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The tripartite motif (TRIM) proteins have been intensively studied as essential modulators
in various biological processes, especially in regulating a wide range of signaling pathways
involved in immune responses. Most TRIM proteins have E3 ubiquitin ligase activity,
mediating polyubiquitination of target proteins. Emerging evidence demonstrates that
TRIM proteins play important roles in innate immunity by regulating pattern recognition
receptors, vital adaptor proteins, kinases, and transcription factors in innate immune
signaling pathways. Additionally, the critical roles of TRIM proteins in adaptive immunity,
especially in T cell development and activation, are increasingly appreciated. In this review,
we aim to summarize the studies on TRIMs in both innate and adaptive immunity, focusing
on their E3 ubiquitin ligase functions in pattern recognition receptor signaling pathways
and T cell functions, shedding light on the developing new strategies for modulating innate
and adaptive immune responses against invading pathogens and avoiding autoimmunity.
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INTRODUCTION

The immune system, consisting of innate and adaptive immune arms, provides crucial protection
for the host against infectious agents and serves as a housekeeper for immune homeostasis. The
innate immune system is the first line of defense against various pathogens. Using a series of
germline-encoded pattern recognition receptors (PRRs), including Toll-like receptors (TLRs),
NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), C-type lectin receptors (CLRs), and
cytosolic DNA-sensing receptors, innate immune cells recognize both exogenous pathogen-
associated molecular patterns (PAMPs) and endogenous damage-associated molecular patterns
(DAMPs) (1-6). The adaptive immune system, on the contrary, provides the more sophisticated
immune response mediated by T and B lymphocytes, which are armed by highly specific antigen-
recognizing receptors, T cell receptors (TCR) and B cell receptors (BCR), respectively.
The immune system is tightly controlled by signaling networks in all types of immune cells in
a spatial-temporal manner to launch an appropriate immune response against infections without
causing tissue damage. The dynamic regulation of these signaling networks relies greatly upon
various protein posttranslational modifications, highlighting their irredundant roles in
immune responses.

Ubiquitination is one of the major protein posttranslational modification mechanisms in
eukaryotes, regulating various cellular procedures, such as DNA damage repair, cell cycle
regulation, and signal transduction, which is mediated by conjugating mono- or polyubiquitin
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chains to the lysine (K) residues of target proteins (7-10).
Ubiquitination is mediated by a three-enzyme system:
ubiquitin-activating enzymes (E1), ubiquitin-conjugating
enzymes (E2, also named ubiquitin-carrier protein), and
ubiquitin ligases (E3). The E3 ubiquitin ligases (more than 700
in the human genome) are responsible for the substrate
specificity (11-13). The conjugated ubiquitin can be reversibly
cleaved by deubiquitinases (DUBs), making ubiquitination a
reversible and dynamic procedure (10, 14). Currently, the
crucial roles of ubiquitination in the regulation of immune
responses have been intensively studied.

Tripartite motif (TRIM) proteins are a predominant family
of the E3 ubiquitin ligases with more than than 70 members in
humans and characterized by the conserved N-terminal
tripartite RBCC motif, which contains a really interesting new
gene (RING) domain, one or two B-BOX domain(s), followed
by a coiled-coil domain (Figure 1) (15, 16). The expansion of
the TRIM multigene family is strikingly paralleled with the
evolution of innate and adaptive immunity, suggesting
that TRIM proteins may function as regulatory factors
for increasingly complicated immune functions (17, 18).
Consistently, a line of studies has shown that the expression
of TRIM responds to various stimuli, for example, IFNs, LPS,
and virus components (19-24). Emerging evidence has
indicated that TRIM proteins play crucial roles in regulating
host defense against pathogens and the pathogenesis of
autoimmune diseases. In this review, we focus on the current
progress in understanding the roles of TRIM proteins in both
innate and adaptive immune responses.

STRUCTURE OF TRIM PROTEINS

The name “TRIM proteins” comes from the highly conserved
RBCC motif, standing for the RING-BBox-CC motif in their N-
terminals (Figure 1) (15, 16). The RING domain contains the
Cys-His-rich domain, which binds to two zinc atoms and
presents in almost all TRIM proteins (25). The RING domain
exerts ubiquitin E3 ligase activity by providing a docking site for
E2 conjugases and promoting ubiquitin ligation, which endows
TRIM proteins with potential ubiquitin E3 ligase activity. Indeed,
a large portion of TRIM proteins have been identified as
ubiquitin E3 ligases to mediate different types of ubiquitination
of diverse substrates (Table 1).

The B-Box domain is very similar to the RING domain and
identified as a zinc-finger domain, which is found exclusively in
TRIM proteins, except for NRDP1/RNF41. The B2-Box domain
exists in all TRIM proteins although the B1-Box domain is only
found in certain subfamilies, which differs from the B2-Box
domain in the different spacing of zinc-binding residues. Given
the similarity of the two B-Box domains and the RING domain
in the three-dimensional structure, these three domains might be
derived from a common ancestor (105). The function of B-Box is
currently poorly understood. Recent studies on TRIM proteins
indicate that the B-Box domain contributes to the innate
immune response against HIV infection (106-108). For TRIM
proteins without the RING domain, the B-Box domain could
exert the activity of E3 ubiquitin ligase by providing a binding
site for E2 ubiquitin-conjugating enzymes, which is similar to
that of the RING domain (18, 31, 109, 110). However, the
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FIGURE 1 | Structures of TRIM protein. TRIM proteins are generally divided into 11 subgroups depending on their variable C-terminal domains, including C-terminal
subgroup one signature (COS) domain, fibronectin type 3 (FN3) domain, SPla and the ryanodine receptor (SPRY) domain, SPRY-associated domain (PRY), plant
homeodomain (PHD), bromodomain (BR), filamin domain, NHL repeats (NHL) domain, meprin and tumor necrosis factor receptor-associated factor homology
(MATH) domain, ADP-ribosylation factor (ARF) domain, and transmembrane (TM) domain. The N-terminal domains are conserved among TRIM proteins, containing a
RING domain, a B-box 1 (B1) and/or a B-box 2 (B2) domain, and a CC domain. TRIM-like proteins lacking typical domain(s) are indicated in brackets.
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TABLE 1 | Regulation of immune responses by TRIM proteins and their regulatory functions.

TRIM Target molecule Function Refs
TLR-mediated innate immune response
TRIM38 TRIF Promoting proteasomal degradation of TRIF (26, 27)
TRIM56 TRIF Interacting with TRIF physically to promote TLR3 signaling activation (28)
TRIM23 NEMO Mediating K27-linked ubiquitination of NEMO (29
TRIM23 TRAF6 Promoting TRAF6 autoubiquitination (80)
TRIM29 NEMO Inducing proteasomal degradation of NEMO (81)
TRIM27 IKKs Interacting with the noncanonical and canonical IKK family members (32)
TRIM28 (KAP1) IRF7 Mediating SUMOQylation of IRF7 to suppress transactivation (83)
TRIM21 (Ro52/ IRF7 Inducing proteasomal degradation of IRF7 (34)
SS-A)
TRIM21 IRF3 Inducing proteasomal degradation of IRF3 (35)
TRIM21 IRF3 Mediating autophagic degradation of IRF3 (36, 37)
TRIM19IV Pin1 Regulating the cellular distribution of Pin1 (38, 39)
TRIM38 TRAF6 Inducing proteasomal degradation of TRAF6 (40)
TRIM12¢ TRAF6 Interacting with TRAF6 and inducing TRAF6 ubiquitination (41)
TRIM13 TRAF6 Inducing TRAF6 ubiquitination (42)
TRIM5a TAK1 Generating free ubiquitin chains, which activate the TAK1 kinase (43, 44)
TRIM30a TAB2 and TAB3 Interacting with TAK1 complex and promoting TAB2 and TAB3 degradation (45)
TRIM22 TAB2 Targeting TAB2 for degradation (46)
TRIM21 TAK1 Generating free ubiquitin chains, which activate the TAK1 kinase (47, 48)
TRIM40 NEMO Mediating neddylation of NEMO (49)
TRIM21 IKKB Catalyzing monoubiquitin of IKKB, which leads to IKKB degradation by autophagolysosome (50, 51)
TRIM19 RelA/p65 Interacting with RelA/p65 (52)
TRIM9 B-TrCP Interacting with B-TrCP and stabilizing IxBo and p100 (53)
TRIM20 (Pyrin) IxBa and p65 Interacting with IkBow and p65 to promote IkBo degradation and p65 translocation into the nucleus by (54)
the PYD domain
TRIMs function in RLR-mediated innate immune response
TRIM25 RIG-I Mediating K63-ubiquitination of RIG-I (55, 56)
TRIM25 MAVS Promoting MAVS ubiquitination to release the signaling complex into cytosol (57)
TRIM4 RIG-I Mediating K63-ubiquitination of RIG-I (58)
TRIM65 MDA5 Promoting K63-ubiquitination of MDAS (59, 60)
TRIM13 MDA5 Interacting with MDA5 and negatively regulating type | interferon production 61)
TRIM14 MAVS Interacting with MAVS and promoting the recruitment of NEMO (62)
TRIM44 MAVS Interacting with MAVS and stabilizing MAVS (63)
TRIM31 MAVS Promoting K63-polyubiquitination and aggregation of MAVS (64)
TRIM9s TBK1 Promoting phosphorylation of TBK1 (65)
TRIM38 NAP1 Inducing proteasomal degradation of NAP1 (66)
TRIM26 NEMO linking TBK1 to NEMO for TBK1 activation (67)
TRIM26 IRF3 Inducing proteasomal degradation of IRF3 (68)
TRIM11 TBK1 Interacting with TBK1 and inhibiting its activation (69)
TRIM68 TFG Inducing lysosomal degradation of TFG (70)
TRIMs function in cytosolic DNA-sensing receptors-mediated innate immune response
TRIM21 DDX41 Inducing proteasomal degradation of DDX41 (71, 72)
TRIM14 cGAS Inhibiting the degradation of cGAS (73)
TRIM38 cGAS Mediating SUMOQylation of cGAS to inhibit cGAS degradation (74)
TRIM38 STING Mediating SUMOQylation of STING to inhibit STING degradation (74)
TRIM56 STING Promoting K63-linked ubiquitination of STING (75)
TRIM32 STING Promoting K63-linked ubiquitination of STING (76)
TRIM300a STING Inducing proteasomal degradation of STING (77)
TRIMs function in NLR-mediated inflammasome signaling
TRIM20 NLRP3, Caspase-1, and Pro-  Interacting with NLRP3, caspase-1, and Pro-IL-1f to inhibit caspase-1 activation and IL-1p secretion (78-80)
IL-1B
TRIM20 ASC Interacting with ASC to promote inflammasome activation (81)
TRIM16 (EBBP) NLRP1, Caspase-1 pro-IL-1B  Interacting with NLRP1, caspase-1 and pro-IL-1B to promote IL-1p secretion (82)
TRIM30 NLRP3 Increasing ROS production (83)
TRIM31 NLRP3 Inducing proteasomal degradation of NLRP3 (84)
TRIM33 DHX33 Promoting K63-ubiquitination of DHX33 to form DHX33-NLRP3 signalosome (85)
TRIM27 NOD2 Inducing proteasomal degradation of NOD2 (86)
TRIM11 AIM2 Degrading AIM2 via selective autophagy 87)
TRIMs function in T cell signaling
TRIM27 PIBKC2B Promoting K48-ubiquitination of PI3BKC2p to suppress the functions of CD4 T cells (88)
TRIM30 Not described Promoting T cell activation but inhibiting T cell proliferation (89)
TRIM24 Not described Promoting IL-1R expression on Th2 cells (90)
(Continued)
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TABLE 1 | Continued

TRIM Target molecule Function Refs
TRIM32 Not described Impairing Th2 biased response 91)
TRIM21 Not described Promoting CD28-mediated IL-2 production (92)
TRIM21 Not described Negatively regulating the IL-23-Th17 pathway (93)
TRIM33 Not described Participate in the TGF- signaling cascades (94, 95)
TRIM28 Not described Preventing autoinflammatory T cell development (96)
TRIM28 FIK and Foxp3 Suppressing Foxp3 transcriptional activity and regulating Treg function 97)
TRIM28 TCRa locus Promoting the development of T and INKT cells (98)
TNFo and IL-18-mediated signaling

TRIM8 TAK1 Promoting K63-linked polyubiquitination of TAK1 for activation (99)
TRIM38 TAB2/3 Mediating lysosomal degradation of TAB2/TAB3 (100)
TRIM13 NEMO Mediating ubiquitination and turnover of NEMO to suppress NF-kB activation (101)
TRIM45 Not described Negatively regulating NF-xB activation (102)
Other

TRIM18 (midline  PP2A Inhibiting protein phosphatase 2A (PP2A) activity (103)
1)

TRIM6 IKKe Promoting unanchored K48-linked polyubiquitin of IKKe and leading to IKKe activation (104)

functions of the B-Box domain in the RING-containing TRIM
proteins remain unclear. Whether the B-Box domain is
dispensable or it collaborates with the RING domain for the
E3 ligase activity of TRIM proteins needs to be further studied.
The coiled-coil (CC) domain is a common protein helical region
with a variety of biological functions. The CC domain in TRIM
proteins is required and sufficient for homo- or hetero-
oligomerization of TRIM proteins (111, 112). These different
oligomerizations endow the TRIM proteins with various
biological functions. It is also suggested that the CC domain
might be necessary for the formation of subcellular structures
(for instance, PML/TRIM19 nuclear bodies) (113, 114).

The C-terminal domains of TRIM proteins are diverse
(Figure 1) (16, 115), which is correlated to the diversity of the
biological functions of TRIM proteins through specific
recruitment of interacting proteins. Based on different C-
terminal structures, TRIM proteins are further divided into 11
subfamilies. The most common one is the PRY-SPRY domain
(also known as the B30.2 domain), covering more than half of the
TRIMs (116). Among the large family of TRIM proteins, many
TRIMs are characterized for their pivotal roles in the immune
response, especially in the innate immune response against
viral infections.

TRIMS FUNCTION IN TLR-MEDIATED
INNATE IMMUNE RESPONSE

There are at least 13 TLRs (10 in human and 12 in mouse) that
sense a broad range of PAMPs derived from various pathogens,
including viruses, bacteria, fungi, and parasites (1, 3). When
stimulated by PAMPs, TLRs transduce signal cascades through
the Toll-IL-1-receptor (TIR) domain-containing adaptor
proteins, which are roughly divided into two distinct pathways:
the myeloid differentiation primary response protein 88
(MyD88)-dependent and the TIR domain-containing adaptor
protein inducing IFNB (TRIF)-dependent signaling pathways.
MyD388 is involved in all TLR pathways except for TLR3, whereas

TRIF is involved in both TLR3 and TLR4 pathways. By recruiting
a series of adaptor proteins and kinases, TLR signal cascades
finally trigger the activation of different transcriptional factors,
including NF-xB, AP1, and IEN regulatory factors (IRFs), which
orchestrate to induce expression of many genes, such as
proinflammatory cytokines, chemokines, and type I IFNs. A
growing body of evidence indicates the crucial roles of TRIM
proteins in both TRIF- and MyD88-dependent pathways
(Figure 2).

TRIF-Dependent Signal Pathway

TRIF interacts with receptor interacting protein kinase 1 (RIP1) and
TNF receptor-associated factor 3 (TRAF3) to activate distinct
signaling pathways. In the TRIF-RIP1 axis, RIP1 interacts with
and activates the TGF-f activated kinase 1 (TAK1) complex,
leading to the activation of NF-xB and MAPK signaling pathways
and inflammatory cytokine production. In contrast, in the TRIF-
TRAF3 axis, TRAF3 undergoes self-ubiquitination and mediates the
recruitment and activation of IkBot kinase (IKK)-associated kinases
TANK-binding kinase 1 (TBK1)/IKKe, resulting in the
phosphorylation and transcriptional activation of IRF3/IRF7 (3).
Interestingly, TRIM proteins are found to regulate TRIF-mediated
signaling by different mechanisms. TRIM56 is demonstrated to
participate in TLR3 signaling as a scaffold protein by forming a
TRIF-associated complex. Biochemical studies reveal that the
ubiquitin E3 ligase activity of TRIM56 is dispensable for TRIM56
to regulate TLR3-mediated signaling, and the C-terminal of
TRIM56 that mediates TRIF-TRIMS56 interaction is critical for
type I IEN production (28). Functions of TRIM56 in intracellular
dsDNA exposure and Pestivirus infection have also been studied
(discussed below) (75, 117). In contrast to TRIM56, TRIM38
negatively regulates TLR3- and TLR4-mediated type I IFN
production by targeting TRIF for degradation; the PRY-SPRY
domain of TRIM38 is crucial for the interaction of TRIM38 with
TRIF, leading to the K48-linked poly-ubiquitination and subsequent
degradation of TRIF in the RING/B-Box domain-dependent
manner (26). TRIM38 deficiency in bone marrow-derived
macrophages (BMDMs) results in a striking elevation of
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FIGURE 2 | Schematic diagram of TRIM-mediated regulation of the TLR signaling pathway. The TLR signaling is divided into two distinct pathways: the MyD88- and
TRIF-dependent pathways. In the MyD88-dependent pathway, activated MyD88 recruits and further activates the IRAK1 kinase complex, which then recruits TRAF6,
an E3 ligase that undergoes auto-ubiquitination and mediates the recruitment and auto-phosphorylation of TAK1 complex. Activated TAK1 promotes [kBa
phosphorylation, which leads to the degradation of IkBa., and releases NF-kB p50/p65 subunits into nuclear, promote the production of a subset of proinflammatory
cytokines. In the TRIF-dependent pathway, activated TRIF recruits TRAF3, an ES ligase that mediates the activation of TBK1, leading to the phosphorylation and
dimerization of IRF3 to promote the production of IFN-I. This figure overviews the known TRIM proteins that regulate the TLR signaling pathway, in which the TRIMs

proinflammatory cytokines and type I IFN production upon LPS
and poly (I:C) stimulation. In vitro studies indicate that TRIM38
targets and mediates K48-linked poly-ubiquitination of TRIF at
K228, and in vivo studies show that mice deficient of TRIM38 are
more susceptible to poly (I:C)-, LPS- and Salmonella typhimurium-
induced death due to the overwhelming inflammatory response,
suggesting a negative regulatory role of TRIM38 in the TLR3 and
TLR4 signal pathways (27). Additionally, TRIM8 negatively
regulates the TRIF-dependent pathway through a different
mechanism. It is revealed that TRIM8 catalyzes K6- and K33-
linked polyubiquitination of TRIF, resulting in the disruption of
TRIF-TBK1 interaction and, thereby, inhibition of the TLR3/4-
mediated innate immune response (118). In addition, TRIM32 can
induce TRIF degradation by TAX1BP1-dependent autophagy.
Deficiency of TRIM32 results in enhanced TLR3/4-mediated
immune responses, such as elevated IFN-I and proinflammatory
cytokine production (119).

TBK1 and IKKe are crucial kinases downstream of the TRIF-
dependent signal pathway to activate IFN-I production, the
ubiquitination of which are recently suggested to be essential

promoting TLR signaling are indicated in green, whereas those suppressing TLR signaling are indicated in red.

for TRIF signaling activation (120). TRIM27, also named Ret
finger protein (RFP), is demonstrated to interact with IKKe as
well as IKKo and IKKP (32). Knockdown of TRIM27 via RNA
interference enhances ISRE and/or NF-kB element activation,
suggesting the negative role of TRIM27 in regulating
inflammatory and antiviral responses. Interestingly, TRIM6
was recently reported to regulate the IKKe-mediated innate
immune response. TRIM6 cooperates with the E2 ubiquitin
conjugase UbE2K to produce unanchored K48-linked
polyubiquitin chains that activate IKKe to phosphorylate
STAT1 at S708, resulting in a range of IFN-stimulated gene
(ISG) expression in response to IFNP stimulation and
subsequent antiviral response both in vitro and in vivo (104).
This study reveals that K48-linked polyubiquitin chains could
also have the potential to be involved in kinase activation. TBK1
is another crucial kinase that mediates TRIF and RLR signaling
activation; the regulation of TBK1 by TRIM proteins is
discussed later.

IRF3 and IRF7 are essential transcription factors to induce
IFN-I production, which are also currently reported to be tightly
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modulated by TRIM proteins. TRIM28, also named KRAB-
associated protein 1 (KAPI), acts as the E3 ligase of IRF7 to
induce the SUMOylation of IRF7, which suppresses the
transcriptional activity of IRF7 and, thus, negatively regulates
cellular antiviral immune responses (33). Similarly, TRIM21
interacts with IRF7 and ubiquitinates IFR7 in a dose-
dependent manner, which leads to a decrease of IRF7 protein
expression level and, thus, inhibition of IFN-I production,
suggesting TRIM21 has the potential to protect hosts from
overwhelming innate immune response through a negative
feedback loop (34). Notably, TRIM21 does not target IRF7
specifically, but promotes IRF3 degradation through the
ubiquitination of IRF3, indicating that TRIM21 is a critical
negative regulator of the IFN-I signaling pathway (35). In
addition to the ubiquitin-proteasome-mediated degradation of
IRF3 by TRIMZ21, a recent report reveals that TRIM21 has the
potential to target IRF3 for autophagy-dependent degradation
(36, 37). Interestingly, TRIM19IV, which was previously
identified to prevent IRF3 degradation through the recruitment
of the prolyl isomerase Pinl, was recently demonstrated to
associate with activated IRF3 and promote IRF3 degradation
through the ubiquitin-proteasome pathway, suggesting different
roles of TRIM191V in the tight regulation of IFN-I production by
targeting IRF3 (38, 39). Additionally, TRIM26 is reported to
negatively regulate IFNf3 production mediated by TLR3/4, RLRs,
and DNA sensing pathways. Further study indicates that, upon
virus infection, TRIM26 is upregulated significantly and is
translocated to the nucleus, in which TRIM26 binds to IRF3
and promotes K48-linked polyubiquitination and subsequent
degradation of IRF3, leading to the suppression of the antiviral
response (68).

MyD88-Dependent Signaling Pathway

In the MyD88-mediated signaling pathway, TRAF6 bridges the
communication between TLRs and downstream kinases, and
TRAF6 ubiquitination is essential for the downstream kinase
interactions, including the TAK1 complex. It is also interesting
that few TRIM proteins are reported to directly regulate MyD88
although an increasing amount of evidence indicates TRIM
proteins regulate the TRAF6-TAK1-IKK axis through different
mechanisms. TRIM13 is found to catalyze K29-linked
polyubiquitination of TRAF6 and, therefore, promote NF-kB
signaling activation in the TLR2-mediated immune response
(42), and TRIM38 is reported to bind to TRAF6 and promote
K48-linked polyubiquitination of TRAF6 in macrophages,
leading to the degradation of TRAF6 and, thus, suppression of
NF-kB activation (40).

TAKI1 is the crucial kinase that controls the activation of NF-
KB in the MyD88 signaling activation, which is also regulated by
TRIM proteins. There is a series of TRIM genes located at the
short arm of human chromosome 11, including TRIM3, TRIMS5,
TRIM6, TRIM21, TRIM22, TRIM34, TRIM66, and TRIM68 (18),
which form a gene cluster and are considered to be the result of
evolution to enhance cellular antiviral activities (121-125).
TRIM5 is well characterized to be an antiviral effector in the
study using a retrovirus-infected monkey model (126).

Interestingly, TRIM5 generates free K63-linked polyubiquitin
chains by its E3 ubiquitin ligase activity, which cooperates with
the E2 conjugating enzymes UEV1A and UBCI3, serving as a
scaffold to recruit the TAK complex and leading to the activation
of TAK1 and downstream transcription factors, such as AP1 and
NF-kB (43, 44). Interestingly, TRIM21 promotes TAK1
activation through a similar mechanism by catalyzing free
K63-linked polyubiquitin chains (47, 48). TRIM22, which is
identified to be an IFN-I-induced TRIM protein, was recently
reported to suppress the self-ubiquitination of TRAF6 and
interact with TAB2, leading to TAB2 degradation and, thus,
the suppression of TRAF6-induced NF-kB signaling activation
(46, 127). Different from the human TRIMS5 gene cluster, there
are also more than eight Trim5-like genes, including Trimb5,
Trim12, Trim30, encoded in the Trim5 cluster of mouse
chromosome 7 (124, 125). TRIM12c¢ (previously known as
TRIM12-2), the mouse homolog of human TRIMS5, is found to
promote the ubiquitination of TRAF6 and, thus, positively
control the IRFs and the NF-kB activation (41). In contrast,
TRIM300, another murine homolog of human TRIMS5,
negatively regulates LPS-induced NF-«B signaling activation by
interacting with the TAK1 complex and promoting TAB2 and
TAB3 degradation through a pathway independent of the
ubiquitin-proteasome system as well as inhibiting TRAF6 auto-
ubiquitination (45). TRIM8 and TRIM38 also regulate the TAK
complex. TRIM8 mediates TNFa- and IL-1B-induced NF-xB
activation by promoting K63-linked polyubiquitination of TAK1
(99, 128), whereas TRIM38 negatively regulates TNFo.- and IL-
1B-induced signaling pathways by mediating TAB2/3
degradation in a lysosomal-dependent manner (27, 100).

The IKK complex, consisting of NEMO (IKKy), IKKo, and
IKKB, is downstream of TAKI, which plays essential roles in
activating NF-xB and proinflammatory cytokine production.
TRIM23 interacts with both TRAF3 and NEMO and mediates
K27-linked polyubiquitin conjugation of NEMO, which is
necessary for both TLR3- and RIG-I-mediated antiviral
inflammatory and IFN production, and this seems to be a
parallel regulation of TRAF6-mediated, K63-linked, and linear
ubiquitin chain assembly complex (LUBAC)-mediated linear
ubiquitination of NEMO (29, 129). A recent study reveals that
TRIM23 has dual E3 ubiquitin ligase and GTPase activities (130).
TRIM23 can catalyze K27-linked auto-ubiquitination, which is
essential for GTP hydrolase activity. Furthermore, the GTP
hydrolase activity of TRIM23 is crucial for the activation of
TBKI- and p62-mediated selective autophagy, suggesting there is
another mechanism for TRIM23-mediated antiviral response.
Another study proposes that TRIM23 is involved in human
cytomegalovirus (HCMV)-induced NF-xB activation through
the regulation of TRAF6 autoubiquitination in the presence of
UL144, one of the HCMV gene products (30). However, the
detailed mechanism for TRIM23 in the regulation of NF-«xB
signaling activation still needs to be further studied.

It should be noted that different types of ubiquitin chains and
different ubiquitin sites of NEMO determine different directions
of the signaling cascades in response to different stimulations.
For example, K63-linked and linear ubiquitination of NEMO is
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essential for TNFa receptor-mediated NF-kB activation,
whereas K27-linked ubiquitination of NEMO plays crucial
roles in Sendai virus (SeV)-induced NF-xB activation (29). In
addition, NEMO can also undergo K48-linked poly-
ubiquitination, which negatively regulates the NF-xB pathway.
It is demonstrated that TRIM29 functions in macrophages to
respond to bacterial and viral infections in the respiratory tract.
Deletion of Trim29 enhances the production of IFN-I and
proinflammatory cytokines in macrophages and, thus, protects
mice from influenza virus infection. Mechanistically, TRIM29 is
studied to interact with NEMO directly and mediates K48-linked
ubiquitination and subsequent proteolytic degradation of
NEMO, which suppresses the cellular antiviral immune
response significantly (31). Furthermore, TRIM40 is reported
to suppress the NF-xB signaling activation by binding to the
ubiquitin-like protein NEDD8 and mediating the neddylation of
NEMO (49), and TRIM13 is shown to interact with NEMO and
mediate its ubiquitination, resulting in the turnover of NEMO
and suppression of TNFa-induced NF-kB activation (101).

In addition to NEMO, additional subunits of the IKK
complex are also studied to be modulated by TRIM proteins. It
is reported that TRIM21 interacts with IKKB and catalyzes
monoubiquitin of IKKP in cooperation with the E2-
conjugating enzyme UbcHS5B (50, 51). The monoubiquitinated
IKKP is consequently sequestered in autophagosome and
degraded through autophagolysosome, which leads to the
suppression of NF-kB activation induced by the HTLV-I viral
protein Tax. Notably, TRIM proteins also regulate NF-kB
signaling downstream of the IKK complex. Among these
TRIMs, TRIM20, also named pyrin, an essential protein in
familial Mediterranean fever (FMF, a recessively inherited
systemic autoinflammatory disorder), is reported to undergo
cleavage by caspase-1. Upon cleavage, the pyrin domain of
TRIM20 is released to interact with IxkBo and p65, leading to
the IxkBo: degradation and translocation of p65 into the nucleus,
and finally, promoting NF-kB activation (54). Another study
reveals that TRIM19 directly interacts with RelA/p50 to prevent
the binding of RelA/p50 to its target genes (52). Interestingly,
TRIMY interacts with the WD-repeat region of B-TrCP, which
plays pivotal roles in both the canonical and noncanonical NF-
kB pathways by regulating IkBo. and precursor pl100 for
proteasomal degradation and processing, respectively (53).
This interaction between TRIM9 and B-TrCP finally stabilizes
B-TrCP, thus inhibiting both canonical and noncanonical NF-kB
signaling pathways. Considering TRIM regulates NF-xB
signaling activation at multiple levels, it is important to further
illuminate the regulating network of TRIMs in the NF-xB
signaling pathway.

TRIMS FUNCTION IN RLR-MEDIATED
INNATE IMMUNE RESPONSE

RLRs are the crucial cytoplasmic PRRs that are responsible for
detecting RNA virus infections (1, 4, 131). RLRs are family of
DExD/H box RNA helicases and are composed of three

members: retinoic acid-inducible gene I (RIG-I), which
recognizes short viral RNA with a 5’-triphosphate group;
melanoma differentiation-associated gene 5 (MDA5), which
prefers to sense long viral dsRNA; and laboratory of genetics
and physiology (LGP2), which plays important roles in
regulating RIG-I and MDAS5 pathways. Upon stimulation, both
RIG-I and MDAS5 trigger signal transduction through the
activation of mitochondrial antiviral signaling protein (MAVS,
also named IPS1, VISA, or Cardif), which leads to activation of
TBK1 and IKKe protein kinases and finally activates NF-xB and
IRFs to induce the production of proinflammatory cytokines and
IFN-I (132).

Recent studies reveal that the TRIM proteins play crucial roles
in regulating the RLR-mediated antiviral response (Figure 3). As
an E3 ligase of RIG-I, TRIM25 is identified to mediate robust
K63-linked polyubiquitination of RIG-I at K172 within the
CARD domain, which is required for the formation of the
RIG-MAVS complex. The SPRY domain of TRIM25 is found
to be responsible for the interaction between TRIM25 and RIG-I
(55, 133). Further study indicates that this procedure is a two-
step process: TRIM25 first binds to the first CARD domain of
RIG-T at T55 and subsequently ubiquitinates its second CARD
domain at K172. The T55 in the first CARD domain is critical for
the recruitment of TRIM25 to RIG-I, and the K63-linked
polyubiquitination at K172 promotes the interaction between
RIG-I and MAVS (134). This result also explains why the
hepatocyte cell line Huh7.5 carrying the T55I mutation within
the first CARD domain of RIG-I dominantly supports hepatitis C
virus (HCV) replication (135). The unanchored polyubiquitin
chains mediated by TRIM25 could activate the RIG-1 pathway.
In a cell-free system that mimics viral infection of the intact cell,
RIG-I is activated by incubating with both unanchored K63-
linked ubiquitin chains and synthesized RNA, leading to the
dimerization of IRF3, suggesting that binding of unanchored
polyubiquitin chains but not conjugating of polyubiquitin chains
is required for RIG-I to activate the cellular antiviral immune
response (56). Strikingly, removal of polyubiquitin chains from
RIG-I by viral OTU (vOTU), a deubiquitinating enzyme that can
cleave both conjugated and unanchored polyubiquitin chains
from target proteins, retains the ability to activate IRF3,
suggesting that polyubiquitin chains function as functional
molecules to activate RIG-I. In support of this notion, the T55I
and K172R mutants of RIG-I could not bind to K63-ubiquitin
chains or activate IRF3. Despite the role of unanchored
polyubiquitin chains in the activation of RIG-I, TRIM25 is
needed for the ubiquitination and subsequent activation of
RIG-I as depletion of TRIM25 significantly suppresses RIG-I-
mediated IRF3 activation due to decreasing the production of
free endogenous polyubiquitin chain production (56). Moreover,
TRIM25 was recently demonstrated to ubiquitinate MAVS and
promote its degradation via the proteasome-dependent way,
which leads to the release of activated signaling complex from
mitochondria into cytosol and activation of downstream
signaling, including NEMO and TBK1 (57). Additionally,
TRIM25 modulates MDA5-MAVS signaling axis-mediated
NF-kB activation through TRAF6 (136).
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Interestingly, the TRIM25 protein level was also found to be
tightly regulated in a ubiquitin-dependent manner. The linear
ubiquitination of TRIM25 mediated by LUBAC (containing two
E3 ligases, HOIL-1L and HOIP), leads to the degradation of
TRIM25, which results in impaired IRF activation and IFN-I
production (137). Furthermore, the NZF domain of HOIL-1L is
identified to compete with TRIM25 to bind to RIG-I, providing
another mechanism for LUBAC to negatively regulate TRIM25
function and cellular antiviral immune response. However, the
deubiquitinase USP15 is reported to hydrolyze K48-linked
polyubiquitin chains from TRIM25 mediated by LUBAC,
which restores antiviral immune response (138). Because
LUBAC also mediates linear ubiquitination of TRIM25, it is
still not clear whether USP15 affects the linear ubiquitination of
TRIM25 mediated by LUBAC.

Given the critical functions of TRIM25 in the antiviral
immune response, it is not surprising that many feedback
mechanisms are developed by viruses to counteract the
antiviral activity of TRIM25. It is demonstrated that SeV

S
S

Type | IFNs
(IFNa and IFNB)

FIGURE 3 | TRIMs regulate RLRs and cytosolic DNA-sensing receptor pathways. The RLRs and cytosolic DNA-sensing receptor pathways regulated by TRIM
proteins. RLRs are crucial cytoplasmic PRRs that are responsible for recognition of RNA virus infections, whereas cytosolic DNA-sensing receptors recognize host
and microbial DNA in the cytosolic. They both finally activate NF-xB and IRFs to induce the production of proinflammatory cytokines and type | IFNs. This figure
illustrates TRIM proteins that modulate RLRs and cytosolic DNA-sensing receptor signaling pathways, and the details of the modulation mechanisms are described
in the text. TRIMs promoting RLRs and cytosolic DNA-sensing signaling pathways are indicated in green, whereas these exerting the opposite functions are

infection induces robust expression of a splice variant of RIG-I,
which carries a short deletion (amino acid 36-80) in the first
CARD domain within the RIG-I molecule and, thus, loses the
ability to recruit TRIM25, leading to the disruption of the
interaction between TRIM25 and RIG-I and the suppression of
downstream antiviral signaling activation (134). Additionally,
Kaposi’s sarcoma-associated herpesvirus (KSHV)-encoded
protein ORF64 is found to specifically inhibit TRIM25-
mediated K63-linked polyubiquitination of RIG-I and then
suppress the activation of the RIG-I signaling pathway (139).
Additionally, influenza A virus nonstructural protein 1 (NSI)
specifically targets TRIM25 and interferes with the interaction
between TRIM25 and RIG-I, leading to attenuated IFN-I
production and an antiviral immune response (140). Recent
studies reveal the structure of TRIM25 protein and identify a
putative binding pocket in the TRIM25 SPRY domain, which is
critical for the interaction between TRIM25 and RIG-I (141).
This study highlights that small molecular compounds, which
target the binding pocket of TRIM25, have the potential to be
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promising therapeutic drugs to inhibit activation of the RIG-I
signaling pathway in some autoimmune diseases or acute
hypersensitive diseases (142). In addition to TRIM25, TRIM4
is another well-studied regulator of RIG-I through K63-linked
polyubiquitination of RIG-I, which positively regulates virus-
induced activation of NF-kB and IRF3 as well as IFNf
production. However, TRIM4 is found to compete with
TRIM25 to bind to the RIG-I molecule, suggesting that they
may play redundant roles in regulating RIG-I signaling
activation (58).

Like RIG-I, the MDA5-mediated signaling pathway is also
modulated by the TRIM proteins. TRIM65 is found to enhance
MDAS5-mediated type I IFN production through interaction with
MDAG. It is interesting that the Salmonella-derived SopA, a HECT-
type E3 ligase, is reported to modulate the RLR signaling pathway
by targeting TRIM56 and TRIM65 and enhancing TRIM56 and
TRIM65-mediated MDA5-induced type I IEN production,
suggesting that Salmonella can regulate cellular inflammatory
response through RLR signaling (59). A recent study also reveals
TRIMS65 can directly catalyze K63-linked ubiquitination of MDAS,
which is essential for its antiviral activity (60). However, TRIM13
was recently found to interact with MDAS5 directly and negatively
modulate MDA5-mediated IFN-I production in vitro. The
deficiency of TRIM13 in mice enhances the product of IFN-I in
response to encephalomyocarditis virus (EMCV) challenge and
prolonged mice survival (61).

As the most critical adaptor protein in RIG-I and MDA5-
mediated signaling pathways, MAVS is regulated by several
TRIM proteins. TRIM14, lacking the RING domain and E3
ligase activity, is found to interact with MAVS on the outer
membrane of mitochondria directly, suggesting TRIM14 as a
crucial mitochondria adaptor in RLR-mediated signaling.
Further study reveals that viral infection promotes MVAS-
TRIM14 complex formation, and TRIMI14 then recruits
NEMO to the MAVS signalosome via K63-linked
polyubiquitin chains, resulting in the activation of both NF-kB
and IRF3 signaling pathways (62). Similarly, TRIM44 is also
indicated to interact with MAVS and prevent MAVS
ubiquitination and degradation, thus enhancing antiviral
response (63). Also, a recent study reveals that TRIM31
catalyzes K63-linked polyubiquitination of MAVS, leading to
MAVS aggregation and activation (64). Furthermore, TRIM21
interacts with MAVS and induces K27-linked polyubiquitination
of MAVS, which then promotes the recruitment of TBKI to
MAVS and inhibits viral infection (143). TRIM29 is recently
reported to negatively control the immune response against
dsRNA virus infection. Deletion of TRIM29 conferred
mice more resistant to dsRNA virus reovirus infection.
Mechanistically, TRIM29 interacts with MAVS and induces
K11-linked polyubiquitination and subsequent proteasomal
degradation of MAVS (144).

Activation of MAVS thereby recruits the IKK complex as well as
the noncanonical IKK related kinases, IKKe and TBK1, via similar
mechanisms seen in TLR-mediated signaling cascades. TRIM
proteins have also been studied to play important roles
in regulating the RLR signaling pathway. Upon viral

infection, TRIM9 short isoform undergoes K63-linked auto-
polyubiquitination, which, in turn, serves as a platform to recruit
GSK3p to TBK1 and promotes the phosphorylation of TBK1 in a
GSK3p-dependent manner, resulting in IRF3 activation, instead of
inhibiting NF-kB mediated proinflammatory cytokine production
(65). It is reported that TRIM26 negatively regulates antiviral
immune response by targeting IRF3 (68), and in a recent study,
TRIM26 functions as a positive regulator in RNA virus-induced
antiviral innate immunity. Upon RNA virus infection, TRIM26
undergoes autoubiquitination. Subsequently, the ubiquitinated
TRIM26 interacts with NEMO and then bridges the interaction
between NEMO and TBK1, which promotes the recruitment of
TBKI to MAVS, leading to activation of TBK1 and the downstream
signaling pathway (67). Probably, these apparent discrepancies of
TRIM26 in the regulation of virus-induced RLR signaling activation
might be due to the different cell types used in those studies. An
additional study demonstrates that TRIM38 negatively regulates
RIG-I and TLR3/4 signaling pathways through the interaction with
and mediation of K48-linked polyubiquitination and subsequent
proteasomal degradation of NAP1 (66), which is required for both
RIG-I and TLR3/4-mediated IFNf} production by activating TBKI.

Additionally, TRIM11 and TRIM68 are reported to regulate
antiviral immune responses by targeting TBK1 negatively and
the TRK-fused gene (TFG), which is an activator of NF-kB, by
interacting with NEMO and TANK, respectively, thus inhibiting
IFN-I and inflammatory cytokine production (69, 70). Notably,
the activation of the RLR-mediated antiviral immune response is
tightly regulated by TRIM proteins. A recent study investigates
all known human TRIM proteins and demonstrates that half of
them have the potential to enhance innate immune response
(20). This study also indicates that 19 TRIM proteins out of the
explored TRIMs are involved in the RIG-I-mediated signaling
pathway, providing a comprehensive resource to further
investigate the functions of the TRIM proteins in the RLR-
mediated signaling pathway.

TRIMS FUNCTION IN THE CYTOSOLIC
DNA-SENSING RECEPTOR-MEDIATED
INNATE IMMUNE RESPONSE

The cytosolic DNA-sensing receptors are important PRRs that
recognize host and microbial DNA in the cytosolic. Recently,
more than 10 DNA-sensing receptors, including cGAMP
synthetase (cGAS), IFN-inducible protein 16 (IFI16), and
DEAD/H BOX 41 (DDX41), were identified (2, 145). Most of
them are found to employ stimulator of IFN genes (STING, also
named MITA), a transmembrane protein localized on the
endoplasmic reticulum (ER), as the adaptor protein to recruit
TBK1 and initiate proinflammatory cytokine and IFN-I
production, facilitating the elimination of invading pathogens.
It was recently studied that the TRIM proteins play crucial
roles in regulating cytosolic DNA-sensing receptor-mediated
innate immune response (Figure 3). A recent study reports
that TRIM14 interacts with cGAS and then recruits USP15 to
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cleave the polyubiquitin chains on cGAS, resulting in the
inhibition of cGAS degradation and facilitating antiviral innate
immune response (73). TRIM38 has the potential to prevent
c¢GAS polyubiquitination and degradation by mediating the
SUMOylation of cGAS. TRIM38 is also found to SUMOylate
STING during the early stage of virus infection, which promotes
STING protein stability and activation of the downstream
signaling pathway (74). Upon the invasion of antibody-
opsonized virus, TRIM21 intercepts virions immediately and
promotes viral genome exposure to both the DNA sensor cGAS
and RNA senor RIG-I in the antibody-dependent manner, thus
leading to rapid inflammatory cytokine production and virus
clearance (146). However, the SPRY domain of TRIM21 is
reported to interact with the DEAD domain of DDX41,
leading to the K48-linked ubiquitination and subsequent
degradation of DDX41 (71), suggesting differential roles of
TRIM21 in antiviral immune response depending on different
sensors. The function of TRIM21 as a negative regulator of the
DNA sensor also indicates that TRIM21 may function not only
in antiviral response, but also in autoimmune diseases, such as
systemic lupus erythematosus.

TRIMS56 is constitutively expressed in most tissues, and its
expression is found to be upregulated upon IFN-I stimulation
and virus infection (117). Further studies reveal that IFN-I-
induced TRIM56 expression restricts virus infection significantly
through its interaction with STING, which promotes K63-linked
ubiquitination of STING and leads to the recruitment of TBK1 to
increase IFN-3 production (75). Similarly, TRIM32, localized on
mitochondria and endoplasmic reticulum, interacts with STING
to promote antiviral immune response (76). Overexpression of
TRIM32 promotes virus-induced IFNf production, whereas
knockdown of TRIM32 leads to the opposite outcomes.
However, another study suggests that TRIM56 and TRIM32
might not be the direct E3 ubiquitin ligases of STING, and
additional proteins in the STING complex are responsible for the
ubiquitination of STING (147). Indeed, a recent study reveals
that TRIM56 could directly interact with cGAS and promote
K27-linked mono-ubiquitination of cGAS at K335, leading to the
enhancement of cGAS dimerization, DNA-binding activity,
c¢GAMP production, and finally, increase of anti-DNA virus
response (148).

Contrary to TRIM32 and TRIM56, TRIM30a. is reported to be
a negative-feedback regulator of STING (77). Upon herpes
simplex virus type 1 (HSV-1) infection, TRIM300. expression is
upregulated, and then TRIM30o interacts with STING and
promotes K48-linked ubiquitination of STING at K275,
resulting in its subsequent proteasome-dependent degradation
and attenuated antiviral immune response. Consistently,
knockdown or genetic deficiency of TRIM30o enhances both
intrinsic DNA and DNA virus-induced IL-6 and IFN-I
production significantly. Also, Trim300"~ conferred mice more
resistant to DNA virus infection. TRIM29 also negatively regulates
antiviral immune response by targeting STING for K48-linked
polyubiquitination and subsequent proteasomal degradation.
Similar to TRIM300, TRIM29 expression is robustly induced by
cytosolic DNA stimulation in dendritic cells and macrophages,

which leads to enhanced proinflammatory cytokine and IFN-I
production (149, 150).

TRIMS FUNCTION IN NLRS AND
INFLAMMASOME-MEDIATED INNATE
IMMUNE RESPONSE

The NLRs are intracellular PRRs sensing PAMPs or DAMPs
associated with cell stress (151). Upon stimulation, most NLRs,
including NLRP1 (NOD-, LRR- and pyrin domain-containing 1)
and NLRP3, recruit an adaptor protein, the apoptosis-associated
speck-like protein containing a CARD domain (ASC), and the
effector protein, pro-caspase-1, forming a large complex known
as an inflammasome, resulting in the cleavage and activation of
pro-caspase-1. Activated caspase-1 further cleaves IL-1 and IL-
18 precursors into functional forms, which are subsequently
secreted out of the cell to induce inflammatory responses.

NLRs are well studied for their crucial functions in
inflammasome signaling, and it is reported that TRIM proteins
play important roles in regulating the inflammasome signaling
pathway (Figure 4). TRIM20 is involved in a series of
autoimmune diseases, including FMF and PAPA syndrome
(pyogenic arthritis, pyoderma gangrenosum, and acne
syndrome) by modulating NLRP1 and NLRP3 inflammasomes
through interacting with the vital adaptor protein in the
inflammasome signal pathway and being part of the
inflammasome (116, 152). Previous studies indicate that
TRIM20 either positively (81, 153-155) or negatively (78-80)
regulates the inflammasome signaling pathway. One potential
explanation for the functional discrepancies of TRIM20 is that
full-length TRIM20 inhibits inflammasome signaling activation,
and some stimuli trigger the release of the PYD domain of
TRIM20, which then interacts with ASC and induces ASC
oligomerization, leading to the activation of inflammasome
(81). In agreement with this notion, macrophages from
genetically modified mice carrying null Trim20 alleles were
found to produce more IL-1f than wild-type mice in response
to a spectrum of inflammatory stimuli (80). Additional studies
indicate that the SPRY domain of TRIM20 negatively regulates
inflammasome activity through the interaction with NLRP3,
caspase-1, and pro-IL-1B (78, 79). Indeed, TRIM20 knock-in
mice harboring the mutant of the human SPRY domain show
spontaneous development of bone marrow-dependent
inflammation, which is similar to human FMF symptoms,
mediated by ASC-dependent but NLRP3-independent
production of IL-1B from bone marrow-derived cells (156).
Additionally, TRIM20 was recently reported to negatively
regulate inflammasome activation through targeting NLRPI,
NLRP3, and pro-caspase-1 for precise autophagic degradation
(36, 157).

TRIM16, a RING-absent TRIM protein member similar to
TRIM?20, is demonstrated to promote IL-1B secretion through the
binding to NLRP1, caspase-1, and pro-IL-1f (82), and TRIM30
was found to negatively regulate NLRP3-mediated caspase-1
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FIGURE 4 | The function of TRIMs in NLRs and inflammasome pathways. The NLR and inflammasome pathways are intracellular PRRs sensing PAMPs or DAMPs
associated with cell stress. Activated inflammasome activates pro-caspase-1 and cleaves IL-1f and IL-18 precursors into the functional forms, which are
subsequently secreted out of the cell to induce inflammatory responses. This figure illustrates TRIM proteins regulating NLRs and inflammasome pathways. TRIMs
promoting NLRs and inflammasome pathways are indicated in green, whereas these exerting the opposite functions are indicated in red.

activation and IL-1f production in response to a range of NLRP3
inflammasome agonists, including monosodium urate, silica,
ATP, and nigericin (83). Overexpression of TRIM30 decreases
reactive oxygen species (ROS) production significantly, whereas
knockdown of TRIM30 increases ROS production. However,
attenuation of ROS through antioxidant treatment eliminates
amplified IL-1B production in TRIM30-knockdown cells,
suggesting that TRIM30 negatively regulates NLRP3
inflammasome-mediated IL-1f production in a ROS-dependent
manner (83). Additionally, TRIM31, a positive regulator of RLRs-
mediated type I IEN signaling (64), is demonstrated to negatively
regulate NLRP3 inflammasome signaling by promoting K48-
linked polyubiquitination and subsequent proteasomal
degradation of NLRP3 (84).

TRIM proteins also regulate the upstream proteins of the
inflammasome. DHX33 is a cytosolic dsSRNA sensor to activate
NLRP3 inflammasome signaling upon dsRNA stimulation (158).
TRIM33 can directly bind to DHX33 and, thus, induce K63-linked
ubiquitination of DHX33 at K218, which is crucial for the formation
of the DHX33-NLRP3 inflammasome complex, thereby leading to
NLRP3 inflammasome signaling activation (85). Additionally,
TRIM22 interacts with NOD2 and mediates its K63-linked
ubiquitination, which is crucial for proinflammatory response and

very early onset of inflammatory bowel disease (159). On
the contrary, TRIM27 is reported to bind directly to and mediate
K48-linked ubiquitination and subsequent proteasomal degradation
of NOD2, leading to the suppression of NOD2-mediated
inflammatory response, suggesting TRIM27 as a potential
therapeutic target for NOD2-associated inflammatory diseases (86).

TRIMS REGULATE T CELL FUNCTIONS

The crucial roles of TRIM proteins in the innate immune
response to pathogen invasions have been intensively studied.
Interestingly, the involvement of TRIM proteins in adaptive
immune response, especially in the regulation of T cell
function, is also currently being explored.

The full activation of T cells requires two distinct signals, the
stimulation of TCRs by the MHC-peptide complex and
costimulatory molecules, especially CD28, which finally
initiates the downstream signaling cascades and of T cell
activation and proliferation. Tyrosine kinase LCK is the first
activated kinase upon TCR stimulation, which, in turn,
phosphorylates the CD3{ chain and ZAP70. Activated ZAP70
induces the activation of several substrates, including LAT and
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SLP-76, to transduce the signal to PLCy-1, and downstream
PI3K-AKT, MAPK, NF-kB, and calcium-dependent signaling
pathways. All these signaling events finally result in the boost of
transcriptional activity of NF-xB, AP1, and NF-AT, which
induce gene expression for T cell activation, proliferation,
differentiation, and survival (10). Because T cells serve as
central components of adaptive immunity, it is not surprising
that tight regulations are involved in T cell activation and
functions. Although many E3 ubiquitin ligases so far have been
studied for their important roles in T cell-mediated immune
response and tolerance, including c-Cbl, GRIAL, and ITCH, the
functions of TRIM proteins in T cell signaling are yet
largely unknown.

The class II phosphatidylinositol 3 kinase C2f (PI3KC2p),
which is activated by TCR stimulation, is required for KCa3.1
channel-mediated Ca2" influx and subsequent activation of
CD4" T cells. It is reported that TRIM27 interacts with class I
PI3KC2B and mediates K48-linked polyubiquitination of
PI3KC2p, resulting in the inhibition of PI3K activity and, thus,
suppression of T cell activation. Because the KCa3.1 channel is
predominated the K* channel in ThO, Thl, and Th2 cells, the
deficiency of TRIM27 in T cells exhibits an elevated KCa3.1
channel activity, Ca** influx, and TCR-mediated cytokine
production and proliferation in Jurkat cells, primary human
and mouse T cells, and differentiated mouse Th1l and Th2 cells
(88). However, TRIM27 seems to be dispensable for the
differentiation of CD4" T cells into Thl and Th2 cells testified
by comparable T-bet and GATA3 expression levels, respectively,
in WT and Trim27"~ Thl and Th2 cells.

It is interesting to note that several TRIM proteins play
essential roles in both innate and adaptive immunity. Among
these TRIMs, TRIM30c, negatively regulating TLR-mediated
NE-xB activation by targeting the TAK1/TAB2/TAB3 complex
(37), was recently found to be involved in the regulation of T cell
functions. Deficiency of TRIM30 has no effect on T cell
development and immune homeostasis in young mice, and
deficiency of TRIM30 in aged mice exhibits augmented CD4/
CD8 T cell ratio, and Trim30”" CD4 T cells show enhanced cell
proliferation upon TCR stimulation both in vivo and in vitro
compared with wild-type T cells. However, despite enhanced cell
proliferation, Trim30”~ CD4 T cell activation is compromised
upon stimulation, suggested by inhibited NF-kB activation and
decreased IL-2 production compared with wild-type cells,
indicating that TRIM30 has distinct roles in regulating T cell
proliferation and activation (89).

TRIM:s also play crucial roles in regulating T cell homeostasis
and differentiation. Compared with naive T cells, the expression
of TRIM24 is found to be increased in Th2 cells that are
considered to be associated with the pathological progress of
allergic asthma (90, 160). Further studies indicate that T cell-
intrinsic TRIM24 is responsible for house dust mite (HDM)-
induced airway allergy and anti-helminth immunity. However,
TRIM24 deficiency in T cells downregulates IL-1R expression
significantly and, thus, dampens IL-1-induced transcriptome
expression both in vivo and in vitro, which thereby diminishes
IL-1B-mediated airway allergy (90). Additionally, TRIM24

promotes a range of cytokine and chemokine production and
the expression of their receptors in T cells, suggesting TRIM24
functions at multiple levels to induce airway allergy. Contrary to
TRIM24, TRIM32 is reported to negatively regulate Th2-
mediated allergic response. Deficiency of TRIM32 in mice
displays as an atopic dermatitis-like inflammatory skin
phenotype in response to imiquimod (IMQ) treatment and an
increase of cytokine and chemokine expression by Th2 cells (91).

Despite the functions of TRIM21 in innate immunity,
overexpression of TRIM21 in Jurkat cells results in increased IL-2
production following CD28 stimulation, whereas knockdown of
TRIM21 in Jurkat cells leads to compromised IL-2 production
following T cell activation, suggesting that TRIM21 is involved in T
cell activation (92). However, a recent study demonstrates that
Trim21"" mice develop severe dermatitis upon tissue injury and,
subsequently, several signs of systemic lupus due to hyperactive T
cell response (93), suggesting that TRIM21 plays a negative role in T
cell-mediated inflammatory response. Furthermore, deficiency of
TRIM21 in mice increases several proinflammatory cytokines’
production, including IL-6 and IL-17. Meanwhile, deficiency of
IL-23/IL-17 in Trim2I"" mice rescued mice from skin disease and
systemic autoimmunity, suggesting TRIM21 negatively regulates
systemic autoimmunity through the IL-23-Th17 pathway. One
possible explanation for the apparent discrepancy in the two
studies could be that TRIM21 functions in distinct roles in
primary mouse T cells and the human T cell line (Jurkat). A
recent study reveals that TRIM21 expression is increased in
monocytes isolated from Behget’s disease (BD, an autoimmune
disease) patients. Monocytes from BD patients facilitate
differentiation of Thl and Th17 when cultured with naive T cells,
whereas knockdown of TRIM21 inhibits Thl and Th17
differentiation (161), highlighting the synergistic effects of
TRIM21 in innate and adaptive immunity.

TRIM28 is highly expressed in both T and B cells; conditional
deletion of TRIM28 in T cells leads to autoimmune disorders in
mice (96). The deficiency of TRIM28 results in attenuated IL-2
production and a decrease of both CD4" and CD8" T cells in
mice. In addition, loss of TRIM28 results in the accumulation of
a Th17 autoimmune T cell subset and Foxp3™ Treg cell subset
because of the suppression of TGF-B3 production and
subsequent disruption of the balance of cytokines (96). A
molecular mechanism study of the intrinsic role of TRIM28 in
Th17 indicates that, upon cytokine stimulation, TRIM28 is
recruited to STAT3-occupied genes and regulates epigenetic
activation by binding to Thl17-specific super-enhancers.
Additionally, TRIM28 forms a complex with RORyt and
STATS3, which promote RORYt recruited to the promoters of
its target cytokine genes (162). Consistently, an additional study
demonstrates that T cell-specific deletion of TRIM28 results in
the impaired balance of the CD4"/CD8" T cell ratio as well as the
dramatic expansion of immature thymocytes in mice (163). A
mechanism study indicates that TRIM28 functions as a
chromatin-remodeling factor to regulate T cell development
from an epigenetic perspective (98, 163). In human T cells,
TRIM28 plays a role in the suppressive function of Foxp3™ Treg
through the TRIM28-FIK-Foxp3 interaction (97). Disruption of
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the TRIM28-FIK-Foxp3 complex in Treg cells abrogates the
suppressor activity of Treg and restores the expression of
Foxp3-targeted genes. Considering that mouse Foxp3 does not
interact with TRIM28 (96, 97), TRIM28 regulates mouse and
human Treg in different ways.

CONCLUSION AND PERSPECTIVE

In the past decades, the exciting acquisitions of studies exploring
the regulatory roles of TRIM proteins in the innate immune
response are the involvement of TRIMs in the cross-regulation of
innate immune signal pathways, which finely orchestrates host’s
innate immune responses against invading microorganisms. For
example, TRIM38 negatively regulates TLR3/TLR4-mediated
IFN-I production by targeting NAP1 and TRIF for ubiquitin-
proteasome-mediated degradation (27, 66); this protein also
involves the regulation of TNFo and IL-1B-triggered signal
pathways. By targeting TAB2/TAB3 for lysosomal degradation,
TRIM38 negatively regulates TNFo. and IL-1B-induced NF-kB/
MAPK signaling activation and proinflammatory cytokine
production (100). Interestingly, TRIM30c. negatively regulates
TLR-mediated NF-xB activation through a similar mechanism
by targeting TAB2/TAB3 for lysosomal degradation (45). More
studies about the regulatory network of PRR signaling pathways
by TRIM proteins are summarized in Table 1.

The outcomes of TRIM proteins in the regulation of differential
PRR signal pathways are stimuli and cell-type dependent. TRIM8
enhances TNFo. and IL-1B-induced NF-xB activation through
promoting K63-linked polyubiquitination of TAKI (99).
However, upon poly(I:C) and LPS stimulation, TRIM8 negatively
regulates TLR3/TLR4-mediated proinflammatory cytokine and
IFN-I production through the K6/K33-linked polyubiquitination
of TRIF, which disrupts the interaction of TRIF with TBK1. TRIM8
deficiency results in enhanced susceptibility to poly(I:C) and LPS-
induced death (118). Nevertheless, TRIMS has been recently proven
to be essential for TLR-mediated antiviral innate immune response
in plasmacytoid dendritic cells. Further studies illustrate that TRIM8
protects phosphorylated IRF7 from proteasomal degradation by the
peptidyl-prolyl isomerase Pinl in the E3 ubiquitin ligase-
independent manner (164). TRIM21 is known to mediate
antibody-dependent degradation through the interaction of its
PRY/SPRY domain with the Fc domain of antibody (165).
Notably, the PRY/SPRY domain of TRIM21 also interacts with
the intracellular DNA sensor DDX41, resulting in the K48-linked
polyubiquitination and degradation of DDX41 and, thus, impaired

REFERENCES

1. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
(2010) 140(6):805-20. doi: 10.1016/j.cell.2010.01.022

2. Paludan SR, Bowie AG. Immune sensing of DNA. Immunity (2013) 38
(5):870-80. doi: 10.1016/j.immuni.2013.05.004

3. O’Neill LA, Golenbock D, Bowie AG. The history of Toll-like receptors -
redefining innate immunity. Nat Rev Immunol (2013) 13(6):453-60. doi:
10.1038/nri3446

innate immune response to intracellular DNA (71). However,
TRIM21 facilitates the immune response to RNA virus through
interacting with and K27-linked polyubiquitination of MAVS by its
PRY/SPRY and RING domain, respectively (143). Therefore, the
difference of stimuli and signal pathways should be taken into
consideration when the precise functions of TRIMs in innate
immune response are studied. From this perspective, regulation of
innate immune signal pathways by TRIMs-mediated
unconventional posttranslational modifications may be an
attractive topic.

Taken together, certain TRIM proteins may have multiple
functions, and different TRIMs can coordinate to regulate
immune response. Indeed, TRIM gene expansions are hugely
parallel with the evolution of both innate and adaptive
immunity. Therefore, considering the multiple functions of
TRIM proteins in both innate and adaptive immunity, it seems
clear that TRIM family proteins evolve as regulators to ensure the
optimized immune responses to eliminate pathogen infections
without autoimmunity.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article; further inquiries can be directed to the
corresponding authors.

AUTHOR CONTRIBUTIONS

HH and HZ conceived the paper. WY, ZG, and HH wrote the
manuscript. WY and ZG prepared the figures. ZG and HH
revised the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This study was supported by the grants from the Ministry of Science
and Technology (the National Key Research and Development
Program 2016YFA0502203, 2019YFA0110201, 2019YFA0110203),
National Nature Science Foundation of China (91740111, 81871232
and 31870881) and 1.3.5 projection of disciplines of excellence, and
National Clinical Research Center for Geriatrics (Z2202001001),
West China Hospital, Sichuan University.

4. Loo YM, Gale M Jr. Immune signaling by RIG-I-like receptors. Immunity
(2011) 34(5):680-92. doi: 10.1016/j.immuni.2011.05.003

5. Geijtenbeek TB, Gringhuis SI. Signalling through C-type lectin receptors: shaping
immune responses. Nat Rev Immunol (2009) 9(7):465-79. doi: 10.1038/nri2569

6. Chen G, Shaw MH, Kim YG, Nunez G. NOD-like receptors: role in innate
immunity and inflammatory disease. Annu Rev Pathol (2009) 4:365-98. doi:
10.1146/annurev.pathol.4.110807.092239

7. Pickart CM. Mechanisms underlying ubiquitination. Annu Rev Biochem
(2001) 70:503-33. doi: 10.1146/annurev.biochem.70.1.503

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 02157


https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1016/j.immuni.2013.05.004
https://doi.org/10.1038/nri3446
https://doi.org/10.1016/j.immuni.2011.05.003
https://doi.org/10.1038/nri2569
https://doi.org/10.1146/annurev.pathol.4.110807.092239
https://doi.org/10.1146/annurev.biochem.70.1.503
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

TRIM the Immunity

o

Nel

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Berndsen CE, Wolberger C. New insights into ubiquitin E3 ligase mechanism.

Nat Struct Mol Biol (2014) 21(4):301-7. doi: 10.1038/nsmb.2780

. Komander D, Rape M. The ubiquitin code. Annu Rev Biochem (2012)

81:203-29. doi: 10.1146/annurev-biochem-060310-170328

Hu H, Sun SC. Ubiquitin signaling in immune responses. Cell Res (2016) 26
(4):457-83. doi: 10.1038/cr.2016.40

Huibregtse JM, Scheffner M, Beaudenon S, Howley PM. A family of proteins
structurally and functionally related to the E6-AP ubiquitin-protein ligase.
Proc Natl Acad Sci USA (1995) 92(7):2563-7. doi: 10.1073/pnas.92.7.2563
Scheffner M, Nuber U, Huibregtse JM. Protein ubiquitination involving an
E1-E2-E3 enzyme ubiquitin thioester cascade. Nature (1995) 373(6509):81-
3. doi: 10.1038/373081a0

Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem (1998)
67:425-79. doi: 10.1146/annurev.biochem.67.1.425

Hu H, Brittain GC, Chang JH, Puebla-Osorio N, Jin J. OTUD7B controls
non-canonical NF-kappaB activation through deubiquitination of TRAF3.
Nature (2013) 494(7437):371-4. doi: 10.1038/nature11831

Nisole S, Stoye JP, Saib A. TRIM family proteins: retroviral restriction and
antiviral defence. Nat Rev Microbiol (2005) 3(10):799-808. doi: 10.1038/
nrmicrol248

Meroni G, Diez-Roux G. TRIM/RBCC, a novel class of ‘single protein RING
finger’ E3 ubiquitin ligases. Bioessays (2005) 27(11):1147-57. doi: 10.1002/
bies.20304

Malfavon-Borja R, Sawyer SL, Wu LI, Emerman M, Malik HS. An
evolutionary screen highlights canonical and noncanonical candidate
antiviral genes within the primate TRIM gene family. Genome Biol Evol
(2013) 5(11):2141-54. doi: 10.1093/gbe/evt163

Versteeg GA, Benke S, Garcia-Sastre A, Rajsbaum R. INTRIMsic immunity:
Positive and negative regulation of immune signaling by tripartite motif
proteins. Cytokine Growth Factor Rev (2014) 25(5):563-76. doi: 10.1016/
j.cytogfr.2014.08.001

Rajsbaum R, Stoye JP, O’Garra A. Type I interferon-dependent and
-independent expression of tripartite motif proteins in immune cells. Eur
J Immunol (2008) 38(3):619-30. doi: 10.1002/¢ji.200737916

Versteeg GA, Rajsbaum R, Sanchez-Aparicio MT, Maestre AM, Valdiviezo J,
Shi M. The E3-ligase TRIM family of proteins regulates signaling pathways
triggered by innate immune pattern-recognition receptors. Immunity (2013)
38(2):384-98. doi: 10.1016/j.immuni.2012.11.013

Uchil PD, Hinz A, Siegel S, Coenen-Stass A, Pertel T, Luban J, et al. TRIM
protein-mediated regulation of inflammatory and innate immune signaling and
its association with antiretroviral activity. J Virol (2013) 87(1):257-72. doi:
10.1128/JVI1.01804-12

Carthagena L, Bergamaschi A, Luna JM, David A, Uchil PD, Margottin-
Goguet F, et al. Human TRIM gene expression in response to interferons.
PloS One (2009) 4(3):e4894. doi: 10.1371/journal.pone.0004894

Zhang S, Guo JT, Wu JZ, Yang G. Identification and characterization of
multiple TRIM proteins that inhibit hepatitis B virus transcription. PloS One
(2013) 8(8):¢70001. doi: 10.1371/journal.pone.0070001

Uchil PD, Quinlan BD, Chan WT, Luna JM, Mothes W. TRIM E3 ligases
interfere with early and late stages of the retroviral life cycle. PloS Pathog
(2008) 4(2):e16. doi: 10.1371/journal.ppat.0040016

Saurin AJ, Borden KL, Boddy MN, Freemont PS. Does this have a familiar
RING? Trends Biochem Sci (1996) 21(6):208-14. doi: 10.1016/S0968-0004
(96)80017-X

Xue Q, Xie XQ, Yang Q, Liao CY, Ye W, Lin H, et al. TRIM38 negatively
regulates TLR3-mediated IFN-beta signaling by targeting TRIF for
degradation. PloS One (2012) 7(10):e46825. doi: 10.1371/journal.pone.
0046825

Hu MM, Zhou Z, Lei X, Liu X, He B, Wang J, et al. TRIM38 Negatively
Regulates TLR3/4-Mediated Innate Immune and Inflammatory Responses
by Two Sequential and Distinct Mechanisms. ] Immunol (2015) 195
(9):4415-25. doi: 10.4049/jimmunol.1500859

Shen Y, Li NL, Wang J, Liu B, Lester S, Li K, et al. TRIM56 is an essential
component of the TLR3 antiviral signaling pathway. J Biol Chem (2012) 287
(43):36404-13. doi: 10.1074/jbc.M112.397075

Arimoto K, Funami K, Saeki Y, Tanaka K, Okawa K, Takeuchi O, et al.
Polyubiquitin conjugation to NEMO by triparite motif protein 23 (TRIM23)

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

is critical in antiviral defense. Proc Natl Acad Sci USA (2010) 107(36):15856~
61. doi: 10.1073/pnas.1004621107

Poole E, Groves I, MacDonald A, Pang Y, Alcami A, Sinclair ], et al.
Identification of TRIM23 as a cofactor involved in the regulation of NF-
kappaB by human cytomegalovirus. J Virol (2009) 83(8):3581-90. doi:
10.1128/]V1.02072-08

Xing J, Weng L, Yuan B, Wang Z, Jia L, Jin R, et al. Identification of a role for
TRIM29 in the control of innate immunity in the respiratory tract. Nat
Immunol (2016) 17(12):1373-80. doi: 10.1038/ni.3580

Zha J, Han KJ, Xu LG, He W, Zhou Q, Chen D, et al. The Ret Finger Protein
Inhibits Signaling Mediated by the Noncanonical and Canonical I B Kinase
Family Members. J Immunol (2006) 176(2):1072-80. doi: 10.4049/
jimmunol.176.2.1072

Liang Q, Deng H, Li X, Wu X, Tang Q, Chang TH, et al. Tripartite motif-
containing protein 28 is a small ubiquitin-related modifier E3 ligase and negative
regulator of IFN regulatory factor 7. J Immunol (2011) 187(9):4754-63. doi:
10.4049/jimmunol. 1101704

Higgs R, Lazzari E, Wynne C, Ni Gabhann J, Espinosa A, Wahren-Herlenius M,
et al. Self protection from anti-viral responses-Ro52 promotes degradation of the
transcription factor IRF7 downstream of the viral Toll-Like receptors. PloS One
(2010) 5(7):e11776. doi: 10.1371/journal.pone.0011776

Higgs R, Ni Gabhann J, Ben Larbi N, Breen EP, Fitzgerald KA, Jefferies CA,
et al. The E3 ubiquitin ligase Ro52 negatively regulates IFN-beta production
post-pathogen recognition by polyubiquitin-mediated degradation of IRF3.
J Immunol (2008) 181(3):1780-6. doi: 10.4049/jimmunol.181.3.1780
Kimura T, Mandell M, Deretic V. TRIM-mediated precision autophagy
targets cytoplasmic regulators of innate immunity. J Cell Biol (2015) 210
(6):973-89. doi: 10.1083/jcb.201503023

. Kimura T, Mandell M, Deretic V. Precision autophagy directed by receptor

regulators - emerging examples within the TRIM family. J Cell Sci (2016) 129
(5):881-91. doi: 10.1242/jcs.163758

El Asmi F, Maroui MA, Dutrieux J, Blondel D, Nisole S, Chelbi-Alix MK,
et al. Implication of PMLIV in both intrinsic and innate immunity. PloS
Pathog (2014) 10(2):e1003975. doi: 10.1371/journal.ppat.1003975

Saitoh T, Tun-Kyi A, Ryo A, Yamamoto M, Finn G, Fujita T, et al. Negative
regulation of interferon-regulatory factor 3-dependent innate antiviral
response by the prolyl isomerase Pinl. Nat Immunol (2006) 7(6):598-605.
doi: 10.1038/ni1347

Zhao W, Wang L, Zhang M, Yuan C, Gao C, et al. E3 ubiquitin
ligase tripartite motif 38 negatively regulates TLR-mediated immune
responses by proteasomal degradation of TNF receptor-associated factor 6
in macrophages. ] Immunol (2012) 188(6):2567-74. doi: 10.4049/jimmunol.
1103255

Chang TH, Yoshimi R, Ozato K. Tripartite Motif (TRIM) 12c, a Mouse
Homolog of TRIMS5, Is a Ubiquitin Ligase That Stimulates Type I IFN and
NF-kappaB Pathways along with TNFR-Associated Factor 6. ] Immunol
(2015) 195(11):5367-79. doi: 10.4049/jimmunol.1402064

Huang B, Baek SH. Triml3 Potentiates Toll-Like Receptor 2-Mediated
Nuclear Factor kappaB Activation via K29-Linked Polyubiquitination of
Tumor Necrosis Factor Receptor-Associated Factor 6. Mol Pharmacol
(2017) 91(4):307-16. doi: 10.1124/mol.116.106716

Tareen SU, Emerman M. Trim5 TAKes on pattern recognition. Cell Host
Microbe (2011) 9(5):349-50. doi: 10.1016/j.chom.2011.05.003

Pertel T, Hausmann S, Morger D, Zuger S, Guerra J, Lascano J, et al. TRIM5
is an innate immune sensor for the retrovirus capsid lattice. Nature (2011)
472(7343):361-5. doi: 10.1038/nature09976

Shi M, Deng W, Bi E, Mao K, Ji Y, Lin G, et al. TRIM30 alpha negatively
regulates TLR-mediated NF-kappa B activation by targeting TAB2 and
TAB3 for degradation. Nat Immunol (2008) 9(4):369-77. doi: 10.1038/
nil577

Qiu H, Huang F, Xiao H, Sun B, Yang R. TRIM22 inhibits the TRAF6-
stimulated NF-«kB pathway by targeting TAB2 for degradation. Virologica
Sin (2013) 28(4):209-15. doi: 10.1007/s12250-013-3343-4

McEwan WA, Tam JC, Watkinson RE, Bidgood SR, Mallery DL, James LC,
et al. Intracellular antibody-bound pathogens stimulate immune signaling
via the Fc receptor TRIM21. Nat Immunol (2013) 14(4):327-36. doi:
10.1038/ni.2548

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 02157


https://doi.org/10.1038/nsmb.2780
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1038/cr.2016.40
https://doi.org/10.1073/pnas.92.7.2563
https://doi.org/10.1038/373081a0
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1038/nature11831
https://doi.org/10.1038/nrmicro1248
https://doi.org/10.1038/nrmicro1248
https://doi.org/10.1002/bies.20304
https://doi.org/10.1002/bies.20304
https://doi.org/10.1093/gbe/evt163
https://doi.org/10.1016/j.cytogfr.2014.08.001
https://doi.org/10.1016/j.cytogfr.2014.08.001
https://doi.org/10.1002/eji.200737916
https://doi.org/10.1016/j.immuni.2012.11.013
https://doi.org/10.1128/JVI.01804-12
https://doi.org/10.1371/journal.pone.0004894
https://doi.org/10.1371/journal.pone.0070001
https://doi.org/10.1371/journal.ppat.0040016
https://doi.org/10.1016/S0968-0004(96)80017-X
https://doi.org/10.1016/S0968-0004(96)80017-X
https://doi.org/10.1371/journal.pone.0046825
https://doi.org/10.1371/journal.pone.0046825
https://doi.org/10.4049/jimmunol.1500859
https://doi.org/10.1074/jbc.M112.397075
https://doi.org/10.1073/pnas.1004621107
https://doi.org/10.1128/JVI.02072-08
https://doi.org/10.1038/ni.3580
https://doi.org/10.4049/jimmunol.176.2.1072
https://doi.org/10.4049/jimmunol.176.2.1072
https://doi.org/10.4049/jimmunol.1101704
https://doi.org/10.1371/journal.pone.0011776
https://doi.org/10.4049/jimmunol.181.3.1780
https://doi.org/10.1083/jcb.201503023
https://doi.org/10.1242/jcs.163758
https://doi.org/10.1371/journal.ppat.1003975
https://doi.org/10.1038/ni1347
https://doi.org/10.4049/jimmunol.1103255
https://doi.org/10.4049/jimmunol.1103255
https://doi.org/10.4049/jimmunol.1402064
https://doi.org/10.1124/mol.116.106716
https://doi.org/10.1016/j.chom.2011.05.003
https://doi.org/10.1038/nature09976
https://doi.org/10.1038/ni1577
https://doi.org/10.1038/ni1577
https://doi.org/10.1007/s12250-013-3343-4
https://doi.org/10.1038/ni.2548
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

TRIM the Immunity

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Geijtenbeek TB, Gringhuis SI. An inside job for antibodies: tagging
pathogens for intracellular sensing. Nat Immunol (2013) 14(4):309-11.
doi: 10.1038/ni.2574

Noguchi K, Okumura F, Takahashi N, Kataoka A, Kamiyama T, Todo S,
et al. TRIM40 promotes neddylation of IKKgamma and is downregulated in
gastrointestinal cancers. Carcinogenesis (2011) 32(7):995-1004. doi:
10.1093/carcin/bgr068

Wada K, Niida M, Tanaka M, Kamitani T. Ro52-mediated
monoubiquitination of IKK{beta} down-regulates NF-{kappa}B signalling.
] Biochem (2009) 146(6):821-32. doi: 10.1093/jb/mvp127

Niida M, Tanaka M, Kamitani T. Downregulation of active IKK beta by
Ro52-mediated autophagy. Mol Immunol (2010) 47(14):2378-87. doi:
10.1016/j.molimm.2010.05.004

Wu WS, Xu ZX, Hittelman WN, Salomoni P, Pandolfi PP, Chang KS, et al.
Promyelocytic leukemia protein sensitizes tumor necrosis factor alpha-
induced apoptosis by inhibiting the NF-kappaB survival pathway. J Biol
Chem (2003) 278(14):12294-304. doi: 10.1074/jbc.M211849200

Shi M, Cho H, Inn KS, Yang A, Zhao Z, Liang Q, et al. Negative regulation of
NF-kappaB activity by brain-specific TRIpartite Motif protein 9. Nat
Commun (2014) 5:4820. doi: 10.1038/ncomms5820

Chae JJ, Wood G, Richard K, Jaffe H, Colburn NT, Masters SL, et al. The
familial Mediterranean fever protein, pyrin, is cleaved by caspase-1 and
activates NF-kappaB through its N-terminal fragment. Blood (2008) 112
(5):1794-803. doi: 10.1182/blood-2008-01-134932

Gack MU, Shin YC, Joo CH, Urano T, Liang C, Sun L, et al. TRIM25 RING-
finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity.
Nature (2007) 446(7138):916-20. doi: 10.1038/nature05732

Zeng W, Sun L, Jiang X, Chen X, Hou F, Adhikari A, et al. Reconstitution of
the RIG-I pathway reveals a signaling role of unanchored polyubiquitin
chains in innate immunity. Cell (2010) 141(2):315-30. doi: 10.1016/
j.cell.2010.03.029

Castanier C, Zemirli N, Portier A, Garcin D, Bidere N, Vazquez A, et al.
MAVS ubiquitination by the E3 ligase TRIM25 and degradation by the
proteasome is involved in type I interferon production after activation of the
antiviral RIG-I-like receptors. BMC Biol (2012) 10:44. doi: 10.1186/1741-
7007-10-44

Yan J, Li Q, Mao AP, Hu MM, Shu HB. TRIM4 modulates type I interferon
induction and cellular antiviral response by targeting RIG-I for K63-linked
ubiquitination. J Mol Cell Biol (2014) 6(2):154-63. doi: 10.1093/jmcb/
mju005

Kamanova J, Sun H, Lara-Tejero M, Galan JE, et al. The Salmonella Effector
Protein SopA Modulates Innate Immune Responses by Targeting TRIM E3
Ligase Family Members. PloS Pathog (2016) 12(4):e1005552. doi: 10.1371/
journal.ppat.1005552

Lang X, Tang T, Jin T, Ding C, Zhou R, Jiang W, et al. TRIM65-catalized
ubiquitination is essential for MDA5-mediated antiviral innate immunity.
] Exp Med (2017) 214(2):459-73. doi: 10.1084/jem.20160592

Narayan K, Waggoner L, Pham ST, Hendricks GL, Waggoner SN, Conlon J,
et al. TRIM13 is a negative regulator of MDA5-mediated type I interferon
production. ] Virol (2014) 88(18):10748-57. doi: 10.1128/JV1.02593-13
Zhou Z, Jia X, Xue Q, Dou Z, Ma Y, Zhao Z, et al. TRIM 14 is a mitochondrial
adaptor that facilitates retinoic acid-inducible gene-I-like receptor-mediated
innate immune response. Proc Natl Acad Sci USA (2014) 111(2):E245-54.
doi: 10.1073/pnas.1316941111

Yang B, Wang J, Wang Y, Zhou H, Wu X, Tian Z, et al. Novel function of
Trim44 promotes an antiviral response by stabilizing VISA. J Immunol
(2013) 190(7):3613-9. doi: 10.4049/jimmunol.1202507

Liu B, Zhang M, Chu H, Zhang H, Wu H, Song G, et al. The ubiquitin E3
ligase TRIM31 promotes aggregation and activation of the signaling adaptor
MAVS through Lys63-linked polyubiquitination. Nat Immunol (2017) 18
(2):214-24. doi: 10.1038/ni.3641

Qin Y, Liu Q, Tian S, Xie W, Cui J, Wang RF, et al. TRIM9 short isoform
preferentially promotes DNA and RNA virus-induced production of type I
interferon by recruiting GSK3beta to TBK1. Cell Res (2016) 26(5):613-28.
doi: 10.1038/cr.2016.27

Zhao W, Wang L, Zhang M, Wang P, Yuan C, Qi J, et al. Tripartite motif-
containing protein 38 negatively regulates TLR3/4- and RIG-I-mediated

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

IFN-beta production and antiviral response by targeting NAP1. ] Immunol
(2012) 188(11):5311-8. doi: 10.4049/jimmunol.1103506

Ran Y, Zhang ], Liu LL, Pan ZY, Nie Y, Zhang HY, et al. Autoubiquitination
of TRIM26 links TBK1 to NEMO in RLR-mediated innate antiviral immune
response. ] Mol Cell Biol (2016) 8(1):31-43. doi: 10.1093/jmcb/mjv068
Wang P, Zhao W, Zhao K, Zhang L, Gao C. TRIM26 negatively regulates
interferon-beta production and antiviral response through
polyubiquitination and degradation of nuclear IRF3. PloS Pathog (2015)
11(3):€1004726. doi: 10.1371/journal.ppat.1004726

Lee Y, Song B, Park C, Kwon KS, et al. TRIM11 negatively regulates IFNbeta
production and antiviral activity by targeting TBK1. PloS One (2013) 8(5):
€63255. doi: 10.1371/journal.pone.0063255

Wrynne C, Lazzari E, Smith S, McCarthy EM, Ni Gabhann J, Kallal LE, et al.
TRIM68 negatively regulates IFN-beta production by degrading TRK fused
gene, a novel driver of IFN-beta downstream of anti-viral detection systems.
PloS One (2014) 9(7):e101503. doi: 10.1371/journal.pone.0101503

Zhang Z, Bao M, Lu N, Weng L, Yuan B, Liu Y-J, et al. The E3 ubiquitin
ligase TRIM21 negatively regulates the innate immune response to
intracellular double-stranded DNA. Nat Immunol (2013) 14(2):172-8. doi:
10.1038/ni.2492

Cai Z, Wang J. TRIM dsDNA sensor to restrict innate immune response. Cell
Mol Immunol (2013) 10(3):193-5. doi: 10.1038/cmi.2013.6

Chen M, Meng Q, Qin Y, Liang P, Tan P, He L, et al. TRIM14 Inhibits cGAS
Degradation Mediated by Selective Autophagy Receptor p62 to Promote
Innate Immune Responses. Mol Cell (2016) 64(1):105-19. doi: 10.1016/
j-molcel.2016.08.025

Hu MM, Yang Q, Xie XQ, Liao CY, Lin H, Liu TT, et al. Sumoylation
Promotes the Stability of the DNA Sensor cGAS and the Adaptor STING to
Regulate the Kinetics of Response to DNA Virus. Immunity (2016) 45
(3):555-69. doi: 10.1016/j.immuni.2016.08.014

Tsuchida T, Zou J, Saitoh T, Kumar H, Abe T, Matsuura Y, et al. The
ubiquitin ligase TRIM56 regulates innate immune responses to intracellular
double-stranded DNA. Immunity (2010) 33(5):765-76. doi: 10.1016/
jimmuni.2010.10.013

Zhang J, Hu MM, Wang YY, Shu HB, et al. TRIM32 protein modulates type I
interferon induction and cellular antiviral response by targeting MITA/
STING protein for K63-linked ubiquitination. J Biol Chem (2012) 287
(34):28646-55. doi: 10.1074/jbc.M112.362608

Wang Y, Lian Q, Yang B, Yan S, Zhou H, He L, et al. TRIM30alpha Is a Negative-
Feedback Regulator of the Intracellular DNA and DNA Virus-Triggered
Response by Targeting STING. PloS Pathog (2015) 11(6):e1005012. doi:
10.1371/journal.ppat.1005012

Papin S, Cuenin S, Agostini L, Martinon F, Werner S, Beer HD, et al. The
SPRY domain of Pyrin, mutated in familial Mediterranean fever patients,
interacts with inflammasome components and inhibits proIL-1lbeta
processing. Cell Death Differ (2007) 14(8):1457-66. doi: 10.1038/
sj.cdd.4402142

Chae JJ, Wood G, Masters SL, Richard K, Park G, Smith BJ, et al. The B30.2
domain of pyrin, the familial Mediterranean fever protein, interacts directly
with caspase-1 to modulate IL-1beta production. Proc Natl Acad Sci USA
(2006) 103(26):9982-7. doi: 10.1073/pnas.0602081103

Hesker PR, Nguyen M, Kovarova M, Ting JP, Koller BH. Genetic loss of
murine pyrin, the Familial Mediterranean Fever protein, increases
interleukin-1beta levels. PloS One (2012) 7(11):e51105. doi: 10.1371/
journal.pone.0051105

Yu JW, Fernandes-Alnemri T, Datta P, Wu J, Juliana C, Solorzano L, et al.
Pyrin activates the ASC pyroptosome in response to engagement by
autoinflammatory PSTPIP1 mutants. Mol Cell (2007) 28(2):214-27. doi:
10.1016/j.molcel.2007.08.029

Munding C, Keller M, Niklaus G, Papin S, Tschopp J, Werner S, et al. The
estrogen-responsive B box protein: a novel enhancer of interleukin-1beta
secretion. Cell Death Differ (2006) 13(11):1938-49. doi: 10.1038/
sj.cdd.4401896

Hu Y, Mao K, Zeng Y, Chen S, Tao Z, Yang C, et al. Tripartite-motif protein
30 negatively regulates NLRP3 inflammasome activation by modulating
reactive oxygen species production. J Immunol (2010) 185(12):7699-705.
doi: 10.4049/jimmunol.1001099

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 02157


https://doi.org/10.1038/ni.2574
https://doi.org/10.1093/carcin/bgr068
https://doi.org/10.1093/jb/mvp127
https://doi.org/10.1016/j.molimm.2010.05.004
https://doi.org/10.1074/jbc.M211849200
https://doi.org/10.1038/ncomms5820
https://doi.org/10.1182/blood-2008-01-134932
https://doi.org/10.1038/nature05732
https://doi.org/10.1016/j.cell.2010.03.029
https://doi.org/10.1016/j.cell.2010.03.029
https://doi.org/10.1186/1741-7007-10-44
https://doi.org/10.1186/1741-7007-10-44
https://doi.org/10.1093/jmcb/mju005
https://doi.org/10.1093/jmcb/mju005
https://doi.org/10.1371/journal.ppat.1005552
https://doi.org/10.1371/journal.ppat.1005552
https://doi.org/10.1084/jem.20160592
https://doi.org/10.1128/JVI.02593-13
https://doi.org/10.1073/pnas.1316941111
https://doi.org/10.4049/jimmunol.1202507
https://doi.org/10.1038/ni.3641
https://doi.org/10.1038/cr.2016.27
https://doi.org/10.4049/jimmunol.1103506
https://doi.org/10.1093/jmcb/mjv068
https://doi.org/10.1371/journal.ppat.1004726
https://doi.org/10.1371/journal.pone.0063255
https://doi.org/10.1371/journal.pone.0101503
https://doi.org/10.1038/ni.2492
https://doi.org/10.1038/cmi.2013.6
https://doi.org/10.1016/j.molcel.2016.08.025
https://doi.org/10.1016/j.molcel.2016.08.025
https://doi.org/10.1016/j.immuni.2016.08.014
https://doi.org/10.1016/j.immuni.2010.10.013
https://doi.org/10.1016/j.immuni.2010.10.013
https://doi.org/10.1074/jbc.M112.362608
https://doi.org/10.1371/journal.ppat.1005012
https://doi.org/10.1038/sj.cdd.4402142
https://doi.org/10.1038/sj.cdd.4402142
https://doi.org/10.1073/pnas.0602081103
https://doi.org/10.1371/journal.pone.0051105
https://doi.org/10.1371/journal.pone.0051105
https://doi.org/10.1016/j.molcel.2007.08.029
https://doi.org/10.1038/sj.cdd.4401896
https://doi.org/10.1038/sj.cdd.4401896
https://doi.org/10.4049/jimmunol.1001099
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

TRIM the Immunity

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Song H, Liu B, Huai W, Yu Z, Wang W, Zhao J, et al. The E3 ubiquitin ligase
TRIM31 attenuates NLRP3 inflammasome activation by promoting
proteasomal degradation of NLRP3. Nat Commun (2016) 7:13727. doi:
10.1038/ncomms13727

Weng L, Mitoma H, Trichot C, Bao M, Liu Y, Zhang Z, et al. The E3
ubiquitin ligase tripartite motif 33 is essential for cytosolic RNA-induced
NLRP3 inflammasome activation. J Immunol (2014) 193(7):3676-82. doi:
10.4049/jimmunol.1401448

Zurek B, Schoultz I, Neerincx A, Napolitano LM, Birkner K, Bennek E, et al.
TRIM27 negatively regulates NOD2 by ubiquitination and proteasomal
degradation. PloS One (2012) 7(7):e41255. doi: 10.1371/journal.pone.0041255
Liu T, Tang Q, Liu K, Xie W, Liu X, Wang H, et al. TRIM11 Suppresses AIM2
Inflammasome by Degrading AIM2 via p62-Dependent Selective Autophagy.
Cell Rep (2016) 16(7):1988-2002. doi: 10.1016/j.celrep.2016.07.019

Cai X, Srivastava S, Sun Y, Li Z, Wu H, Zuvela-Jelaska L, et al. Tripartite
motif containing protein 27 negatively regulates CD4 T cells by
ubiquitinating and inhibiting the class II PI3K-C2beta. Proc Natl Acad Sci
U.S.A. (2011) 108(50):20072-7. doi: 10.1073/pnas.1111233109

Choi UY, Hur JY, Lee MS, Zhang Q, Choi WY, Kim LK, et al. Tripartite
motif-containing protein 30 modulates TCR-activated proliferation and
effector functions in CD4+ T cells. PloS One (2014) 9(4):¢95805. doi:
10.1371/journal.pone.0095805

Perez-Lloret J, Okoye IS, Guidi R, Kannan Y, Coomes SM, Czieso S, et al. T-
cell-intrinsic Tiflalpha/Trim24 regulates IL-1R expression on TH2 cells and
TH2 cell-mediated airway allergy. Proc Natl Acad Sci USA (2016) 113(5):
E568-76. doi: 10.1073/pnas.1522287113

Liu Y, Wang Z, De La Torre R, Barling A, Tsujikawa T, Hornick N, et al.
Trim32 deficiency enhances Th2 immunity and predisposes to features of
atopic dermatitis. J Invest Dermatol (2016) 137(2):359-66. doi: 10.1016/
1.jid.2016.09.020

Ishii T, Ohnuma K, Murakami A, Takasawa N, Yamochi T, Iwata S, et al. SS-
A/Ro52, an autoantigen involved in CD28-mediated IL-2 production.
J Immunol (2003) 170(7):3653-61. doi: 10.4049/jimmunol.170.7.3653
Espinosa A, Dardalhon V, Brauner S, Ambrosi A, Higgs R, Quintana FJ, et al.
Loss of the lupus autoantigen Ro52/Trim21 induces tissue inflammation and
systemic autoimmunity by disregulating the IL-23-Th17 pathway. ] Exp Med
(2009) 206(8):1661-71. doi: 10.1084/jem.20090585

Doisne JM, Bartholin L, Yan KP, Garcia CN, Duarte N, Le Luduec JB, et al.
iNKT cell development is orchestrated by different branches of TGF-beta
signaling. J Exp Med (2009) 206(6):1365-78. doi: 10.1084/jem.20090127
He W, Dorn DC, Erdjument-Bromage H, Tempst P, Moore MA, Massague ],
et al. Hematopoiesis controlled by distinct TIF1gamma and Smad4 branches
of the TGFbeta pathway. Cell (2006) 125(5):929-41. doi: 10.1016/
j.cell.2006.03.045

Chikuma S, Suita N, Okazaki IM, Shibayama S, Honjo T. TRIM28 prevents
autoinflammatory T cell development in vivo. Nat Immunol (2012) 13
(6):596-603. doi: 10.1038/ni.2293

Huang C, Martin S, Pfleger C, Du J, Buckner JH, Bluestone JA, et al. Cutting
Edge: a novel, human-specific interacting protein couples FOXP3 to a
chromatin-remodeling complex that contains KAP1/TRIM28. ] Immunol
(2013) 190(9):4470-3. doi: 10.4049/jimmunol.1203561

Zhou XF, Yu J, Chang M, Zhang M, Zhou D, Cammas F, et al. TRIM28
mediates chromatin modifications at the TCRalpha enhancer and regulates
the development of T and natural killer T cells. Proc Natl Acad Sci USA
(2012) 109(49):20083-8. doi: 10.1073/pnas.1214704109

Li Q, Yan J, Mao AP, Li C, Ran Y, Shu HB, et al. Tripartite motif 8 (TRIM8)
modulates TNFalpha- and IL-1beta-triggered NF-kappaB activation by
targeting TAKI for K63-linked polyubiquitination. Proc Natl Acad Sci
USA (2011) 108(48):19341-6. doi: 10.1073/pnas.1110946108

Hu MM, Yang Q, Zhang J, Liu SM, Zhang Y, Lin H, et al. TRIM38 inhibits
TNFalpha- and IL-1beta-triggered NEF-kappaB activation by mediating
lysosome-dependent degradation of TAB2/3. Proc Natl Acad Sci USA
(2014) 111(4):1509-14. doi: 10.1073/pnas.1318227111

Tomar D, Singh R. TRIM13 regulates ubiquitination and turnover of NEMO
to suppress TNF induced NF-kappaB activation. Cell Signal (2014) 26
(12):2606-13. doi: 10.1016/j.cellsig.2014.08.008

Shibata M, Sato T, Nukiwa R, Ariga T, Hatakeyama S, et al. TRIM45
negatively regulates NF-kappaB-mediated transcription and suppresses cell

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

proliferation. Biochem Biophys Res Commun (2012) 423(1):104-9. doi:
10.1016/j.bbrc.2012.05.090

Collison A, Hatchwell L, Verrills N, Wark PA, de Siqueira AP, Tooze M, et al.
The E3 ubiquitin ligase midline 1 promotes allergen and rhinovirus-induced
asthma by inhibiting protein phosphatase 2A activity. Nat Med (2013) 19
(2):232-7. doi: 10.1038/nm.3049

Rajsbaum R, Versteeg GA, Schmid S, Maestre AM, Belicha-Villanueva A,
Martinez-Romero C, et al. Unanchored K48-linked polyubiquitin
synthesized by the E3-ubiquitin ligase TRIM6 stimulates the interferon-
IKKepsilon kinase-mediated antiviral response. Immunity (2014) 40(6):880-
95. doi: 10.1016/j.immuni.2014.04.018

Massiah MA, Matts JA, Short KM, Simmons BN, Singireddy S, Yi Z, et al.
Solution structure of the MID1 B-box2 CHC(D/C)C(2)H(2) zinc-binding
domain: insights into an evolutionarily conserved RING fold. J Mol Biol
(2007) 369(1):1-10. doi: 10.1016/j.jmb.2007.03.017

Diaz-Griffero F, Qin XR, Hayashi F, Kigawa T, Finzi A, Sarnak Z, et al. A B-
box 2 surface patch important for TRIM5alpha self-association, capsid
binding avidity, and retrovirus restriction. J Virol (2009) 83(20):10737-51.
doi: 10.1128/JV1.01307-09

Li X, Sodroski J. The TRIM5alpha B-box 2 domain promotes cooperative binding
to the retroviral capsid by mediating higher-order self-association. J Virol (2008)
82(23):11495-502. doi: 10.1128/JV1.01548-08

Wagner JM, Roganowicz MD, Skorupka K, Alam SL, Christensen D, Doss G,
et al. Mechanism of B-box 2 domain-mediated higher-order assembly of the
retroviral restriction factor TRIM5alpha. Elife (2016) 5:e16309. doi: 10.7554/
eLife.16309

Li X, Song B, Xiang SH, Sodroski J, et al. Functional interplay between the B-
box 2 and the B30.2(SPRY) domains of TRIMS5alpha. Virology (2007) 366
(2):234-44. doi: 10.1016/j.virol.2007.04.022

Bell JL, Malyukova A, Holien JK, Koach J, Parker MW, Kavallaris M, et al.
TRIMI6 acts as an E3 ubiquitin ligase and can heterodimerize with other
TRIM family members. PloS One (2012) 7(5):e37470. doi: 10.1371/
journal.pone.0037470

LiY, Wu H, Wu W, Zhuo W, Liu W, Zhang Y, et al. Structural insights into
the TRIM family of ubiquitin E3 ligases. Cell Res (2014) 24(6):762-5. doi:
10.1038/cr.2014.46

Herquel B, Ouararhni K, Khetchoumian K, Ignat M, Teletin M, Mark M, et al.
Transcription cofactors TRIM24, TRIM28, and TRIM33 associate to form
regulatory complexes that suppress murine hepatocellular carcinoma. Proc Natl
Acad Sci USA (2011) 108(20):8212-7. doi: 10.1073/pnas.1101544108

Everett RD, Chelbi-Alix MK. PML and PML nuclear bodies: implications in
antiviral defence. Biochimie (2007) 89(6-7):819-30. doi: 10.1016/
j.biochi.2007.01.004

Bernardi R, Pandolfi PP. Structure, dynamics and functions of promyelocytic
leukaemia nuclear bodies. Nat Rev Mol Cell Biol (2007) 8(12):1006-16. doi:
10.1038/nrm2277

Rajsbaum R, Garcia-Sastre A, Versteeg GA. TRIMmunity: the roles of the
TRIM E3-ubiquitin ligase family in innate antiviral immunity. ] Mol Biol
(2014) 426(6):1265-84. doi: 10.1016/j.jmb.2013.12.005

Jefferies C, Wynne C, Higgs R. Antiviral TRIMs: friend or foe in autoimmune
and autoinflammatory disease? Nat Rev Immunol (2011) 11(9):617-25. doi:
10.1038/nri3043

Wang J, Liu B, Wang N, Lee YM, Liu C, Li K, et al. TRIM56 is a virus- and
interferon-inducible E3 ubiquitin ligase that restricts pestivirus infection.
J Virol (2011) 85(8):3733-45. doi: 10.1128/JV1.02546-10

Ye W, Hu MM, Lei CQ, Zhou Q, Lin H, Sun MS, et al. TRIM8 Negatively
Regulates TLR3/4-Mediated Innate Immune Response by Blocking TRIF-
TBK1 Interaction. J Immunol (2017) 199(5):1856-64. doi: 10.4049/
jimmunol.1601647

Yang Q, Liu TT, Lin H, Zhang M, Wei ], Luo WW, et al. TRIM32-TAX1BP1-
dependent selective autophagic degradation of TRIF negatively regulates
TLR3/4-mediated innate immune responses. PloS Pathog (2017) 13(9):
€1006600. doi: 10.1371/journal.ppat.1006600

Tu D, Zhu Z, Zhou AY, Yun CH, Lee KE, Toms AV, et al. Structure and
ubiquitination-dependent activation of TANK-binding kinase 1. Cell Rep
(2013) 3(3):747-58. doi: 10.1016/j.celrep.2013.01.033

Diehl WE, Johnson WE, Hunter E. Elevated rate of fixation of endogenous
retroviral elements in Haplorhini TRIM5 and TRIM22 genomic sequences:

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 02157


https://doi.org/10.1038/ncomms13727
https://doi.org/10.4049/jimmunol.1401448
https://doi.org/10.1371/journal.pone.0041255
https://doi.org/10.1016/j.celrep.2016.07.019
https://doi.org/10.1073/pnas.1111233109
https://doi.org/10.1371/journal.pone.0095805
https://doi.org/10.1073/pnas.1522287113
https://doi.org/10.1016/j.jid.2016.09.020
https://doi.org/10.1016/j.jid.2016.09.020
https://doi.org/10.4049/jimmunol.170.7.3653
https://doi.org/10.1084/jem.20090585
https://doi.org/10.1084/jem.20090127
https://doi.org/10.1016/j.cell.2006.03.045
https://doi.org/10.1016/j.cell.2006.03.045
https://doi.org/10.1038/ni.2293
https://doi.org/10.4049/jimmunol.1203561
https://doi.org/10.1073/pnas.1214704109
https://doi.org/10.1073/pnas.1110946108
https://doi.org/10.1073/pnas.1318227111
https://doi.org/10.1016/j.cellsig.2014.08.008
https://doi.org/10.1016/j.bbrc.2012.05.090
https://doi.org/10.1038/nm.3049
https://doi.org/10.1016/j.immuni.2014.04.018
https://doi.org/10.1016/j.jmb.2007.03.017
https://doi.org/10.1128/JVI.01307-09
https://doi.org/10.1128/JVI.01548-08
https://doi.org/10.7554/eLife.16309
https://doi.org/10.7554/eLife.16309
https://doi.org/10.1016/j.virol.2007.04.022
https://doi.org/10.1371/journal.pone.0037470
https://doi.org/10.1371/journal.pone.0037470
https://doi.org/10.1038/cr.2014.46
https://doi.org/10.1073/pnas.1101544108
https://doi.org/10.1016/j.biochi.2007.01.004
https://doi.org/10.1016/j.biochi.2007.01.004
https://doi.org/10.1038/nrm2277
https://doi.org/10.1016/j.jmb.2013.12.005
https://doi.org/10.1038/nri3043
https://doi.org/10.1128/JVI.02546-10
https://doi.org/10.4049/jimmunol.1601647
https://doi.org/10.4049/jimmunol.1601647
https://doi.org/10.1371/journal.ppat.1006600
https://doi.org/10.1016/j.celrep.2013.01.033
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

TRIM the Immunity

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

impact on transcriptional regulation. PloS One (2013) 8(3):¢58532. doi:
10.1371/journal.pone.0058532

Sawyer SL, Emerman M, Malik HS. Discordant evolution of the adjacent
antiretroviral genes TRIM22 and TRIM5 in mammals. PloS Pathog (2007) 3
(12):e197. doi: 10.1371/journal.ppat.0030197

Si Z, Vandegraaff N, O'Huigin C, Song B, Yuan W, Xu C, et al. Evolution of a
cytoplasmic tripartite motif (TRIM) protein in cows that restricts retroviral
infection. Proc Natl Acad Sci USA (2006) 103(19):7454-9. doi: 10.1073/
pnas.0600771103

Tareen SU, Sawyer SL, Malik HS, Emerman M. An expanded clade of rodent
Trim5 genes. Virology (2009) 385(2):473-83. doi: 10.1016/j.virol.2008.12.018
Johnson WE, Sawyer SL. Molecular evolution of the antiretroviral TRIM5
gene. Immunogenetics (2009) 61(3):163-76. doi: 10.1007/s00251-009-0358-y
Kuang YQ, Liu HL, Zheng YT. The innate immune roles of host factors
TRIMb5alpha and Cyclophilin A on HIV-1 replication. Med Microbiol
Immunol (2015) 204(5):557-65. doi: 10.1007/s00430-015-0417-y

Gongora C, Tissot C, Cerdan C, Mechti N. The interferon-inducible Staf50 gene
is downregulated during T cell costimulation by CD2 and CD28. ] Interferon
Cytokine Res (2000) 20(11):955-61. doi: 10.1089/10799900050198390

Guo L, Dong W, Fu X, Lin ], Dong Z, Tan X, et al. Tripartite Motif 8
(TRIMB) Positively Regulates Pro-inflammatory Responses in Pseudomonas
aeruginosa-Induced Keratitis Through Promoting Ké63-Linked
Polyubiquitination of TAK1 Protein. Inflammation (2017) 40(2):454-63.
doi: 10.1007/s10753-016-0491-3

Clark K, Nanda S, Cohen P. Molecular control of the NEMO family of
ubiquitin-binding proteins. Nat Rev Mol Cell Biol (2013) 14(10):673-85. doi:
10.1038/nrm3644

Sparrer KMJ, Gableske S, Zurenski MA, Parker ZM, Full F, Baumgart GJ,
et al. TRIM23 mediates virus-induced autophagy via activation of TBK1. Nat
Microbiol (2017) 2(11):1543-57. doi: 10.1038/s41564-017-0017-2

Jiang X, Chen ZJ. The role of ubiquitylation in immune defence and pathogen
evasion. Nat Rev Immunol (2011) 12(1):35-48. doi: 10.1038/nri3111

Kell AM, Gale M Jr. RIG-I in RNA virus recognition. Virology (2015) 479-
480:110-21. doi: 10.1016/j.virol.2015.02.017

Sanchez JG, Chiang JJ, Sparrer KM, Alam SL, Chi M, Roganowicz MD, et al.
Mechanism of TRIM25 Catalytic Activation in the Antiviral RIG-I Pathway.
Cell Rep (2016) 16(5):1315-25. doi: 10.1016/j.celrep.2016.06.070

Gack MU, Kirchhofer A, Shin YC, Inn KS, Liang C, Cui S, et al. Roles of RIG-
I N-terminal tandem CARD and splice variant in TRIM25-mediated
antiviral signal transduction. Proc Natl Acad Sci USA (2008) 105
(43):16743-8. doi: 10.1073/pnas.0804947105

Sumpter RJr., Loo YM, Foy E, Li K, Yoneyama M, Fujita T, et al. Regulating
intracellular antiviral defense and permissiveness to hepatitis C virus RNA
replication through a cellular RNA helicase, RIG-1. J Virol (2005) 79
(5):2689-99. doi: 10.1128/JV1.79.5.2689-2699.2005

Lee NR, Kim HI, Choi MS, Yi CM, Inn KS§, et al. Regulation of MDA5-MAVS
Antiviral Signaling Axis by TRIM25 through TRAF6-Mediated NF-kappaB
Activation. Mol Cells (2015) 38(9):759-64. doi: 10.14348/molcells.2015.0047
Inn KS, Gack MU, Tokunaga F, Shi M, Wong LY, Iwai K, et al. Linear
ubiquitin assembly complex negatively regulates RIG-I- and TRIM25-
mediated type I interferon induction. Mol Cell (2011) 41(3):354-65. doi:
10.1016/j.molcel.2010.12.029

Pauli EK, Chan YK, Davis ME, Gableske S, Wang MK, Feister KF, et al. The
Ubiquitin-Specific Protease USP15 Promotes RIG-I-Mediated Antiviral
Signaling by Deubiquitylating TRIM25. Sci Signaling (2014) 7(307):ra3-3.
doi: 10.1126/scisignal.2004577

Inn KS, Lee SH, Rathbun JY, Wong LY, Toth Z, Machida K, et al. Inhibition
of RIG-I-mediated signaling by Kaposi’s sarcoma-associated herpesvirus-
encoded deubiquitinase ORF64. ] Virol (2011) 85(20):10899-904. doi:
10.1128/JV1.00690-11

Gack MU, Albrecht RA, Urano T, Inn KS, Huang IC, Carnero E, et al.
Influenza A virus NS1 targets the ubiquitin ligase TRIM25 to evade
recognition by the host viral RNA sensor RIG-1. Cell Host Microbe (2009)
5(5):439-49. doi: 10.1016/j.chom.2009.04.006

D’Cruz AA, Kershaw NJ, Chiang JJ, Wang MK, Nicola NA, Babon JJ, et al.
Crystal structure of the TRIM25 B30.2 (PRYSPRY) domain: a key
component of antiviral signalling. Biochem ] (2013) 456(2):231-40. doi:
10.1042/BJ20121425

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Kato H, Fujita T. RIG-I-like receptors and autoimmune diseases. Curr Opin
Immunol (2015) 37:40-5. doi: 10.1016/j.c01.2015.10.002

Xue B, Li H, Guo M, Wang J, Xu Y, Zou X, et al. TRIM21 Promotes Innate
Immune Response to RNA Viral Infection through Lys27-Linked
Polyubiquitination of MAVS. ] Virol (2018) 92(14):e00321-18. doi:
10.1128/JV1.00321-18

Xing J, Zhang A, Minze LJ, Li XC, Zhang Z. TRIM29 Negatively Regulates
the Type I IFN Production in Response to RNA Virus. ] Immunol (2018) 201
(1):183-92. doi: 10.4049/jimmunol.1701569

Desmet CJ, Ishii KJ. Nucleic acid sensing at the interface between innate and
adaptive immunity in vaccination. Nat Rev Immunol (2012) 12(7):479-91.
doi: 10.1038/nri3247

Watkinson RE, McEwan WA, Tam JC, Vaysburd M, James LC, et al.
TRIM21 Promotes cGAS and RIG-I Sensing of Viral Genomes during
Infection by Antibody-Opsonized Virus. PloS Pathog (2015) 11(10):
€1005253. doi: 10.1371/journal.ppat.1005253

Wang Q, Liu X, Cui Y, Tang Y, Chen W, Li §, et al. The E3 ubiquitin ligase AMFR
and INSIGI bridge the activation of TBK1 kinase by modifying the adaptor
STING. Immunity (2014) 41(6):919-33. doi: 10.1016/j.immuni.2014.11.011

Seo GJ, Kim C, Shin WJ, Sklan EH, Eoh H, Jung JU, et al. TRIM56-mediated
monoubiquitination of cGAS for cytosolic DNA sensing. Nat Commun
(2018) 9(1):613. doi: 10.1038/s41467-018-02936-3

Xing J, Zhang A, Zhang H, Wang J, Li XC, Zeng MS, et al. TRIM29 promotes
DNA virus infections by inhibiting innate immune response. Nat Commun
(2017) 8(1):945. doi: 10.1038/s41467-017-00101-w

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

Latz E, Xiao TS, Stutz A. Activation and regulation of the inflammasomes.
Nat Rev Immunol (2013) 13(6):397-411. doi: 10.1038/nri3452

Manukyan G, Aminov R. Update on Pyrin Functions and Mechanisms of
Familial Mediterranean Fever. Front Microbiol (2016) 7:456. doi: 10.3389/
fmicb.2016.00456

Yu JW, WuJ, Zhang Z, Datta P, Ibrahimi I, Taniguchi S, et al. Cryopyrin and
pyrin activate caspase-1, but not NF-kappaB, via ASC oligomerization. Cell
Death Differ (2006) 13(2):236-49. doi: 10.1038/sj.cdd.4401734

Gavrilin MA, Abdelaziz DH, Mostafa M, Abdulrahman BA, Grandhi J,
Akhter A, et al. Activation of the pyrin inflammasome by intracellular
Burkholderia cenocepacia. ] Immunol (2012) 188(7):3469-77. doi: 10.4049/
jimmunol.1102272

Seshadri S, Duncan MD, Hart JM, Gavrilin MA, Wewers MD. Pyrin levels in
human monocytes and monocyte-derived macrophages regulate IL-1beta
processing and release. J Immunol (2007) 179(2):1274-81. doi: 10.4049/
jimmunol.179.2.1274

Chae JJ, Wood G, Masters SL, Richard K, Park G, Smith BJ, et al. Gain-of-
function Pyrin mutations induce NLRP3 protein-independent interleukin-
1beta activation and severe autoinflammation in mice. Immunity (2011) 34
(5):755-68. doi: 10.1016/j.immuni.2011.02.020

Kimura T, Jain A, Choi SW, Mandell MA, Johansen T, Deretic V, et al.
TRIM-Directed Selective Autophagy Regulates Immune Activation.
Autophagy (2016) 13(5):989-90. doi: 10.1080/15548627.2016.1154254
Mitoma H, Hanabuchi S, Kim T, Bao M, Zhang Z, Sugimoto N, et al. The
DHX33 RNA helicase senses cytosolic RNA and activates the NLRP3
inflammasome. Immunity (2013) 39(1):123-35. doi: 10.1016/j.immuni.
2013.07.001

Li Q, Lee CH, Peters LA, Mastropaolo LA, Thoeni C, Elkadri A, et al.
Variants in TRIM22 That Affect NOD?2 Signaling Are Associated With Very-
Early-Onset Inflammatory Bowel Disease. Gastroenterology (2016) 150
(5):1196-207. doi: 10.1053/j.gastro.2016.01.031

Okoye IS, Czieso S, Ktistaki E, Roderick K, Coomes SM, Pelly VS, et al.
Transcriptomics identified a critical role for Th2 cell-intrinsic miR-155 in
mediating allergy and antihelminth immunity. Proc Natl Acad Sci USA
(2014) 111(30):E3081-90. doi: 10.1073/pnas.1406322111

Ahn Y, Hwang JH, Zheng Z, Bang D, Kim DY, et al. Enhancement of Th1/
Th17 inflammation by TRIM21 in Behcet’s disease. Sci Rep (2017) 7(1):3018.
doi: 10.1038/s41598-017-03251-5

Jiang Y, Liu Y, Lu H, Sun SC, Jin W, Wang X, et al. Epigenetic activation
during T helper 17 cell differentiation is mediated by Tripartite motif

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 02157


https://doi.org/10.1371/journal.pone.0058532
https://doi.org/10.1371/journal.ppat.0030197
https://doi.org/10.1073/pnas.0600771103
https://doi.org/10.1073/pnas.0600771103
https://doi.org/10.1016/j.virol.2008.12.018
https://doi.org/10.1007/s00251-009-0358-y
https://doi.org/10.1007/s00430-015-0417-y
https://doi.org/10.1089/10799900050198390
https://doi.org/10.1007/s10753-016-0491-3
https://doi.org/10.1038/nrm3644
https://doi.org/10.1038/s41564-017-0017-2
https://doi.org/10.1038/nri3111
https://doi.org/10.1016/j.virol.2015.02.017
https://doi.org/10.1016/j.celrep.2016.06.070
https://doi.org/10.1073/pnas.0804947105
https://doi.org/10.1128/JVI.79.5.2689-2699.2005
https://doi.org/10.14348/molcells.2015.0047
https://doi.org/10.1016/j.molcel.2010.12.029
https://doi.org/10.1126/scisignal.2004577
https://doi.org/10.1128/JVI.00690-11
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1042/BJ20121425
https://doi.org/10.1016/j.coi.2015.10.002
https://doi.org/10.1128/JVI.00321-18
https://doi.org/10.4049/jimmunol.1701569
https://doi.org/10.1038/nri3247
https://doi.org/10.1371/journal.ppat.1005253
https://doi.org/10.1016/j.immuni.2014.11.011
https://doi.org/10.1038/s41467-018-02936-3
https://doi.org/10.1038/s41467-017-00101-w
https://doi.org/10.1038/s41421-018-0010-9
https://doi.org/10.1038/nri3452
https://doi.org/10.3389/fmicb.2016.00456
https://doi.org/10.3389/fmicb.2016.00456
https://doi.org/10.1038/sj.cdd.4401734
https://doi.org/10.4049/jimmunol.1102272
https://doi.org/10.4049/jimmunol.1102272
https://doi.org/10.4049/jimmunol.179.2.1274
https://doi.org/10.4049/jimmunol.179.2.1274
https://doi.org/10.1016/j.immuni.2011.02.020
https://doi.org/10.1080/15548627.2016.1154254
https://doi.org/10.1016/j.immuni.2013.07.001
https://doi.org/10.1016/j.immuni.2013.07.001
https://doi.org/10.1053/j.gastro.2016.01.031
https://doi.org/10.1073/pnas.1406322111
https://doi.org/10.1038/s41598-017-03251-5
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Yang et al.

TRIM the Immunity

containing 28. Nat Commun (2018) 9(1):1424. doi: 10.1038/s41467-018-
03852-2

163. Santoni de Sio FR, Barde I, Offner S, Kapopoulou A, Corsinotti A, Bojkowska
K, et al. KAPI regulates gene networks controlling T-cell development and
responsiveness. FASEB ] (2012) 26(11):4561-75. doi: 10.1096/j.12-206177

164. Maarifi G, Smith N, Maillet S, Moncorge O, Chamontin C, Edouard J, et al.
TRIMS is required for virus-induced IFN response in human plasmacytoid
dendritic cells. Sci Adv (2019) 5(11):eaax3511. doi: 10.1126/sciadv.aax3511

165. Rhodes DA, Isenberg DA. TRIM21 and the Function of Antibodies inside
Cells. Trends Immunol (2017) 38(12):916-26. doi: 10.1016/j.it.2017.07.005

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.

Copyright © 2020 Yang, Gu, Zhang and Hu. 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.

Frontiers in Immunology | www.frontiersin.org

October 2020 | Volume 11 | Article 02157


https://doi.org/10.1038/s41467-018-03852-2
https://doi.org/10.1038/s41467-018-03852-2
https://doi.org/10.1096/fj.12-206177
https://doi.org/10.1126/sciadv.aax3511
https://doi.org/10.1016/j.it.2017.07.005
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	To TRIM the Immunity: From Innate to Adaptive Immunity
	Introduction
	Structure of TRIM Proteins
	TRIMs Function In TLR-Mediated Innate Immune Response
	TRIF-Dependent Signal Pathway
	MyD88-Dependent Signaling Pathway

	Trims Function in RLR-Mediated Innate Immune Response
	TRIMs Function in the Cytosolic DNA-Sensing Receptor–Mediated Innate Immune Response
	TRIMs Function in NLRs and Inflammasome-Mediated Innate Immune Response
	TRIMs Regulate T Cell Functions
	Conclusion and Perspective
	Data Availability Statement
	Author Contributions 
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


