
(2005). The B30.2(SPRY) domain of the retroviral restriction factor TRIM5alpha 
exhibits lineage-specific length and sequence variation in primates. J. Virol. 
79, 6111–6121. doi: 10.1128/JVI.79.10.6111-6121.2005

Song, Y., Wu, X., Xu, Y., Zhu, J., Li, J., Zou, Z., et al. (2020). HPV E7 inhibits 
cell pyroptosis by promoting TRIM21-mediated degradation and ubiquitination 
of the IFI16 inflammasome. Int. J. Biol. Sci. 16, 2924–2937. doi: 10.7150/
ijbs.50074

Soulat, D., Burckstummer, T., Westermayer, S., Goncalves, A., Bauch, A., Stefanovic, A, 
et al. (2008). The DEAD-box helicase DDX3X is a critical component of the 
TANK-binding kinase 1-dependent innate immune response. EMBO J. 27, 
2135–2146. doi: 10.1038/emboj.2008.126

Sparrer, K. M. J., Gableske, S., Zurenski, M. A., Parker, Z. M., Full, F., Baumgart, G. J., 
et al. (2017). TRIM23 mediates virus-induced autophagy via activation of TBK1. 
Nat. Microbiol. 2, 1543–1557. doi: 10.1038/s41564-017-0017-2

Su, X., Zhang, Q., Yue, J., Wang, Y., Zhang, Y., and Yang, R. (2020). TRIM59 
suppresses NO production by promoting the binding of PIAS1 and STAT1 in 
macrophages. Int. Immunopharmacol. 89:107030. doi: 10.1016/j.
intimp.2020.107030

Sun, N., Jiang, L., Ye, M., Wang, Y., Wang, G., Wan, X., et al. (2020). TRIM35 
mediates protection against influenza infection by activating TRAF3 and 
degrading viral PB2. Protein Cell 11, 894–914. doi: 10.1007/s13238-020- 
00734-6

Sun, B., Sundstrom, K. B., Chew, J. J., Bist, P., Gan, E. S., Tan, H. C., et al. 
(2017). Dengue virus activates cGAS through the release of mitochondrial 
DNA. Sci. Rep. 7:3594. doi: 10.1038/s41598-017-03932-1

Sundquist, W. I., and Pornillos, O. (2018). Retrovirus restriction by TRIM5alpha: 
RINGside at a cage fight. Cell Host Microbe 24, 751–753. doi: 10.1016/j.
chom.2018.11.013

Takeuchi, O., and Akira, S. (2010). Pattern recognition receptors and inflammation. 
Cell 140, 805–820. doi: 10.1016/j.cell.2010.01.022

Tan, P., He, L., Cui, J., Qian, C., Cao, X., Lin, M., et al. (2017). Assembly of 
the WHIP-TRIM14-PPP6C mitochondrial complex promotes RIG-I-mediated 
antiviral signaling. Mol. Cell 68:e295. doi: 10.1016/j.molcel.2017.09.035

Tan, X., Sun, L., Chen, J., and Chen, Z. J. (2018). Detection of microbial 
infections through innate immune sensing of nucleic acids. Annu. Rev. 
Microbiol. 72, 447–478. doi: 10.1146/annurev-micro-102215-095605

Tatematsu, M., Nishikawa, F., Seya, T., and Matsumoto, M. (2013). Toll-like 
receptor 3 recognizes incomplete stem structures in single-stranded viral 
RNA. Nat. Commun. 4:1833. doi: 10.1038/ncomms2857

Teng, Y., Ni, G., Zhang, W., Hua, J., Sun, L., Zheng, M., et al. (2020). TRIM59 
attenuates IL-1beta-driven cartilage matrix degradation in osteoarthritis via 
direct suppression of NF-kappaB and JAK2/STAT3 signaling pathway. Biochem. 
Biophys. Res. Commun. 529, 28–34. doi: 10.1016/j.bbrc.2020.05.130

Thompson, M. R., Kaminski, J. J., Kurt-Jones, E. A., and Fitzgerald, K. A. 
(2011). Pattern recognition receptors and the innate immune response to 
viral infection. Viruses 3, 920–940. doi: 10.3390/v3060920

Tikhe, C. V., and Dimopoulos, G. (2021). Mosquito antiviral immune pathways. 
Dev. Comp. Immunol. 116:103964. doi: 10.1016/j.dci.2020.103964

Tsuchida, T., Zou, J., Saitoh, T., Kumar, H., Abe, T., Matsuura, Y., et al. (2010). 
The ubiquitin ligase TRIM56 regulates innate immune responses to intracellular 
double-stranded DNA. Immunity 33, 765–776. doi: 10.1016/j.immuni.2010.10.013

van Gent, M., Sparrer, K. M. J., and Gack, M. U. (2018). TRIM proteins and 
their roles in antiviral host defenses. Annu. Rev. Virol. 5, 385–405. doi: 
10.1146/annurev-virology-092917-043323

van Tol, S., Atkins, C., Bharaj, P., Johnson, K. N., Hage, A., Freiberg, A. N., 
et al. (2020). VAMP8 contributes to the TRIM6-mediated type I  interferon 
antiviral response during west nile virus infection. J. Virol. 94, e01454–e01419. 
doi: 10.1128/JVI.01454-19

van Tol, S., Hage, A., Giraldo, M. I., Bharaj, P., and Rajsbaum, R. (2017). The 
TRIMendous role of TRIMs in virus-host interactions. Vaccines 5:23. doi: 
10.3390/vaccines5030023

Vance, R. E. (2016). Cytosolic DNA sensing: the field narrows. Immunity 45, 
227–228. doi: 10.1016/j.immuni.2016.08.006

Villano, J. S., Rong, F., and Cooper, T. K. (2014). Bacterial infections in Myd88-
deficient mice. Comp. Med. 64, 110–114.

Wang, H., Chen, X., Kong, N., Jiao, Y., Sun, D., Dong, S., et al. (2021). TRIM21 
inhibits porcine epidemic diarrhea virus proliferation by proteasomal 
degradation of the nucleocapsid protein. Arch. Virol. 166, 1903–1911. doi: 
10.1007/s00705-021-05080-4

Wang, P., Zhao, W., Zhao, K., Zhang, L., and Gao, C. (2015a). TRIM26 negatively 
regulates interferon-beta production and antiviral response through 
polyubiquitination and degradation of nuclear IRF3. PLoS Pathog. 11:e1004726. 
doi: 10.1371/journal.ppat.1004726

Wang, Y., Lian, Q., Yang, B., Yan, S., Zhou, H., He, L., et al. (2015b). TRIM30alpha 
is a negative-feedback regulator of the intracellular DNA and DNA virus-
triggered response by targeting STING. PLoS Pathog. 11:e1005012. doi: 
10.1371/journal.ppat.1005012

Wang, Q., Liu, X., Cui, Y., Tang, Y., Chen, W., Li, S., et al. (2014). The E3 
ubiquitin ligase AMFR and INSIG1 bridge the activation of TBK1 kinase 
by modifying the adaptor STING. Immunity 41, 919–933. doi: 10.1016/j.
immuni.2014.11.011

Xing, J., Weng, L., Yuan, B., Wang, Z., Jia, L., Jin, R., et al. (2016). Identification 
of a role for TRIM29  in the control of innate immunity in the respiratory 
tract. Nat. Immunol. 17, 1373–1380. doi: 10.1038/ni.3580

Xing, J., Zhang, A., Minze, L. J., Li, X. C., and Zhang, Z. (2018). TRIM29 
negatively regulates the type I  IFN production in response to RNA virus. 
J. Immunol. 201, 183–192. doi: 10.4049/jimmunol.1701569

Xing, J., Zhang, A., Zhang, H., Wang, J., Li, X. C., Zeng, M. S., et al. (2017). 
TRIM29 promotes DNA virus infections by inhibiting innate immune 
response. Nat. Commun. 8:945. doi: 10.1038/s41467-017-00101-w

Yang, K., Shi, H. X., Liu, X. Y., Shan, Y. F., Wei, B., Chen, S., et al. (2009). 
TRIM21 is essential to sustain IFN regulatory factor 3 activation during 
antiviral response. J. Immunol. 182, 3782–3792. doi: 10.4049/jimmunol. 
0803126

Ye, W., Hu, M. M., Lei, C. Q., Zhou, Q., Lin, H., Sun, M. S., et al. (2017). 
TRIM8 negatively regulates TLR3/4-mediated innate immune response by 
blocking TRIF-TBK1 interaction. J. Immunol. 199, 1856–1864. doi: 10.4049/
jimmunol.1601647

Yoneyama, M., Kikuchi, M., Natsukawa, T., Shinobu, N., Imaizumi, T., 
Miyagishi, M., et al. (2004). The RNA helicase RIG-I has an essential function 
in double-stranded RNA-induced innate antiviral responses. Nat. Immunol. 
5, 730–737. doi: 10.1038/ni1087

Zeng, W., Sun, L., Jiang, X., Chen, X., Hou, F., Adhikari, A., et al. (2010). 
Reconstitution of the RIG-I pathway reveals a signaling role of unanchored 
polyubiquitin chains in innate immunity. Cell 141, 315–330. doi: 10.1016/j.
cell.2010.03.029

Zhang, Z., Bao, M., Lu, N., Weng, L., Yuan, B., and Liu, Y. J. (2013). The E3 
ubiquitin ligase TRIM21 negatively regulates the innate immune response 
to intracellular double-stranded DNA. Nat. Immunol. 14, 172–178. doi: 
10.1038/ni.2492

Zhang, R., Dai, X., Cao, X., Zhang, C., Wang, K., Huang, X., et al. (2020a). 
Trim23 promotes WSSV replication though negative regulation of antimicrobial 
peptides expression in Macrobrachium nipponense. Mol. Immunol. 124, 
172–179. doi: 10.1016/j.molimm.2020.06.007

Zhang, J., Hu, M. M., Wang, Y. Y., and Shu, H. B. (2012). TRIM32 protein 
modulates type I  interferon induction and cellular antiviral response by 
targeting MITA/STING protein for K63-linked ubiquitination. J. Biol. Chem. 
287, 28646–28655. doi: 10.1074/jbc.M112.362608

Zhang, X., Zhu, Z., Wang, C., Yang, F., Cao, W., Li, P., et al. (2020b). Foot-
and-mouth disease virus 3B protein interacts with pattern recognition receptor 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/JVI.02049-16
https://doi.org/10.1038/s41467-018-02936-3
https://doi.org/10.1016/j.virol.2013.02.014
https://doi.org/10.1074/jbc.M112.397075
https://doi.org/10.1038/ni1577
https://doi.org/10.1128/JVI.79.10.6111-6121.2005
https://doi.org/10.7150/ijbs.50074
https://doi.org/10.7150/ijbs.50074
https://doi.org/10.1038/emboj.2008.126
https://doi.org/10.1038/s41564-017-0017-2
https://doi.org/10.1016/j.intimp.2020.107030
https://doi.org/10.1016/j.intimp.2020.107030
https://doi.org/10.1007/s13238-020-00734-6
https://doi.org/10.1007/s13238-020-00734-6
https://doi.org/10.1038/s41598-017-03932-1
https://doi.org/10.1016/j.chom.2018.11.013
https://doi.org/10.1016/j.chom.2018.11.013
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.molcel.2017.09.035
https://doi.org/10.1146/annurev-micro-102215-095605
https://doi.org/10.1038/ncomms2857
https://doi.org/10.1016/j.bbrc.2020.05.130
https://doi.org/10.3390/v3060920
https://doi.org/10.1016/j.dci.2020.103964
https://doi.org/10.1016/j.immuni.2010.10.013
https://doi.org/10.1146/annurev-virology-092917-043323
https://doi.org/10.1128/JVI.01454-19
https://doi.org/10.3390/vaccines5030023
https://doi.org/10.1016/j.immuni.2016.08.006
https://doi.org/10.1007/s00705-021-05080-4
https://doi.org/10.1371/journal.ppat.1004726
https://doi.org/10.1371/journal.ppat.1005012
https://doi.org/10.1016/j.immuni.2014.11.011
https://doi.org/10.1016/j.immuni.2014.11.011
https://doi.org/10.1038/ni.3580
https://doi.org/10.4049/jimmunol.1701569
https://doi.org/10.1038/s41467-017-00101-w
https://doi.org/10.4049/jimmunol.0803126
https://doi.org/10.4049/jimmunol.0803126
https://doi.org/10.4049/jimmunol.1601647
https://doi.org/10.4049/jimmunol.1601647
https://doi.org/10.1038/ni1087
https://doi.org/10.1016/j.cell.2010.03.029
https://doi.org/10.1016/j.cell.2010.03.029
https://doi.org/10.1038/ni.2492
https://doi.org/10.1016/j.molimm.2020.06.007
https://doi.org/10.1074/jbc.M112.362608


Zhang et al. Viral Evasion Involved TRIMs

Frontiers in Microbiology | www.frontiersin.org 12 December 2021 | Volume 12 | Article 794882

RIG-I to block RIG-I-mediated immune signaling and inhibit host antiviral 
response. J. Immunol. 205, 2207–2221. doi: 10.4049/jimmunol.1901333

Zhao, K., Li, L. W., Jiang, Y. F., Gao, F., Zhang, Y. J., Zhao, W. Y., et al. 
(2019). Nucleocapsid protein of porcine reproductive and respiratory syndrome 
virus antagonizes the antiviral activity of TRIM25 by interfering with 
TRIM25-mediated RIG-I ubiquitination. Vet. Microbiol. 233, 140–146. doi: 
10.1016/j.vetmic.2019.05.003

Zhao, W., Wang, L., Zhang, M., Wang, P., Yuan, C., Qi, J., et al. (2012). 
Tripartite motif-containing protein 38 negatively regulates TLR3/4- and 
RIG-I-mediated IFN-beta production and antiviral response by targeting 
NAP1. J. Immunol. 188, 5311–5318. doi: 10.4049/jimmunol.1103506

Zheng, X., Wang, X., Tu, F., Wang, Q., Fan, Z., and Gao, G. (2017). TRIM25 
is required for the antiviral activity of zinc finger antiviral protein. J. Virol. 
91, e00088–e00017. doi: 10.1128/JVI.00088-17

Zheng, F., Xu, N., and Zhang, Y. (2019a). TRIM27 promotes hepatitis C virus 
replication by suppressing type I  interferon response. Inflammation 42, 
1317–1325. doi: 10.1007/s10753-019-00992-5

Zheng, J., Zhang, Y., Zhi, L., Lv, S., Xiao, L., Huang, X., et al. (2019b). The 
novel gene TRIM44L from orange-spotted grouper negatively regulates the 
interferon response. Fish Shellfish Immunol. 92, 746–755. doi: 10.1016/j.
fsi.2019.06.062

Zhou, Z., Jia, X., Xue, Q., Dou, Z., Ma, Y., Zhao, Z., et al. (2014). TRIM14 
is a mitochondrial adaptor that facilitates retinoic acid-inducible gene-I-like 
receptor-mediated innate immune response. Proc. Natl. Acad. Sci. U. S. A. 
111, E245–E254. doi: 10.1073/pnas.1316941111

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2021 Zhang, Li and Wang. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.4049/jimmunol.1901333
https://doi.org/10.1016/j.vetmic.2019.05.003
https://doi.org/10.4049/jimmunol.1103506
https://doi.org/10.1128/JVI.00088-17
https://doi.org/10.1007/s10753-019-00992-5
https://doi.org/10.1016/j.fsi.2019.06.062
https://doi.org/10.1016/j.fsi.2019.06.062
https://doi.org/10.1073/pnas.1316941111
http://creativecommons.org/licenses/by/4.0/

	Regulation of Tripartite Motif-Containing Proteins on Immune Response and Viral Evasion
	Introduction
	TRIM Regulation of Innate Immune Response
	Toll-Like Receptor
	RIG-I-Like Receptor
	STING
	Janus Kinase/Signal Transducer and Activator of Transcription

	Viral Antagonization of TRIMs
	TRIM6
	TRIM19/PML
	TRIM23
	TRIM25

	Viral Utilization of TRIMs
	TRIM21
	TRIM23
	TRIM26
	TRIM27
	TRIM29
	TRIM30α

	Conclusion and Future Perspectives
	Author Contributions

	References

