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Sepsis is a life-threatening organ dysfunction caused by an abnormal infection-
induced immune response. Despite significant advances in supportive care,
sepsis remains a considerable therapeutic challenge and is the leading cause
of death in the intensive care unit (ICU). Sepsis is characterized by initial hyper-
inflammation and late immunosuppression. Therefore, immune-modulatory
therapies have great potential for novel sepsis therapies. Ubiquitination is an
essential post-translational protein modification, which has been known to be
intimately involved in innate and adaptive immune responses. Several E3
ubiquitin ligases have been implicated in innate immune signaling and T-cell
activation and differentiation. In this article, we review the current literature and
discuss the role of E3 ligases in the regulation of immune response and their
effects on the course of sepsis to provide insights into the prevention and therapy
for sepsis.
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1 Introduction

Sepsis is defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection and is an important global health problem (1). It is reported that
sepsis affects nearly 50 million people annually and accounts for about 11 million deaths
per year worldwide (2). The highest incidence has been observed in young children and
older adults, with the major causes being respiratory tract and abdominal infections (3). As
with an in-depth understanding of sepsis, it has been thought to be mainly induced by the
dysregulated immune response. In the early stage of sepsis, systemic activation of the innate
immune system results in a severe and persistent inflammatory response characterized by
an excessive release of inflammatory cytokines such as IL-1, TNF, and IL-17, collectively
known as the “cytokine storm”. If surviving the initial stage of hyper-inflammation,
patients frequently transit into a later stage of prolonged immune suppression, which is
characterized by markedly impaired innate and adaptive immune function (4). Therefore,
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attempting to understand the underlying changes that occur in both
innate and adaptive immune systems may highlight potential new
targets for sepsis.

Ubiquitination is an essential post-translational protein
modification and plays a pivotal role in the regulation of various
biological processes, including immune responses (5-7). The
process of ubiquitination is achieved through a series of
enzymatic steps involving a ubiquitin-activating enzyme (E1), a
ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3),
resulting in the transfer of covalently bound ubiquitin from the E2
protein to a lysine residue on the target protein (8). Ubiquitin is
composed of 76 amino acids and contains seven lysine residues (K6,
K11, K27, K29, K33, K48, K63), which can be linked to substrate
proteins in the form of monomers, branched chains, and linear
chains (9-11). In the human genome, there are two Els,
approximately 38 E2s, and over 600 E3 ligases (12-14). Unlike E1
and E2, E3 exhibits structural diversity, which is a prerequisite for
the precise selection of substrate proteins (15). Thus, E3 determines
the substrate selectivity, specificity and is a key regulator of
ubiquitination. Classically, these E3 ligases are classified into three
families, RING (Really interesting new gene), HECT (homologous
to E6AP C-terminus), and RBR (RING-between RING). In
addition, some E3 ligases for ubiquitin-like proteins (Ubls) are
considered atypical E3 ligases, such as Ubiquitin-fold modifierl
(UFM1) (16). Because the detailed structure and features of E3
ligases are well illustrated in the other excellent reviews (15, 17), in
this review, we will briefly introduce the E3 ligases family and
primarily discuss recent progress regarding the roles of E3 ligases in
regulating the immune response in sepsis, focusing on innate
immune signaling such as pattern recognition receptor (PRR)
signaling and T-cell activation and differentiation in sepsis.

2 E3 ligase family
2.1 RING

The RING E3 ligases can be classified into four different sub-
families, including the tripartite motif (TRIM), membrane-associated
RING-CH (MARCH), PA-TM-RING, and RING-Ub interaction
motif (UIM) families. There are approximately 60 members in the
TRIM family, which are involved in a variety of physiological processes
such as autophagy, cancer, and immune response (18). The MARCH
family consists of 11 members (termed MARCH-1 to 11) that share a
similar structure. MARCH family proteins have an N-terminal
cytoplasmic tail containing a C4HC3 RING finger (RING-CH
finger) motif and two or more transmembrane (TM) domains,
except for MARCH7 and MARCHI0, which have no predicted TM
domains (19). Recent studies have demonstrated that MARCH
proteins are critical regulators of immune responses, which act by
catalyzing polyubiquitination of various immune receptors or certain
organelle membrane-associated components involved in innate
immune responses (20, 21). PA-TM-RING is structurally
characterized by the presence of a protease-associated (PA) domain,
a RING-H2 domain, and a TM domain and has been reported to
negatively regulate cell proliferation (22). Some PA-TM-RING E3
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ligases like RNF128/GRAIL play a role in T-cell survival, activation,
and differentiation (23). The UIM family has so far identified four
members, namely RNF114, RNF125, RNF138, and RNF166, which
structurally share a C2HC-type zinc finger, UIM-type domain, and the
C2H2-type zinc fingers, in addition to the RING domain (24). These
family members are likely to be involved in the regulation of T-cell
activation (24) and the IFN signaling pathway (25-27).

2.2 HECT

There are 28 HECT E3 ligases in humans and can be divided into
three major subfamilies based on substrate binding domains: the
neuronal precursor cell-expressed developmentally downregulated 4
(NEDD4), HECT, and RLD domain-containing (HERC) and ‘other’
HECTS (28). There are nine members in the NEDD4 family such as
NEDD4, ITCH, WWP1, WWP2, SMURF1, and SMURF2 and all of
them contain an N-terminal single Ca**-binding C2 domain followed
by two, three or four WW domains. The HERC family comprises six
members which are characterized by the presence of one or more
regulators of chromosome condensation 1 (RCC1) protein-like
domains (RLDs) at their N-termini. In addition, some HECT E3
ubiquitin ligases have variable protein—protein interaction domains at
their N-termini and do not contain any RLD or WW domains, so they
have been broadly grouped into the ‘other’ HECT E3 ligase family (29).
The HECT E3 ubiquitin ligases are involved in a myriad of cellular
processes and signaling pathways (29). For example, NEDD4 promotes
the ubiquitylation and degradation of Casitas B lymphoma-b (Cbl-b), a
RING E3 ubiquitin ligase that facilitates the destruction of components
of the T-cell receptor (TCR) signaling to initiate the immune response
(30). The overexpression of HERC4 facilitates the proliferation of
hepatocellular carcinoma (HCC), whereas depletion of HERC4 slows
down proliferation and increases the apoptotic rate of HCC (31).
SMURF2 and WWP1 induce the downregulation of TGF-} signaling
through the degradation of TGF-P receptor via the ubiquitin-
proteasome pathway (32-34).

2.3 RBR

Fourteen E3 ligases with RBR domains have been identified in
humans. The 14 family members of RBR E3 ligases include ARTH],
ARIH2, Ankibl, PARC, Parkinson protein2, RBCKI, RNF14,
RNF19A, RNF19B, RNF31, RNF144A, RNF144B, RNF216, and
RNEF217 (35, 36). RBR E3 ligases are characterized by the RING1-
IBR-RING2 motif (13, 37, 38). RINGI has a cross-supported zinc
coordination structure, while IBR and RING2 each have two zinc ions
that coordinate linearly. Unlike RING E3 ligases, RBR E3 ligases do
not directly transfer ubiquitin from E2 ligases to substrate proteins,
but form a covalent intermediate with ubiquitin, similar to HECT E3
ligase, then transfers this ubiquitin to the substrate (15, 39-43). Each
RBR E3 ligase has its function. For example, ARTH1 is associated with
the activation of cellular immune responses and is involved in the
regulation of cell proliferation and cycle. ARTH2 negatively regulates
NLRP3 inflammasome activation in macrophages (44). RNF216
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inhibits macrophage autophagy and is an important factor in
autophagy degradation and ubiquitination (45).

2.4 Atypical E3 ligases

Almost all E3 ligases are categorized into three types. However,
some E3 ligases for Ubls are considered to be atypical E3 ligases. Ubls
encompass a family of proteins that share structural and evolutionary
relationships with ubiquitin. For example, UFMI1 is one of the
ubiquitin-like proteins. UFM1 is conjugated to its target proteins by
a three-step enzymatic reaction. The UFM1-specific ligase 1 (UFL1)
acts as the E3 to recognize its substrate, transfer, and ligate the UFM1
from E2 to the substrate. This process is called UFMylation, and the
system is conserved in multicellular organisms. A UFM1 cascade is
closely related to human diseases. UfL1 has no sequence homology to
any other known E3 ligases for ubiquitin and ubiquitin-like modifiers
(15). Furthermore, UfL1 is the only one E3 identified to date for UFM1.
Small ubiquitin-like modifier (SUMO) is another member of ubiquitin-
like proteins that are covalently attached to target proteins as a post-
translational modification (termed SUMOylation). Similar to ubiquitin,
conjugation is achieved through a cascade of activities that are catalyzed
by EI activating enzymes, E2 conjugating enzymes, and E3 ligases. In
this system, RanBP2 is an SUMO E3 ligase and is required for the
efficient and proper transfer of SUMO from E2 to a target protein.
Numerous proteins have been identified as SUMO target proteins
including the important regulatory proteins c-Jun, p53, histone, and
histone deacetylase (46-48). While the ubiquitin system includes more
than 600 E3 ligases, only a few E3 ligases have been reported so far
for SUMO.

3 The E3 ligase and sepsis

3.1 Roles of E3 ligase in sepsis by
regulating the innate immune response

Innate immunity is the host’s first line of defense and is intended to
prevent infection. When pathogens invade, PRRs expressed on innate
immune cells, such as macrophages and neutrophils, recognize
pathogen-associated molecular patterns (PAMPs) and initiate the
host immune response. The PRR family of receptors includes Toll-
like receptors (TLRs), and cytosolic receptors, e.g, nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) and retinoic
acid-inducible gene I (RIG-I)-like receptors (RLRs). PRRs activation
results in the activation of the NF-«kB (nuclear factor kappa-B) and
MAPK (Mitogen-activated protein kinase) signaling pathways, leading
to the production of pro-inflammatory cytokines, chemokines, and
interferons (IFNs). These inflammatory mediators initiate an immune
response and begin the recruitment of immune cells to the site of
infection. During sepsis, these signaling pathways are abruptly
upregulated and result in the release of cytokines, chemokines, and
damage-associated molecular patterns (DAMPs), which serve as potent
mediators for excessive systemic inflammation and immune
suppression. Ubiquitination is crucial for the induction of an
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adequate but confined immune response. Multiple studies have
shown several E3 ligases are crucial regulators in innate immune
signaling (49-51).

3.1.1 Role of E3 ligase in TLR signaling

TLRs are well-defined PRRs responsible for pathogen recognition
and induction of innate immune responses. They can recognize both
the external PAMPs and the internal DAMPs (52, 53). To date, at least
11 human TLRs have been identified, which are expressed on various
types of immune and non-immune cells, such as macrophages,
monocytes, dendritic cells, lymphocytes, endothelial and epithelial
cells (54). Depending on their cellular localization and respective
PAMP ligands, TLRs are largely divided into two subgroups. One
group is composed of TLR1, TLR2, TLR4, TLR5, TLR6, and TLRI10,
which are expressed on cell surfaces and recognize microbial
membrane components such as lipids, lipoproteins, and proteins; the
other group is composed of TLR3, TLR7, TLR8, and TLR9, which are
expressed exclusively in intracellular vesicles including lysosomes,
endosomes, phagosomes and endolysosomes, where they recognize
microbial nucleic acids (55, 56). TLRs are type I transmembrane
proteins with ectodomains containing leucine-rich repeats that
mediate the recognition of PAMPs; transmembrane domains; and
intracellular Toll-interleukin 1 (IL-1) receptor (TIR) domains required
for downstream signal transduction (57). Upon activation by PAMPs
or DAMPs, TLRs form dimers and trigger the downstream signaling
through the specific adaptors, ie., MyD88 (myeloid differentiation
factor 88), TIRAP (TIR domain-containing adaptor protein), TRIF
(TIR domain-containing adaptor inducing IFN- B mediated
transcription factor), SARM (sterile-o¢ and heat-armadillo-motif-
containing protein), and TRAM (TRIF related adaptor molecule)
(54). TLR signaling can be further divided into two distinct but
convergent pathways: MyD88-dependent and TRIF-dependent
pathways. (Figure 1). The MyD88-dependent pathway is activated by
all TLRs except TLR3. MyD88 recruits IL-1 receptor-associated kinase
(IRAKSs) and TNF receptor-associated factor 6 (TRAF6), which finally
leads to the nuclear translocation of pro-inflammatory transcription
factor NF-xB. The TRIF-dependent pathway is utilized by TLR3 and
TLR4. It induces type I interferon and inflammatory cytokines through
the transcription factor interferon regulatory factor 3 (58). Although
TLRs are essential for protective immunity against infection, however,
excessive TLR activation disrupts the immune homeostasis by
sustained pro-inflammatory cytokines and chemokine production
and consequently contributes to the development and progression of
many diseases, such as sepsis, Alzheimer’s disease, and diabetes-type 1
(59-61). Both experimental models of sepsis and septic human patients
display significantly up-regulated TLR expression in various organs.
Activation of TLR signaling was reported to cause cytokine storm
during sepsis. TLR2 and 4 are the two sponsors to the pathogenesis of
sepsis (55, 60, 62-65).Thus, manipulation of TLR signaling pathways
has been predicted to be an effective therapeutic strategy for sepsis.

Some E3 ligases have been shown to negatively regulate TLR-
induced signaling. For example, Guillamot found that the E3 ligase
Speckle-type BTB-POZ protein (SPOP) controls the resolution of
systemic inflammation by triggering MyD88 degradation (66). In
the absence of SPOP, systemic inflammation proceeded in an
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unresolved manner, and the sustained response in the
hematopoietic stem cells, which proliferate and divert their
differentiation toward the myeloid lineage, resulted in a lethal
phenotype reminiscent of hyper-inflammatory syndrome or sepsis
(66, 67). TRIM13, one of the TRIM family members, is also shown
to be associated with the overexpression of TRAF6 and the
production of cytokines and inflammatory mediators by
enhancing the activity of NF-kB (68). Another E3 ligase Cbl-b
has a crucial role in acute inflammation by negatively regulating
TLR4 signaling. In a model of polymicrobial sepsis, loss of Cbl-b
expression accentuates acute lung inflammation and significantly
increases the sepsis-induced release of inflammatory cytokines and
chemokines and reduces survival. In the study, Cbl-b was found to
control TLR4 signaling by downregulating TLR4 expression or
preventing the association of TLR4 and MyD88 (69).

It is well known that the TRIF-dependent pathway plays a key
role in the pathogenesis of sepsis by mediating the production of
TNF-q, IL-1, IFN-y, and chemokines. Studies have shown that E3
ligase TRIM family members are related to TRIF post-translational
modification. For example, TRIM38 negatively regulates TLR3-
mediated IFN-f signaling by targeting TRIF degradation (70).
TRIM32"or TRIM8”" mice produced higher levels of serum
inflammatory cytokines and were more sensitive to infection-
induced septic shock and death (71, 72). Further studies
confirmed that TRIM32 negatively regulates TLR3/4-mediated
immune response by targeting TRIF to TAX1BPI-mediated
selective autophagy degradation (71). TRIMS8 catalyzes K6- and
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K33-linked polyubiquitination of TRIF, and the TRIF-anchored
polyubiquitination chains impede the assembly of TRIF-associated
complexes and thus terminate TLR3/4-mediated inflammation
(72). WWP2, a member of HECT E3 ligases, is also involved in
TLR signaling by inducing the ubiquitination of TRIF. Loss of
function study showed that WWP2 —/— mice exhibited increased
pro-inflammatory factors and susceptibility to death to poly (I: C)-
induced activation of TLR3 (73). HECT E3 ligase HECTD3 can
promote IEN-I production and sepsis by catalyzing ubiquitination
of TRAF3(TNF receptor-associated factor family), which is
reported to mediate TRIF-dependent type I IFN production (74).
In addition, HECTD3 also promotes the dissemination of bacteria
(74). NEDD4l is a member of the NEDD4 family, belonging to
HECT E3 ligases. It promotes LPS-induced IFN-I by catalyzing the
K29-linked ubiquitination of TRAF3. Deficiency of NEDD4l
impairs the anti-infection immune response in vitro and in vivo
(75). In addition to the E3 ligases described above, many other E3
ligases can regulate the TLR signaling pathways to alter
inflammation or immune response in sepsis (Table 1).

3.1.2 Role of E3 ligase in NLR signaling

NLRs are intracellular PRRs, composed of three domains: one is
the central nucleotide-binding domain (NBD), which is shared by
the NLR family and is very important for nucleic acid binding and
oligomerization of NLRs; LRRs at the C-terminus, which are used to
identify ligands; and the N-terminal effector domain, which is the
protein interaction domain, such as the caspase activation and
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TABLE 1 E3 ligases act on substrates or signaling pathways to regulate TLR signaling.

Substrate/ Function References

signal
pathway

SPOP RING MyD88 Inhibition of TLR4-mediated NF-kB activation and inflammatory cytokine production (66, 67)
E3
TRIM28 RING IRF7 Inhibition of IRF7-inducedIFNsand ISRE promoter activity. (76)
E3
TRIM13 RING TRAF6 Promoting K9-linked polyubiquitin chains for TRAF6 ubiquitination to promote NF-xB activity and (68)
E3 thus potentiated activation of TLR2-mediated immune responses
Cbl-b RING TLR4 Preventing hyperactivation of NF-xB (69)
E3
TRIM38 RING TRIF negatively regulates TLR3-mediated type I interferon signaling by targeting TRIF (70)
E3
TRIM32 RING TRIF negatively regulates TLR3/4-mediated immune responses by targeting TRIF to TAX1BP1-mediated (71)
E3 selective autophagic degradation.
TRIMS8 RING TRIF Promoting the polyubiquitination of TRIF at the K6-linked and K33 junctions, impeding the assembly (72)
E3 of TRIF-associated complexes and thereby terminating TLR3/4-mediated inflammation.
TRAF1 RING TRIF-dependent Interacting with TRIF and inhibiting TRIF- and TLR3-mediated activation of NF-«B, IFN-stimulated (77)
E3 pathway response element, and the IFN-B3 promoter
WWP2 HECT TRIF Promoting K48-linked ubiquitination of TRIF and degradation, inhibiting TLR3-mediated NF-kB and (73)
E3 IRF 3 activation
HECTD3 HECT TRAF3 Promoting K63-linked ubiquitination of TRAF3 and type IFN-I (74)
E3
NEDD41 HECT TRAF3 catalyzing K29-linked ubiquitination of TRAF3 and promoting LPS-induced IFN-I (75)
E3

recruitment domain (CARD) or the pyrin domain (PYD) (78).
Based on the presence of an N-terminal PYD or CARD, the family
is further divided into NLRP or NLRC subfamily (79). When
stimulated by infection or other factors, most NLRs, including
NLRP1 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-18 and IL-
1B precursors into mature IL-18 and IL-1f, thus promoting
inflammatory responses (80, 81). On the other hand, active
caspase-1 also cleaves gasdermin D to free its N-terminal domain
and induce the formation of pores at the membrane, leading to a
pro-inflammatory form of cell death called pyroptosis (82)
(Figure 2). This process is called canonical NLPR3 inflammasome
activation (83). In addition, recent evidence points to another
process named noncanonical inflammasome activation, in which
LPS derived from Gram-negative bacteria stimulates caspase-11,
and induces pyroptosis as well as caspase-1-dependent maturation
and production of IL-1f and IL-18 (84, 85). By stimulating both
innate and adaptive immune responses, activation of
inflammasomes serves an important role in pathogen defense.
However, dysregulation of inflammasome activity has been
implicated in numerous human diseases, such as sepsis, gout,
diabetes, and atherosclerosis, amongst others (86-88). For
instance, studies have shown that NLRP3 inflammasome
expression and activation are significantly enhanced in the
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peripheral blood monocytes of septic patients (89, 90). The
knockout of NLRP3 or inhibition of its activation significantly
reduces the release of inflammatory mediators, decreases multiple
organ failure (MOF) in sepsis, and improves the survival rate of
sepsis (83, 91, 92). Conversely, upregulation of NLRP3
inflammasome activation can aggravate MOF in sepsis and
increase sepsis mortality (93). Previous studies also confirmed
that regulation of NLRP3 inflammasome activation can affect the
occurrence and development of sepsis (94, 95). Therefore, the
NLRP3 inflammasome plays a key role in sepsis, and regulation
of its activation can affect the progression of sepsis. Recently, an
increasing number of studies have found that E3 ligases are involved
in the pathogenesis of sepsis by regulating the activation of the
NLRP3 inflammasome through catalyzing ubiquitination of NLRP3
or other components of the inflammasome (Table 2). It has been
reported that the E3 ligase TRIM family plays important roles in
regulating the inflammasome signaling pathway (102). For
example, TRIM30 is found to negatively regulate NLRP3-
mediated caspase-lactivation and IL-1f production in a reactive
oxygen species (ROS)-dependent manner (103).TRIM31 is also
demonstrated to negatively regulate NLRP3 inflammasome
signaling by promoting K48-linked polyubiquitination and
subsequent proteasomal degradation of NLRP3 (96). In this
study, deletion or inhibition of TRIM31 enhanced caspase-1
cleavage in ATP-treated LPS-induced mouse peritoneal
macrophages and increased serum IL-1B concentration,
suggesting that TRIM31 specifically attenuated NLRP3
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NLRP3 inflammasome pathway.

inflammasome activation in vivo (96). Additionally, TRIM65
promotes K48 and K63-linked ubiquitination of NLRP3 and
inhibits NEK7 (NIMA (never in mitosis gene a)-related kinase 7)-
NLRP3 interactions, leading to failure of inflammasome assembly.
Consequently, caspase -1 activation and IL-1f secretion were
inhibited (99). However, some TRIM members facilitate NLRP3
inflammasome activation. For example, TRIM16 and TRIM20 are
demonstrated to promote IL-1B secretion through the binding to
NLRP1, caspase-1, and pro- IL-1p (104-108).

In addition to the TRIM family, other E3 ligases have been
reported as endogenous negative regulators of NLRP3 inflammasome

activation. The Skp-Cullin-F box (SCF) family member, F-box L2
(FBXL2), as an E3 ligase, causes K48-linked ubiquitination and
proteasomal degradation of NLRP3, reducing inflammasome
activation (97). Cbl-b binds to the K63-ubiquitin chain and then
targets NLRP3 at K496 to catalyze K48-linked ubiquitination and
proteasomal degradation (100); MARCH7 promotes K48-linked
ubiquitination and autophagic degradation of NLRP3 (98); RNF125
induces K63-linked ubiquitination of NLRP3 (100). Moreover, Ariadne
homolog 2 (ARIH2) ubiquitinates the NBD domain of NLRP3 and
inhibits NLRP3 inflammasome activation (44). However, a recent
study reported that Pellino2 promotes NLRP3 inflammasome

TABLE 2 E3 ligases act on substrates or signaling pathways to regulate NLRP3 inflammasome.

Family Substrate/signal Function References
pathway

TRIM31 RING NLRP3 Promoting K48-linked ubiquitination of NLRP3 and degradation (96)
E3

FBXL2 RING NLRP3 Promoting K48-linked ubiquitination of NLRP3 and reducing inflammasome activation 97)
E3

MARCH7 RING NLRP3 Promoting ubiquitination of NLRP3 and inhibiting inflammasome activation (98)
E3

TRIM65 RING NLRP3 Promoting ubiquitination of NLRP3 and negatively regulating Inflammasome activation (99)
E3

RNF125 RING NLRP3 Promoting K63-linked ubiquitination of the LRR structural domain of NLRP3. (100)
E3

Cbl-b RING NLRP3 Promoting K48-linked ubiquitination and proteasomal pathway degradation (100)
E3

ARIH2 RBR E3 NLRP3 Inhibition of NLRP3 inflammasome assembly and activation (44)

TRIM28 RING NLRP3 Promoting SUMOylation of NLRP3, enhancing the stability and inflammasome activity of (101)

E3 NLRP3
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activation by inducing the K63-linked ubiquitination of NLRP3 during
the priming phase, in contrast to the inhibitory role of NLRP3
ubiquitination (109).

E3 ligases can also regulate NLRP3 inflammasome signaling by
targeting other components of the inflammasome or the upstream
proteins of the inflammasome. Following viral infection, MAVS
(mitochondrial antiviral signaling protein)-mediated E3 ligase
TRAF3 recruitment leads to K63 polyubiquitination of ASC via
autophagy, leading to its degradation (110). E3 ligase can also
mediate the ubiquitination of caspase-1 to regulate the activation of
NLRP3 inflammasomes (111). By directly binding to DHX33 which
is a cytosolic dsRNA sensor to activate NLRP3 inflammasome
signaling upon dsRNA stimulation, TRIM33 induces K63-linked
ubiquitination of it at K218, which is crucial for the formation of
the DHX33-NLRP3 inflammasome complex, thereby leading to
NLRP3 inflammasome signaling activation (112, 113).

Thus, the E3 ligases serve positive and negative roles in the
activation of inflammasomes by acting on various components of
the NLRP3 inflammasome, depending on cell location, the nature of
the substrate, and the different ubiquitin chains that modify it.

3.2 Roles of E3 ligase in sepsis by
regulating the adaptive immune response

When a pathogen invades the body, in addition to activation of the
innate immune response, the adaptive immune response is also
triggered. Innate immune cells with the ability to process and present
antigens (antigen-presenting cells: APCs), in particular dendritic cells
(DCs), form a link to the adaptive immune system. These inform the
adaptive immune cells of danger, on the need to generate a specific
immune response against the pathogen, and also provide essential
initiating signals for these responses (114). The adaptive immune
system consists of T and B lymphocytes characterized by the
presence of highly specific antigen-recognition receptors, T-cell
receptor (TCR) and B cell receptor (BCR) respectively. The
activation of CD4" T cells leads to the differentiation of these cells
into specific T helper (Th) subsets including Thl, Th2, Th17, and
follicular T (Tth) cells, as well as the immunosuppressive regulatory T
(Treg) cells (115, 116). Th1 cells secrete IL-2 to further expand memory
T-cells and initiate CD8'T cell activation, and produce IFN-y to
promote phagocytosis and microbial eradication (117). Th2 releases
IL-4 and IL-5, which act to induce class switching of B cells, and IL-10
to alleviate inflammation (118). The balance of crosstalk between Thl
and Th2 is important for clearing infections. The balance of crosstalk
between Thl and Th2 is important for clearing infections. However,
when this balance is disrupted, as in the case of sepsis, it can lead to
viral reactivation and secondary infections (119). Under normal
conditions, both Thl and Th2 naturally produce IL-3, which
stimulates the production of granulocytes, DCs, and macrophages
(120). Effector Th17 cells specifically respond to bacterial and
extracellular fungal pathogens and produce cytokines such as TNF-
o, IL-17, and IL-22 (121). Tregs, which represent less than 10% of the
total CD4" T cell population in the lymph nodes and circulation, have a
critical role in immune cell modulation in both steady-state and disease
settings. Tregs respond to infection by suppressing excessive immune
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responses elicited by other cells of the adaptive immune system, in turn,
dampening inflammation (122). In response to infection, CD8" T cells
aid in the clearance of infection and are important for the generation of
memory CD8" T cells (123). B cells are at the center of the adaptive
immune response where they mediate the production of antigen-
specific antibodies against specific pathogens. However, similarly to
T-cells, B cells also become dysregulated and exhausted as the infection
spreads to become systemic (122). In sepsis, these processes are
substantially disturbed, and as a result, cells of the adaptive immune
system are unable to produce an appropriate defense response against
the infection (122). For example, studies showed that the numbers and
function of CD4" T cells are greatly reduced following sepsis onset
(122, 124-130). Similar to CD4" T cells, CD8" cells, and B cells also
showed decreased ability to prevent infection and produce Ag-specific
antibodies (131-134). 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. Ubiquitination is an
important mechanism that regulates T-cell activation and immune
responses (135). Several E3 ligases are important for regulating T-cell
activation and differentiation.

3.2.1 Regulation of T-cell activation by E3 ligase

T-cells are derived from the bone marrow, mature in the thymus,
and migrate to peripheral lymphoid tissues to perform specific cellular
immune responses. Upon stimulation by an antigen, naive T-cells are
activated to proliferate and subsequently differentiate into various
effector T-cells that participate in different aspects of immune
functions (136). The full activation of T-cells requires two distinct
signals, the stimulation of TCRs by the MHC-peptide complex and co-
stimulatory molecules, especially CD28, which finally initiates the
downstream signaling cascades and of T-cell activation and
proliferation (102). The first essential signal is delivered via the TCR/
CD3 complex at the cell surface and it is related to antigen-specificity.
TCR signaling initiates from the activation of the protein tyrosine
kinase Lck, which phosphorylates the TCR-signaling chain CD3(,
leading to the recruitment of the tyrosine kinase Zap70 to the TCR
complex, in which Zap70 is phosphorylated and activated by Lck (136).
Activated Zap70 induces the activation of several substrates, including
LAT and SLP-76, to transduce the signal to PLCyl, 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-kB, AP1, and NF-AT, which induce
gene expression for T-cell activation, and proliferation (137). The
second signal is mediated by the interaction between surface co-
stimulatory receptors on T-cells and their cognate ligands on the
APCs (138). The co-stimulatory signal acts to amplify the signaling
triggered by TCR engagement to facilitate efficient intracellular
signaling (139). Lack of co-stimulatory signaling results in a state of
T-cell unresponsiveness or anergy (140).

Cbl-b, a RING E3 ligase, has been identified as a critical regulator of
adaptive immune responses (141). Cbl-b displays a high level of
expression in CD4+ and CD8+ T cells, and functions as a gatekeeper
that prohibits excessive T cell activation (142). Loss of Cbl-b in naive T
cells uncouples TCR stimulation from the requirement of CD28 co-
stimulation for effective proliferation and IL-2 secretion (143, 144).
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Additionally, Cbl-b significantly dampens T-cell activation through
interaction with essential TCR signalosome molecules such as Lck,
SLP76, Zap70, PKC, and PI3K (143), and the ubiquitination of some of
these signalosome components such as the p85 regulatory subunit of
PI3K and PLCyl (145). Studies show the E3 ligase GRAIL suppresses
the surface expression of the TCR/CD3 complex via poly-
ubiquitinating and proteasomal degradation of CD3 (146), thus
inhibiting T-cell activation. GRAIL-deficient T-cells exhibit increased
proliferation and cytokine secretion that is not dependent on CD28 co-
stimulation (23, 146).E3 ligase NRDP1 also dampens TCR signaling.
This notion is supported by the fact that CD8" T cells derived from
NRDP1** mice exhibit an increased capacity to proliferate and
generate IL-2 and IFN (147). ITCH, a member of the HECT-type
family of E3 ligases, has also been shown to negatively regulate TCR
signaling by inducing K33-linked polyubiquitylation of TCR- {, and
subsequently attenuating the interaction between TCR- { chain and
Zap70 (148). Additionally, ITCH suppresses NF-kB-mediated T-cell
activation (149). In addition to the E3 ligase mentioned above, many
other studies showed that E3 ligases have been implicated in T-cell
activation and inflammation in sepsis as listed in Table 3.

3.2.2 Effect of E3 ligase on T-cell differentiation
T-cell differentiation is a critical step in the immune system’s
fight against infections and pathogens. E3 ligases regulate T-cell
differentiation by catalyzing the ubiquitination of key and specific
transcription factors (Table 4). Transcription factor Foxp3 is
expressed in almost Treg cells and is crucial for the inhibitory
activity of Treg. The stability of Foxp3 directly affects the function
of Tregs. Studies showed that proinflammatory cytokines and
lipopolysaccharide lead to the degradation of Foxp3 through the

10.3389/fendo.2023.1124334

action of the E3 ubiquitin ligase Stubl, resulting in the loss of Foxp3
and the increase of Th1 (163). Additionally, lack of E3 ligase GRAIL
resulted in decreased inhibitory function in Treg cells, which was
most likely related to increased expression of Th17-related genes.
Studies demonstrated that GRAIL inhibits IL-21 production and
Th17-specific gene upregulation in Treg cells by controlling
NFATcl expression (146). S-phase kinase-associated protein 2
(Skp2) is an important component of the SCF ubiquitin ligase
complex. Skp2 can lead to the transformation between autoreactive
pathogenic T cells (Tpaths) and Tregs. When Skp2 is down-
regulated, there will be more regulatory T-cells. Conversely,
overexpression of Skp2 leads to the loss of Foxp3 and inhibits the
function of natural Treg produced in the thymus (157). On the one
hand, effector T cells such as Thl, Th2, and Th17 protect against
infection; on the other hand, they can cause inflammation when
their function goes out of control. IL-12 promotes Thl
differentiation through signal transducers and transcriptional
activators (STAT4). The E3 ligase SLIM (STAT Interacting LIM
protein) catalyzes the ubiquitination and degradation of STAT
protein, and also enhances the dephosphorylation of STAT4 and
inhibits its activity. SLIM deficiency leads to increased STAT
expression, Thl differentiation, and IFN-y production (158).
Inducible T-cell co-stimulators (ICOS) are induced after T-cell
activation and are members of the CD28 family. Overexpression
of E3 ligase Roquin leads to upregulation of CD28 and down-
regulation of ICOS when inhibiting T-cell activation. By regulating
CD28/ICOS signaling, Roquin increases Th1 cells and the secretion
of IL-2 and pro-inflammatory cytokines (159). ITCH regulates Th2
differentiation by catalyzing JunB ubiquitination. Consistent with
this, studies show that JunB activity and secretion of IL-4 and IL-5

TABLE 3 E3 ligases act on substrates or signaling pathways to regulate T-cell activation.

E3 Family Substrate/signal Function References
pathway
Cbl-b RING TCR and TCR signalosome Promoting ubiquitination of TCR signalosome molecules and dampening T-cell (143, 145, 150,
E3 molecules activation; 151, 41)
Increasing TCR internalization and controlling TCR endocytosis and stability on the cell
surface;
Weakening TCR signalling by disrupting immune synapse activation and clustering.

ITCH HECT TCR; CBM Promoting K33-linked ubiquitination of TCR and dampening T-cell activation; (150, 149)

E3 Attenuating NF-xB-mediated T-cell activation via Promoting ubiquitination of CBM and
lysosomal degradation

GRAIL RING TCR/CD3 complex Activating RhoGDI through non-degrading ubiquitin chains and hindering T-cell (152, 146)

E3 activation;
Promoting ubiquitination of CD3 and degradation

NRDP1 RING ZAP70 Attaching non-degradative K33-polyubiquitin chains to the ZAP70 kinase and (147)
E3 dampening TCR signalling

Pellino RING c-Rel Negatively regulating c-Rel by mediating its K48-linked ubiquitination and inhibiting T- (153)

1 E3 cell activation

NEDD4 HECT CBM Attenuating NF-kB-mediated T-cell activation via Promoting ubiquitination of CBM and (149)
E3 lysosomal degradation

MDM2 RING NFATc2 Limiting CD4™T activation by inhibiting NFATc2 activation and cytokine production (154)
E3

TRAF6 RING LAT Enhancing LAT phosphorylation and TCR signalling (155)
E3

Frontiers in Endocrinology

frontiersin.org


https://doi.org/10.3389/fendo.2023.1124334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Shao et al.

10.3389/fendo.2023.1124334

TABLE 4 E3 ligases act on substrates or signaling Pathways to Regulate T-cell differentiation.

Substrate/signal

pathway

Function References

GRAIL RING E3 TCR/CD3 complex Targeting the TCR-CD3 complex for degradation restricts NFATcl expression; inhibiting IL-21 (146)
production and upregulation of Th17-specific genes in Treg cells
Cbl-b RING E3 PI3-K Regulating the development and function of iT regs via modulating PI3K-Akt-Foxo3a signalling (156)
Skp2 RING E3 / Decreasing Foxp3 expression and abrogating the suppressive function of nTregs (157)
SLIM RING E3 STAT proteins Controlling the extent of STAT-mediated Th1 cell differentiation and IFN-y production following an (158)
inflammatory response
Roquin RING E3 / Increasing Th1 cells and the secretion of IL-2 and pro-inflammatory cytokines by regulating CD28/ (159)
ICOS signalling,
ITCH HECT Transcription factor Regulating Th2 differentiation by catalysing JunB ubiquitination (160)
E3 JunB
Actl U-box / Promoting the production of Th2 cytokine IL-25 (161)
type E3
PDLIM2  RING E3 STAT3 Promoting ubiquitination of STAT3 and attenuating Th17 cell differentiation (161)
TRIM21 = RING E3 IRF Reducing the secretion of IRF-regulated cytokines via catalysing ubiquitination of IRF and attenuating (162)

Th17 cell differentiation

increased in ITCH 7 T cells. As we know the transcription factor
JunB is responsible for IL-4 expression that can promote the Th2
cell differentiation (160). The E3 ligase Actl promotes the
production of Th2 cytokine IL-25. Actl-deficient T-cells induce
attenuation of key Th2-related transcription factors GATA-3 and
GFI-1 and are less responsive to IL-25-driven differentiation into
Th2 (161). Transcription factor Rorc is responsible for the
expression of IL-17 and induces Thl17 differentiation.
Phosphorylated signal transducer and activator of transcription 3
(STAT3) were activated to induce transcription of Rorc. The E3
ligase PDLIM2 catalyzes the ubiquitination and degradation of
STATS3, inhibits STAT3-mediated gene activation, and attenuates
Th17 cell differentiation. PDLIM2-deficient T-cells showed
increased STAT3 production and enhanced Th17 cell
differentiation (164). E3 ligase TRIM21 catalyzes ubiquitination of
interferon regulatory factor (IRF), reducing the secretion of IRF-
regulated cytokines such as IL-6, IL-12/IL-23p40, and IL-17, all of
which are involved in the Th17 pathway.

4 Conclusion

Sepsis is characterized by dysregulated host innate and adaptive
immune response. Better understanding molecular mechanisms
that govern inflammatory and immune-associated cellular
functions is important and urgent. Ubiquitination plays a pivotal
role in regulating immune responses. In theory, the most valid
ubiquitination-directed treatment is blocking E3 ligases in specific
substrate recognition sites. In this review, we highlight the functions
of E3 ligases in the regulation of innate and adaptive immune
responses. In recent years, a large number of E3 ligases have been
characterized as important regulators in immune response, ranging
from PRR signaling in the innate immune system to T cell
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activation and differentiation in sepsis. Given the importance of
E3 ligases in the regulation of immune response in sepsis, deeper
insights into the roles of E3 ligases in regulating immune response
probably reveal novel therapeutic targets for the treatment of sepsis.

Author contributions

DQZ, JF, and SS contributed to conception and design of the
study. YL and HY organized the database. SS and DQZ wrote the
first draft of the manuscript. JF, DXZ and B wrote sections of the
manuscript. DXZ created relevant figures and tables. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by grants from the Foundation Project
of China International Medical Exchange Foundation (grant no. z-
2016-23-2101-04), the Foundation Project of Natural Science
Foundation of Xinjiang Uygur Autonomous Region (grant no.
2022D01F65), the Hubei Provincial Health Commission Fund
Project (grant no. WJ2023M022), and the Improvement of
Central Financial Medical Service and Security Capacity - Special
Project for Building Medical Service Capacity in High Altitude
Areas (2022).

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.

frontiersin.org


https://doi.org/10.3389/fendo.2023.1124334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Shao et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M,
et al. The third international consensus definitions for sepsis and septic shock (Sepsis-
3). JAMA (2016) 315(8):801-10. doi: 10.1001/jama.2016.0287

2. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al.
Global, regional, and national sepsis incidence and mortality, 1990-2017: analysis for
the global burden of disease study. Lancet (2020) 395(10219):200-11. doi: 10.1016/
s0140-6736(19)32989-7

3. van der Poll T, Shankar-Hari M, Wiersinga WJ. The immunology of sepsis.
Immunity (2021) 54(11):2450-64. doi: 10.1016/j.immuni.2021.10.012

4. Delano MJ, Ward PA. The immune system's role in sepsis progression,
resolution, and long-term outcome. Immunol Rev (2016) 274(1):330-53.
doi: 10.1111/imr.12499

5. Bhoj VG, Chen ZJ. Ubiquitylation in innate and adaptive immunity. Nature
(2009) 458(7237):430-7. doi: 10.1038/nature07959

6. Popovic D, Vucic D, Dikic I. Ubiquitination in disease pathogenesis and
treatment. Nat Med (2014) 20(11):1242-53. doi: 10.1038/nm.3739

7. Zinngrebe ], Montinaro A, Peltzer N, Walczak H. Ubiquitin in the immune
system. EMBO Rep (2014) 15(1):28-45. doi: 10.1002/embr.201338025

8. VanDemark AP, Hill CP. Structural basis of ubiquitylation. Curr Opin Struct Biol
(2002) 12(6):822-30. doi: 10.1016/s0959-440x(02)00389-5

9. Bednash JS, Mallampalli RK. Regulation of inflammasomes by ubiquitination.
Cell Mol Immunol (2016) 13(6):722-8. doi: 10.1038/cmi.2016.15

10. Clague MJ, Heride C, Urbeé S. The demographics of the ubiquitin system. Trends
Cell Biol (2015) 25(7):417-26. doi: 10.1016/j.tcb.2015.03.002

11. Akutsu M, Dikic I, Bremm A. Ubiquitin chain diversity at a glance. J Cell Sci
(2016) 129(5):875-80. doi: 10.1242/jcs.183954

12. Jin J, Li X, Gygi SP, Harper JW. Dual El activation systems for ubiquitin
differentially regulate E2 enzyme charging. Nature (2007) 447(7148):1135-8.
doi: 10.1038/nature05902

13. Li W, Bengtson MH, Ulbrich A, Matsuda A, Reddy VA, Orth A, et al. Genome-
wide and functional annotation of human E3 ubiquitin ligases identifies mulan, a
mitochondrial E3 that regulates the organelle's dynamics and signaling. PloS One
(2008) 3(1):e1487. doi: 10.1371/journal.pone.0001487

14. Ye 'Y, Rape M. Building ubiquitin chains: E2 enzymes at work. Nat Rev Mol Cell
Biol (2009) 10(11):755-64. doi: 10.1038/nrm2780

15. Toma-Fukai S, Shimizu T. Structural diversity of ubiquitin E3 ligase. Molecules
(2021) 26(21):6682. doi: 10.3390/molecules26216682

16. Millrine D, Peter JJ, Kulathu Y. A guide to ufmylation, an emerging
posttranslational modification. FEBS J (2023). doi: 10.1111/febs.16730

17. Yang Q, Zhao ], Chen D, Wang Y. E3 ubiquitin ligases: styles, structures and
functions. Mol Biomedicine (2021) 2(1):23. doi: 10.1186/s43556-021-00043-2

18. Hatakeyama S. Trim family proteins: roles in autophagy, immunity, and
carcinogenesis. Trends Biochem Sci (2017) 42(4):297-311. doi: 10.1016/j.tibs.2017.01.002

19. Zhang Y, Tada T, Ozono S, Yao W, Tanaka M, Yamaoka S, et al. Membrane-
associated ring-ch (March) 1 and 2 are march family members that inhibit hiv-1
infection. J Biol Chem (2019) 294(10):3397-405. doi: 10.1074/jbc.AC118.005907

20. Lin H, Li S, Shu HB. The membrane-associated march E3 ligase family:
emerging roles in immune regulation. Front Immunol (2019) 10:1751. doi: 10.3389/
fimmu.2019.01751

21. Bauer J, Bakke O, Morth JP. Overview of the membrane-associated ring-ch
(March) E3 ligase family. N Biotechnol (2017) 38(Pt A):7-15. doi: 10.1016/
j.nbt.2016.12.002

22. Erickson AH. Pa-Tm-Ring proteins: a new family of endosomal membrane
proteins. FEBS J (2011) 278(1):46. doi: 10.1111/j.1742-4658.2010.07921.x

23. Kriegel MA, Rathinam C, Flavell RA. E3 ubiquitin ligase grail controls primary T
cell activation and oral tolerance. Proc Natl Acad Sci U.S.A. (2009) 106(39):16770-5.
doi: 10.1073/pnas.0908957106

24. Giannini AL, Gao Y, Bijlmakers MJ. T-Cell regulator Rnf125/Trac-1 belongs to a
novel family of ubiquitin ligases with zinc fingers and a ubiquitin-binding domain.
Biochem J (2008) 410(1):101-11. doi: 10.1042/bj20070995

25. Arimoto K, Takahashi H, Hishiki T, Konishi H, Fujita T, Shimotohno K.
Negative regulation of the rig-I signaling by the ubiquitin ligase Rnf125. Proc Natl Acad
Sci U.S.A. (2007) 104(18):7500-5. doi: 10.1073/pnas.0611551104

Frontiers in Endocrinology

10.3389/fendo.2023.1124334

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

26. Chen HW, Yang YK, Xu H, Yang WW, Zhai ZH, Chen DY. Ring finger protein
166 potentiates rna virus-induced interferon-B production Via enhancing the
ubiquitination of Traf3 and Traf6. Sci Rep (2015) 5:14770. doi: 10.1038/srep14770

27. Lin B, Ke Q, Li H, Pheifer NS, Velliquette DC, Leaman DW. Negative regulation
of the rlh signaling by the E3 ubiquitin ligase Rnfl14. Cytokine (2017) 99:186-93.
doi: 10.1016/j.cyt0.2017.05.002

28. Rotin D, Kumar S. Physiological functions of the hect family of ubiquitin ligases.
Nat Rev Mol Cell Biol (2009) 10(6):398-409. doi: 10.1038/nrm2690

29. Wang Y, Argiles-Castillo D, Kane EI, Zhou A, Spratt DE. Correction: hect E3
ubiquitin ligases - emerging insights into their biological roles and disease relevance. ]
Cell Sci (2020) 133(24):jcs258087. doi: 10.1242/jcs.258087

30. Yang B, Gay DL, MacLeod MK, Cao X, Hala T, Sweezer EM, et al. Nedd4
augments the adaptive immune response by promoting ubiquitin-mediated
degradation of cbl-b in activated T cells. Nat Immunol (2008) 9(12):1356-63.
doi: 10.1038/ni.1670

31. Zheng N, Shabek N. Ubiquitin ligases: structure, function, and regulation. Annu
Rev Biochem (2017) 86:129-57. doi: 10.1146/annurev-biochem-060815-014922

32. Kavsak P, Rasmussen RK, Causing CG, Bonni S, Zhu H, Thomsen GH, et al.
Smad7 binds to Smurf2 to form an E3 ubiquitin ligase that targets the tgf beta receptor
for degradation. Mol Cell (2000) 6(6):1365-75. doi: 10.1016/s1097-2765(00)00134-9

33. Komuro A, Imamura T, Saitoh M, Yoshida Y, Yamori T, Miyazono K, et al.
Negative regulation of transforming growth factor-beta (Tgf-beta) signaling by ww
domain-containing protein 1 (Wwp1). Oncogene (2004) 23(41):6914-23. doi: 10.1038/
sj.onc.1207885

34. Yang Q, Chen SP, Zhang XP, Wang H, Zhu C, Lin HY. Smurf2 participates in
human trophoblast cell invasion by inhibiting tgf-beta type I receptor. J Histochem
Cytochem Off ] Histochem Soc (2009) 57(6):605-12. doi: 10.1369/jhc.2009.953166

35. Marin I, Lucas JI, Gradilla AC, Ferrus A. Parkin and relatives: the rbr family of ubiquitin
ligases. Physiol Genomics (2004) 17(3):253-63. doi: 10.1152/physiolgenomics.00226.2003

36. Dove KK, Klevit RE. Ring-between-Ring E3 ligases: emerging themes amid the
variations. J Mol Biol (2017) 429(22):3363-75. doi: 10.1016/j.jmb.2017.08.008

37. Smit JJ, Sixma TK. Rbr E3-ligases at work. EMBO Rep (2014) 15(2):142-54.
doi: 10.1002/embr.201338166

38. Spratt DE, Walden H, Shaw GS. Rbr E3 ubiquitin ligases: new structures, new
insights, new questions. Biochem J (2014) 458(3):421-37. doi: 10.1042/bj20140006

39. Chen ZJ. Ubiquitin signalling in the nf-kappab pathway. Nat Cell Biol (2005) 7
(8):758-65. doi: 10.1038/ncb0805-758

40. Gong J, Shen XH, Qiu H, Chen C, Yang RG. Rhesus monkey Trim5c represses
hiv-1 Itr promoter activity by negatively regulating Tak1/Tab1/Tab2/Tab3-Complex-
Mediated nf-Kb activation. Arch Virol (2011) 156(11):1997-2006. doi: 10.1007/s00705-
011-1097-6

41. Krawczyk C, Bachmaier K, Sasaki T, Jones RG, Snapper SB, Bouchard D, et al.
Cbl-b is a negative regulator of receptor clustering and raft aggregation in T cells.
Immunity (2000) 13(4):463-73. doi: 10.1016/s1074-7613(00)00046-7

42. Venet F, Monneret G. Advances in the understanding and treatment of sepsis-
induced immunosuppression. Nat Rev Nephrol (2018) 14(2):121-37. doi: 10.1038/
nrneph.2017.165

43. Zhai F, Li ], Ye M, Jin X. The functions and effects of Cul3-E3 ligases mediated
non-degradative ubiquitination. Gene (2022) 832:146562. doi: 10.1016/j.gene.2022.146562

44. Kawashima A, Karasawa T, Tago K, Kimura H, Kamata R, Usui-Kawanishi F,
et al. Arih2 ubiquitinates Nlrp3 and negatively regulates Nlrp3 inflammasome
activation in macrophages. J Immunol (2017) 199(10):3614-22. doi: 10.4049/
jimmunol.1700184

45. Xu C, Feng K, Zhao X, Huang S, Cheng Y, Qian L, et al. Regulation of autophagy
by E3 ubiquitin ligase Rnf216 through Becnl ubiquitination. Autophagy (2014) 10
(12):2239-50. doi: 10.4161/15548627.2014.981792

46. Kerscher O, Felberbaum R, Hochstrasser M. Modification of proteins by
ubiquitin and ubiquitin-like proteins. Annu Rev Cell Dev Biol (2006) 22:159-80.
doi: 10.1146/annurev.cellbio.22.010605.093503

47. Seeler JS, Dejean A. Nuclear and unclear functions of sumo. Nat Rev Mol Cell
Biol (2003) 4(9):690-9. doi: 10.1038/nrm1200

48. Wang Y, Ladunga I, Miller AR, Horken KM, Plucinak T, Weeks DP, et al. The
small ubiquitin-like modifier (Sumo) and sumo-conjugating system of chlamydomonas
reinhardtii. Genetics (2008) 179(1):177-92. doi: 10.1534/genetics.108.089128

frontiersin.org


https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/s0140-6736(19)32989-7
https://doi.org/10.1016/s0140-6736(19)32989-7
https://doi.org/10.1016/j.immuni.2021.10.012
https://doi.org/10.1111/imr.12499
https://doi.org/10.1038/nature07959
https://doi.org/10.1038/nm.3739
https://doi.org/10.1002/embr.201338025
https://doi.org/10.1016/s0959-440x(02)00389-5
https://doi.org/10.1038/cmi.2016.15
https://doi.org/10.1016/j.tcb.2015.03.002
https://doi.org/10.1242/jcs.183954
https://doi.org/10.1038/nature05902
https://doi.org/10.1371/journal.pone.0001487
https://doi.org/10.1038/nrm2780
https://doi.org/10.3390/molecules26216682
https://doi.org/10.1111/febs.16730
https://doi.org/10.1186/s43556-021-00043-2
https://doi.org/10.1016/j.tibs.2017.01.002
https://doi.org/10.1074/jbc.AC118.005907
https://doi.org/10.3389/fimmu.2019.01751
https://doi.org/10.3389/fimmu.2019.01751
https://doi.org/10.1016/j.nbt.2016.12.002
https://doi.org/10.1016/j.nbt.2016.12.002
https://doi.org/10.1111/j.1742-4658.2010.07921.x
https://doi.org/10.1073/pnas.0908957106
https://doi.org/10.1042/bj20070995
https://doi.org/10.1073/pnas.0611551104
https://doi.org/10.1038/srep14770
https://doi.org/10.1016/j.cyto.2017.05.002
https://doi.org/10.1038/nrm2690
https://doi.org/10.1242/jcs.258087
https://doi.org/10.1038/ni.1670
https://doi.org/10.1146/annurev-biochem-060815-014922
https://doi.org/10.1016/s1097-2765(00)00134-9
https://doi.org/10.1038/sj.onc.1207885
https://doi.org/10.1038/sj.onc.1207885
https://doi.org/10.1369/jhc.2009.953166
https://doi.org/10.1152/physiolgenomics.00226.2003
https://doi.org/10.1016/j.jmb.2017.08.008
https://doi.org/10.1002/embr.201338166
https://doi.org/10.1042/bj20140006
https://doi.org/10.1038/ncb0805-758
https://doi.org/10.1007/s00705-011-1097-6
https://doi.org/10.1007/s00705-011-1097-6
https://doi.org/10.1016/s1074-7613(00)00046-7
https://doi.org/10.1038/nrneph.2017.165
https://doi.org/10.1038/nrneph.2017.165
https://doi.org/10.1016/j.gene.2022.146562
https://doi.org/10.4049/jimmunol.1700184
https://doi.org/10.4049/jimmunol.1700184
https://doi.org/10.4161/15548627.2014.981792
https://doi.org/10.1146/annurev.cellbio.22.010605.093503
https://doi.org/10.1038/nrm1200
https://doi.org/10.1534/genetics.108.089128
https://doi.org/10.3389/fendo.2023.1124334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Shao et al.

49. Budroni V, Versteeg GA. Negative regulation of the innate immune response
through proteasomal degradation and deubiquitination. Viruses (2021) 13(4):584.
doi: 10.3390/v13040584

50. Heaton SM, Borg NA, Dixit VM. Ubiquitin in the activation and attenuation of
innate antiviral immunity. ] Exp Med (2016) 213(1):1-13. doi: 10.1084/jem.20151531

51. Ebner P, Versteeg GA, Tkeda F. Ubiquitin enzymes in the regulation of immune
responses. Crit Rev Biochem Mol Biol (2017) 52(4):425-60. doi: 10.1080/
10409238.2017.1325829

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

53. 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

54. Kawasaki T, Kawai T. Toll-like receptor signaling pathways. Front Immunol
(2014) 5:461. doi: 10.3389/fimmu.2014.00461

55. Kawai T, Akira S. The role of pattern-recognition receptors in innate immunity:
update on toll-like receptors. Nat Immunol (2010) 11(5):373-84. doi: 10.1038/ni.1863

56. Celhar T, Magalhdes R, Fairhurst AM. Tlr7 and TIr9 in sle: when sensing self
goes wrong. Immunologic Res (2012) 53(1-3):58-77. doi: 10.1007/s12026-012-8270-1

57. Botos I, Segal DM, Davies DR. The structural biology of toll-like receptors.
Structure (2011) 19(4):447-59. doi: 10.1016/j.str.2011.02.004

58. Kawai T, Akira S. Tlr signaling. Semin Immunol (2007) 19(1):24-32.
doi: 10.1016/j.smim.2006.12.004

59. Adhikarla SV, Jha NK, Goswami VK, Sharma A, Bhardwaj A, Dey A, et al. Tlr-
mediated signal transduction and neurodegenerative disorders. Brain Sci (2021) 11
(11):1373. doi: 10.3390/brainscil1111373

60. ChenF, Zou L, Williams B, Chao W. Targeting toll-like receptors in sepsis: from
bench to clinical trials. Antioxid Redox Signal (2021) 35(15):1324-39. doi: 10.1089/
ars.2021.0005

61. Grieco FA, Vendrame F, Spagnuolo I, Dotta F. Innate immunity and the
pathogenesis of type 1 diabetes. Semin Immunopathol (2011) 33(1):57-66.
doi: 10.1007/s00281-010-0206-z

62. El-Zayat SR, Sibaii H, Mannaa FA. Toll-like receptors activation, signaling, and
targeting: an overview. Bull Natl Res Centre (2019) 43(1):187. doi: 10.1186/s42269-019-
0227-2

63. Kumar V. Toll-like receptors in sepsis-associated cytokine storm and their
endogenous negative regulators as future immunomodulatory targets. Int
Immunopharmacol (2020) 89(Pt B):107087. doi: 10.1016/j.intimp.2020.107087

64. Tsujimoto H, Ono S, Efron PA, Scumpia PO, Moldawer LL, Mochizuki H. Role
of toll-like receptors in the development of sepsis. Shock (2008) 29(3):315-21.
doi: 10.1097/SHK.0b013e318157¢ee55

65. Duan T, Du Y, Xing C, Wang HY, Wang RF. Toll-like receptor signaling and its
role in cell-mediated immunity. Front Immunol (2022) 13:812774. doi: 10.3389/
fimmu.2022.812774

66. Guillamot M, Ouazia D, Dolgalev I, Yeung ST, Kourtis N, Dai Y, et al. The E3
ubiquitin ligase spop controls resolution of systemic inflammation by triggering Myd88
degradation. Nat Immunol (2019) 20(9):1196-207. doi: 10.1038/s41590-019-0454-6

67. Hu YH, Wang Y, Wang F, Dong YM, Jiang WL, Wang YP, et al. Spop negatively
regulates toll-like receptor-induced inflammation by disrupting Myd88 self-
association. Cell Mol Immunol (2021) 18(7):1708-17. doi: 10.1038/s41423-020-0411-1

68. Huang B, Baek SH. Trim13 potentiates toll-like receptor 2-mediated nuclear
factor Kb 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

69. Bachmaier K, Toya S, Gao X, Triantafillou T, Garrean S, Park GY, et al. E3
ubiquitin ligase cblb regulates the acute inflammatory response underlying lung injury.
Nat Med (2007) 13(8):920-6. doi: 10.1038/nm1607

70. Xue Q, Zhou Z, Lei X, Liu X, He B, Wang J, et al. Trim38 negatively regulates
Tlr3-mediated ifn-B signaling by targeting trif for degradation. PloS One (2012) 7(10):
€46825. doi: 10.1371/journal.pone.0046825

71. Yang Q, Liu TT, Lin H, Zhang M, Wei J, Luo WW, et al. Trim32-Tax1bpl-
Dependent selective autophagic degradation of trif negatively regulates Tlr3/4-
mediated innate immune responses. PloS Pathog (2017) 13(9):e1006600.
doi: 10.1371/journal.ppat.1006600

72. 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

73. Yang Y, Liao B, Wang S, Yan B, Jin Y, Shu HB, et al. E3 ligase Wwp2 negatively
regulates Tlr3-mediated innate immune response by targeting trif for ubiquitination
and degradation. Proc Natl Acad Sci U S A (2013) 110(13):5115-20. doi: 10.1073/
pnas.1220271110

74. Li F, Li Y, Liang H, Xu T, Kong Y, Huang M, et al. Hectd3 mediates Traf3
polyubiquitination and type I interferon induction during bacterial infection. J Clin
Invest (2018) 128(9):4148-62. doi: 10.1172/jci120406

75. Gao P, Ma X, Yuan M, Yi Y, Liu G, Wen M, et al. E3 ligase Nedd4l promotes
antiviral innate immunity by catalyzing K29-linked cysteine ubiquitination of Traf3.
Nat Commun (2021) 12(1):1194. doi: 10.1038/s41467-021-21456-1

Frontiers in Endocrinology

11

10.3389/fendo.2023.1124334

76. 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. ] Immunol (2011) 187(9):4754-63. doi: 10.4049/
jimmunol.1101704

77. Su X, Li S, Meng M, Qian W, Xie W, Chen D, et al. Tnf receptor-associated
factor-1 (Trafl) negatively regulates Toll/Il-1 receptor domain-containing adaptor
inducing ifn-beta (Trif)-mediated signaling. Eur ] Immunol (2006) 36(1):199-206.
doi: 10.1002/eji.200535415

78. Li D, Wu M. Pattern recognition receptors in health and diseases. Signal
Transduct Target Ther (2021) 6(1):291. doi: 10.1038/s41392-021-00687-0

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

80. Gong T, Yang Y, Jin T, Jiang W, Zhou R. Orchestration of Nlrp3 inflammasome
activation by ion fluxes. Trends Immunol (2018) 39(5):393-406. doi: 10.1016/
j.it.2018.01.009

81. Katsnelson MA, Lozada-Soto KM, Russo HM, Miller BA, Dubyak GR. Nlrp3
inflammasome signaling is activated by low-level lysosome disruption but inhibited by
extensive lysosome disruption: roles for k+ efflux and Ca2+ influx. Am ] Physiol Cell
Physiol (2016) 311(1):C83-C100. doi: 10.1152/ajpcell.00298.2015

82. Hafner-Bratkovi¢ I, Pelegrin P. Ion homeostasis and ion channels in Nlrp3
inflammasome activation and regulation. Curr Opin Immunol (2018) 52:8-17.
doi: 10.1016/j.c01.2018.03.010

83. Danielski LG, Giustina AD, Bonfante S, Barichello T, Petronilho F. The Nlrp3
inflammasome and its role in sepsis development. Inflammation (2020) 43(1):24-31.
doi: 10.1007/s10753-019-01124-9

84. Yi YS. Caspase-11 non-canonical inflammasome: a critical sensor of
intracellular lipopolysaccharide in macrophage-mediated inflammatory responses.
Immunology (2017) 152(2):207-17. doi: 10.1111/imm.12787

85. Yang ], Zhao Y, Shao F. Non-canonical activation of inflammatory caspases by
cytosolic Ips in innate immunity. Curr Opin Immunol (2015) 32:78-83. doi: 10.1016/
j.01.2015.01.007

86. Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. Sglt2 inhibition
modulates Nlrp3 inflammasome activity Via ketones and insulin in diabetes with
cardiovascular disease. Nat Commun (2020) 11(1):2127. doi: 10.1038/s41467-020-
15983-6

87. Tumurkhuu G, Shimada K, Dagvadorj J, Crother TR, Zhang W, Luthringer D,
et al. Oggl-dependent DNA repair regulates Nlrp3 inflammasome and prevents
atherosclerosis. Circ Res (2016) 119(6):e76-90. doi: 10.1161/circresaha.116.308362

88. Renaudin F, Orliaguet L, Castelli F, Fenaille F, Prignon A, Alzaid F, et al. Gout
and pseudo-Gout-Related crystals promote Glutl-mediated glycolysis that governs
Nlrp3 and interleukin-1B activation on macrophages. Ann rheumatic Dis (2020) 79
(11):1506-14. doi: 10.1136/annrheumdis-2020-217342

89. Esquerdo KF, Sharma NK, Brunialti MKC, Baggio—Zappia GL, Assungio M,
Azevedo LCP, et al. Inflammasome gene profile is modulated in septic patients, with a
greater magnitude in non-survivors. Clin Exp Immunol (2017) 189(2):232-40.
doi: 10.1111/cei.12971

90. Martinez-Garcia JJ, Martinez-Banaclocha H, Angosto-Bazarra D, de Torre-
Minguela C, Baroja-Mazo A, Alarcon-Vila C, et al. P2x7 receptor induces
mitochondrial failure in monocytes and compromises Nlrp3 inflammasome
activation during sepsis. Nat Commun (2019) 10(1):2711. doi: 10.1038/s41467-019-
10626-x

91. Mao K, Chen S, Chen M, Ma Y, Wang Y, Huang B, et al. Nitric oxide suppresses
Nlrp3 inflammasome activation and protects against Ips-induced septic shock. Cell Res
(2013) 23(2):201-12. doi: 10.1038/cr.2013.6

92. Sutterwala FS, Ogura Y, Szczepanik M, Lara-Tejero M, Lichtenberger GS, Grant
EP, et al. Critical role for Nalp3/Cias1/Cryopyrin in innate and adaptive immunity
through its regulation of caspase-1. Immunity (2006) 24(3):317-27. doi: 10.1016/
j-immuni.2006.02.004

93. Shi CX, Wang Y, Chen Q, Jiao FZ, Pei MH, Gong ZJ. Extracellular histone H3
induces pyroptosis during sepsis and may act through Nod2 and Vsig4/Nlrp3
pathways. Front Cell infection Microbiol (2020) 10:196. doi: 10.3389/fcimb.2020.00196

94. Wang D, Zhang Y, Xu X, Wu J, Peng Y, Li ], et al. Yap promotes the activation of
Nlrp3 inflammasome Via blocking K27-linked polyubiquitination of Nlrp3. Nat
Commun (2021) 12(1):2674. doi: 10.1038/s41467-021-22987-3

95. Yu S, Wang D, Huang L, Zhang Y, Luo R, Adah D, et al. The complement
receptor C5ar2 promotes protein kinase r expression and contributes to Nlrp3
inflammasome activation and Hmgb1 release from macrophages. J Biol Chem (2019)
294(21):8384-94. doi: 10.1074/jbc. RA118.006508

96. 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

97. Han S, Lear TB, Jerome JA, Rajbhandari S, Snavely CA, Gulick DL, et al.
Lipopolysaccharide primes the Nalp3 inflammasome by inhibiting its ubiquitination
and degradation mediated by the Scffbx]2 E3 ligase. ] Biol Chem (2015) 290(29):18124—
33. doi: 10.1074/jbc.M115.645549

98. Yan Y, Jiang W, Liu L, Wang X, Ding C, Tian Z, et al. Dopamine controls
systemic inflammation through inhibition of Nlrp3 inflammasome. Cell (2015) 160(1-
2):62-73. doi: 10.1016/j.cell.2014.11.047

frontiersin.org


https://doi.org/10.3390/v13040584
https://doi.org/10.1084/jem.20151531
https://doi.org/10.1080/10409238.2017.1325829
https://doi.org/10.1080/10409238.2017.1325829
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.1038/nri3446
https://doi.org/10.1038/nri3446
https://doi.org/10.3389/fimmu.2014.00461
https://doi.org/10.1038/ni.1863
https://doi.org/10.1007/s12026-012-8270-1
https://doi.org/10.1016/j.str.2011.02.004
https://doi.org/10.1016/j.smim.2006.12.004
https://doi.org/10.3390/brainsci11111373
https://doi.org/10.1089/ars.2021.0005
https://doi.org/10.1089/ars.2021.0005
https://doi.org/10.1007/s00281-010-0206-z
https://doi.org/10.1186/s42269-019-0227-2
https://doi.org/10.1186/s42269-019-0227-2
https://doi.org/10.1016/j.intimp.2020.107087
https://doi.org/10.1097/SHK.0b013e318157ee55
https://doi.org/10.3389/fimmu.2022.812774
https://doi.org/10.3389/fimmu.2022.812774
https://doi.org/10.1038/s41590-019-0454-6
https://doi.org/10.1038/s41423-020-0411-1
https://doi.org/10.1124/mol.116.106716
https://doi.org/10.1124/mol.116.106716
https://doi.org/10.1038/nm1607
https://doi.org/10.1371/journal.pone.0046825
https://doi.org/10.1371/journal.ppat.1006600
https://doi.org/10.4049/jimmunol.1601647
https://doi.org/10.1073/pnas.1220271110
https://doi.org/10.1073/pnas.1220271110
https://doi.org/10.1172/jci120406
https://doi.org/10.1038/s41467-021-21456-1
https://doi.org/10.4049/jimmunol.1101704
https://doi.org/10.4049/jimmunol.1101704
https://doi.org/10.1002/eji.200535415
https://doi.org/10.1038/s41392-021-00687-0
https://doi.org/10.1038/nri3452
https://doi.org/10.1016/j.it.2018.01.009
https://doi.org/10.1016/j.it.2018.01.009
https://doi.org/10.1152/ajpcell.00298.2015
https://doi.org/10.1016/j.coi.2018.03.010
https://doi.org/10.1007/s10753-019-01124-9
https://doi.org/10.1111/imm.12787
https://doi.org/10.1016/j.coi.2015.01.007
https://doi.org/10.1016/j.coi.2015.01.007
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1161/circresaha.116.308362
https://doi.org/10.1136/annrheumdis-2020-217342
https://doi.org/10.1111/cei.12971
https://doi.org/10.1038/s41467-019-10626-x
https://doi.org/10.1038/s41467-019-10626-x
https://doi.org/10.1038/cr.2013.6
https://doi.org/10.1016/j.immuni.2006.02.004
https://doi.org/10.1016/j.immuni.2006.02.004
https://doi.org/10.3389/fcimb.2020.00196
https://doi.org/10.1038/s41467-021-22987-3
https://doi.org/10.1074/jbc.RA118.006508
https://doi.org/10.1038/ncomms13727
https://doi.org/10.1074/jbc.M115.645549
https://doi.org/10.1016/j.cell.2014.11.047
https://doi.org/10.3389/fendo.2023.1124334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Shao et al.

99. Tang T, Li P, Zhou X, Wang R, Fan X, Yang M, et al. The E3 ubiquitin ligase
Trim65 negatively regulates inflammasome activation through promoting ubiquitination
of Nlrp3. Front Immunol (2021) 12:741839. doi: 10.3389/fimmu.2021.741839

100. TangJ, Tu S, Lin G, Guo H, Yan C, Liu Q, et al. Sequential ubiquitination of
Nlrp3 by Rnf125 and cbl-b limits inflammasome activation and endotoxemia. J Exp
Med (2020) 217(4):e20182091. doi: 10.1084/jem.20182091

101. Qin Y, Li Q, Liang W, Yan R, Tong L, Jia M, et al. Trim28 sumoylates and
stabilizes Nlrp3 to facilitate inflammasome activation. Nat Commun (2021) 12(1):4794.
doi: 10.1038/s41467-021-25033-4

102. Yang W, Gu Z, Zhang H, Hu H. To trim the immunity: from innate to adaptive
immunity. Front Immunol (2020) 11:2157. doi: 10.3389/fimmu.2020.02157

103. HuY, 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

104. 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

105. 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

106. 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. ] Immunol (2007) 179(2):1274-81. doi: 10.4049/jimmunol.179.2.1274

107. Yu JW, Wu J, 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

108. 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
Pstpipl mutants. Mol Cell (2007) 28(2):214-27. doi: 10.1016/j.molcel.2007.08.029

109. Humphries F, Bergin R, Jackson R, Delagic N, Wang B, Yang S, et al. The E3
ubiquitin ligase Pellino2 mediates priming of the Nlrp3 inflammasome. Nat Commun
(2018) 9(1):1560. doi: 10.1038/541467-018-03669-2

110. Guan K, Wei C, Zheng Z, Song T, Wu F, Zhang Y, et al. Mavs promotes
inflammasome activation by targeting asc for K63-linked ubiquitination Via the E3
ligase Traf3. ] Immunol (2015) 194(10):4880-90. doi: 10.4049/jimmunol.1402851

111. Labbe K, McIntire CR, Doiron K, Leblanc PM, Saleh M. Cellular inhibitors of
apoptosis proteins Ciap1 and Ciap2 are required for efficient caspase-1 activation by the
inflammasome. Immunity (2011) 35(6):897-907. doi: 10.1016/j.immuni.2011.10.016

112. 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

113. 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

114. Conway-Morris A, Wilson ], Shankar-Hari M. Immune activation in sepsis.
Crit Care Clin (2018) 34(1):29-42. doi: 10.1016/j.ccc.2017.08.002

115. Martinez-Sanchez ME, Huerta L, Alvarez-Buylla ER, Villarreal Lujan C. Role of
cytokine combinations on Cd4+ T cell differentiation, partial polarization, and
plasticity: continuous network modeling approach. Front Physiol (2018) 9:877.
doi: 10.3389/fphys.2018.00877

116. Zhu J, Yamane H, Paul WE. Differentiation of effector Cd4 T cell populations
(*). Annu Rev Immunol (2010) 28:445-89. doi: 10.1146/annurev-immunol-030409-
101212

117. Tham EL, Shrikant P, Mescher MF. Activation-induced nonresponsiveness: a
Th-dependent regulatory checkpoint in the ctl response. J Immunol (2002) 168
(3):1190-7. doi: 10.4049/jimmunol.168.3.1190

118. Mosmann TR, Cherwinski H, Bond MW, Giedlin MA, Coffman RL. Two types
of murine helper T cell clone. i. definition according to profiles of lymphokine activities
and secreted proteins. ] Immunol (1986) 136(7):2348-57.

119. Xue M, Xie J, Liu L, Huang Y, Guo F, Xu J, et al. Early and dynamic alterations
of Th2/Th1 in previously immunocompetent patients with community-acquired severe
sepsis: a prospective observational study. J Trans Med (2019) 17(1):57. doi: 10.1186/
512967-019-1811-9

120. Weber GF, Chousterman BG, He S, Fenn AM, Nairz M, Anzai A, et al.
Interleukin-3 amplifies acute inflammation and is a potential therapeutic target in
sepsis. Science (2015) 347(6227):1260-5. doi: 10.1126/science.aaa4268

121. Zhang X, Gao L, Lei L, Zhong Y, Dube P, Berton MT, et al. A Myd88-
dependent early il-17 production protects mice against airway infection with the
obligate intracellular pathogen chlamydia muridarum. J Immunol (2009) 183(2):1291-
300. doi: 10.4049/jimmunol.0803075

122. Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg REJr., Hui JJ, Chang KC,
et al. Sepsis-induced apoptosis causes progressive profound depletion of b and Cd4+ T
lymphocytes in humans. J Immunol (2001) 166(11):6952-63. doi: 10.4049/
jimmunol.166.11.6952

123. Maurice NJ, McElrath MJ, Andersen-Nissen E, Frahm N, Prlic M. Cxcr3
enables recruitment and site-specific bystander activation of memory Cd8(+) T cells.
Nat Commun (2019) 10(1):4987. doi: 10.1038/s41467-019-12980-2

Frontiers in Endocrinology

12

10.3389/fendo.2023.1124334

124. Cabrera-Perez J, Condotta SA, James BR, Kashem SW, Brincks EL, Rai D, et al.
Alterations in antigen-specific naive Cd4 T cell precursors after sepsis impairs their
responsiveness to pathogen challenge. J Immunol (2015) 194(4):1609-20. doi: 10.4049/
jimmunol.1401711

125. Chen X, Ye J, Ye J. Analysis of peripheral blood lymphocyte subsets and
prognosis in patients with septic shock. Microbiol Immunol (2011) 55(10):736-42.
doi: 10.1111/j.1348-0421.2011.00373.x

126. Gouel-Chéron A, Venet F, Allaouchiche B, Monneret G. Cd4+ T-lymphocyte
alterations in trauma patients. Crit Care (2012) 16(3):432. doi: 10.1186/cc11376

127. Inoue S, Suzuki-Utsunomiya K, Okada Y, Taira T, Iida Y, Miura N, et al.
Reduction of immunocompetent T cells followed by prolonged lymphopenia in severe
sepsis in the elderly. Crit Care Med (2013) 41(3):810-9. doi: 10.1097/
CCM.0b013e318274645f

128. Roger PM, Hyvernat H, Ticchioni M, Kumar G, Dellamonica J, Bernardin G.
The early phase of human sepsis is characterized by a combination of apoptosis and
proliferation of T cells. J Crit Care (2012) 27(4):384-93. doi: 10.1016/j.jcrc.2012.04.010

129. Unsinger J, Kazama H, McDonough JS, Hotchkiss RS, Ferguson TA.
Differential lymphopenia-induced homeostatic proliferation for Cd4+ and Cd8+ T
cells following septic injury. J Leukoc Biol (2009) 85(3):382-90. doi: 10.1189/
j1b.0808491

130. Meakins JL, Pietsch JB, Bubenick O, Kelly R, Rode H, Gordon J, et al. Delayed
hypersensitivity: indicator of acquired failure of host defenses in sepsis and trauma.
Ann Surg (1977) 186(3):241-50. doi: 10.1097/00000658-197709000-00002

131. Mohr A, Polz J, Martin EM, Griessl S, Kammler A, Potschke C, et al. Sepsis
leads to a reduced antigen-specific primary antibody response. Eur ] Immunol (2012)
42(2):341-52. doi: 10.1002/eji.201141692

132. Potschke C, Kessler W, Maier S, Heidecke CD, Broker BM. Experimental sepsis
impairs humoral memory in mice. PloS One (2013) 8(11):e81752. doi: 10.1371/
journal.pone.0081752

133. Sjaastad FV, Condotta SA, Kotov JA, Pape KA, Dail C, Danahy DB, et al.
Polymicrobial sepsis chronic immunoparalysis is defined by diminished Ag-specific T
cell-dependent b cell responses. Front Immunol (2018) 9:2532. doi: 10.3389/
fimmu.2018.02532

134. Danahy DB, Strother RK, Badovinac VP, Griffith TS. Clinical and experimental
sepsis impairs Cd8 T-Cell-Mediated immunity. Crit Rev Immunol (2016) 36(1):57-74.
doi: 10.1615/CritRevimmunol.2016017098

135. Liu YC, Penninger J, Karin M. Immunity by ubiquitylation: a reversible process
of modification. Nat Rev Immunol (2005) 5(12):941-52. doi: 10.1038/nril1731

136. Smith-Garvin JE, Koretzky GA, Jordan MS. T Cell activation. Annu Rev
Immunol (2009) 27:591-619. doi: 10.1146/annurev.immunol.021908.132706

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

138. Bretscher P, Cohn M. A theory of self-nonself discrimination. Science (1970)
169(3950):1042-9. doi: 10.1126/science.169.3950.1042

139. Dustin ML. Coordination of T cell activation and migration through formation
of the immunological synapse. Ann New York Acad Sci (2003) 987:51-9. doi: 10.1111/
j.1749-6632.2003.tb06032.x

140. Schwartz RH. T Cell anergy. Annu Rev Immunol (2003) 21:305-34.
doi: 10.1146/annurev.immunol.21.120601.141110

141. Tang R, Langdon WY, Zhang J. Regulation of immune responses by E3 ubiquitin
ligase cbl-b. Cell Immunol (2019) 340:103878. doi: 10.1016/j.cellimm.2018.11.002

142. Loeser S, Penninger JM. Regulation of peripheral T cell tolerance by the E3 ubiquitin
ligase cbl-b. Sermin Immunol (2007) 19(3):206-14. doi: 10.1016/j.smim.2007.02.004

143. Bachmaier K, Krawczyk C, Kozieradzki I, Kong YY, Sasaki T, Oliveira-dos-
Santos A, et al. Negative regulation of lymphocyte activation and autoimmunity by the
molecular adaptor cbl-b. Nature (2000) 403(6766):211-6. doi: 10.1038/35003228

144. Chiang Y], Kole HK, Brown K, Naramura M, Fukuhara S, Hu R], et al. Cbl-b
regulates the Cd28 dependence of T-cell activation. Nature (2000) 403(6766):216-20.
doi: 10.1038/35003235

145. Zhang R, Zhang N, Mueller DL. Casitas b-lineage lymphoma b inhibits antigen
recognition and slows cell cycle progression at late times during Cd4+ T cell clonal
expansion. ] Immunol (2008) 181(8):5331-9. doi: 10.4049/jimmunol.181.8.5331

146. Nurieva RI, Zheng S, Jin W, Chung Y, Zhang Y, Martinez GJ, et al. The E3
ubiquitin ligase grail regulates T cell tolerance and regulatory T cell function by
mediating T cell receptor-Cd3 degradation. Immunity (2010) 32(5):670-80.
doi: 10.1016/j.immuni.2010.05.002

147. Yang M, Chen T, Li X, Yu Z, Tang S, Wang C, et al. K33-linked
polyubiquitination of Zap70 by Nrdpl controls Cd8(+) T cell activation. Nat
Immunol (2015) 16(12):1253-62. doi: 10.1038/ni.3258

148. Aki D, Zhang W, Liu YC. The E3 ligase itch in immune regulation and beyond.
Immunol Rev (2015) 266(1):6-26. doi: 10.1111/imr.12301

149. Scharschmidt E, Wegener E, Heissmeyer V, Rao A, Krappmann D.
Degradation of Bcl10 induced by T-cell activation negatively regulates nf-kappa b
signaling. Mol Cell Biol (2004) 24(9):3860-73. doi: 10.1128/mcb.24.9.3860-3873.2004

150. Huang H, Jeon MS, Liao L, Yang C, Elly C, Yates JR3rd, et al. K33-linked
polyubiquitination of T cell receptor-zeta regulates proteolysis-independent T cell
signaling. Immunity (2010) 33(1):60-70. doi: 10.1016/j.immuni.2010.07.002

frontiersin.org


https://doi.org/10.3389/fimmu.2021.741839
https://doi.org/10.1084/jem.20182091
https://doi.org/10.1038/s41467-021-25033-4
https://doi.org/10.3389/fimmu.2020.02157
https://doi.org/10.4049/jimmunol.1001099
https://doi.org/10.4049/jimmunol.1001099
https://doi.org/10.4049/jimmunol.1102272
https://doi.org/10.1038/sj.cdd.4401896
https://doi.org/10.4049/jimmunol.179.2.1274
https://doi.org/10.1038/sj.cdd.4401734
https://doi.org/10.1016/j.molcel.2007.08.029
https://doi.org/10.1038/s41467-018-03669-z
https://doi.org/10.4049/jimmunol.1402851
https://doi.org/10.1016/j.immuni.2011.10.016
https://doi.org/10.4049/jimmunol.1401448
https://doi.org/10.1016/j.immuni.2013.07.001
https://doi.org/10.1016/j.ccc.2017.08.002
https://doi.org/10.3389/fphys.2018.00877
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.1146/annurev-immunol-030409-101212
https://doi.org/10.4049/jimmunol.168.3.1190
https://doi.org/10.1186/s12967-019-1811-9
https://doi.org/10.1186/s12967-019-1811-9
https://doi.org/10.1126/science.aaa4268
https://doi.org/10.4049/jimmunol.0803075
https://doi.org/10.4049/jimmunol.166.11.6952
https://doi.org/10.4049/jimmunol.166.11.6952
https://doi.org/10.1038/s41467-019-12980-2
https://doi.org/10.4049/jimmunol.1401711
https://doi.org/10.4049/jimmunol.1401711
https://doi.org/10.1111/j.1348-0421.2011.00373.x
https://doi.org/10.1186/cc11376
https://doi.org/10.1097/CCM.0b013e318274645f
https://doi.org/10.1097/CCM.0b013e318274645f
https://doi.org/10.1016/j.jcrc.2012.04.010
https://doi.org/10.1189/jlb.0808491
https://doi.org/10.1189/jlb.0808491
https://doi.org/10.1097/00000658-197709000-00002
https://doi.org/10.1002/eji.201141692
https://doi.org/10.1371/journal.pone.0081752
https://doi.org/10.1371/journal.pone.0081752
https://doi.org/10.3389/fimmu.2018.02532
https://doi.org/10.3389/fimmu.2018.02532
https://doi.org/10.1615/CritRevImmunol.2016017098
https://doi.org/10.1038/nri1731
https://doi.org/10.1146/annurev.immunol.021908.132706
https://doi.org/10.1038/cr.2016.40
https://doi.org/10.1126/science.169.3950.1042
https://doi.org/10.1111/j.1749-6632.2003.tb06032.x
https://doi.org/10.1111/j.1749-6632.2003.tb06032.x
https://doi.org/10.1146/annurev.immunol.21.120601.141110
https://doi.org/10.1016/j.cellimm.2018.11.002
https://doi.org/10.1016/j.smim.2007.02.004
https://doi.org/10.1038/35003228
https://doi.org/10.1038/35003235
https://doi.org/10.4049/jimmunol.181.8.5331
https://doi.org/10.1016/j.immuni.2010.05.002
https://doi.org/10.1038/ni.3258
https://doi.org/10.1111/imr.12301
https://doi.org/10.1128/mcb.24.9.3860-3873.2004
https://doi.org/10.1016/j.immuni.2010.07.002
https://doi.org/10.3389/fendo.2023.1124334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Shao et al.

151. Naramura M, Jang IK, Kole H, Huang F, Haines D, Gu H. C-cbl and cbl-b
regulate T cell responsiveness by promoting ligand-induced tcr down-modulation. Nat
Immunol (2002) 3(12):1192-9. doi: 10.1038/ni855

152. Su L, Lineberry N, Huh Y, Soares L, Fathman CG. A novel E3 ubiquitin ligase
substrate screen identifies rho guanine dissociation inhibitor as a substrate of gene
related to anergy in lymphocytes. J Immunol (2006) 177(11):7559-66. doi: 10.4049/
jimmunol.177.11.7559

153. Chang M, Jin W, Chang JH, Xiao Y, Brittain GC, Yu J, et al. The ubiquitin
ligase Pelil negatively regulates T cell activation and prevents autoimmunity. Nat
Immunol (2011) 12(10):1002-9. doi: 10.1038/ni.2090

154. Zou Q, Jin J, Hu H, Li HS, Romano S, Xiao Y, et al. Usp15 stabilizes Mdm?2 to
mediate cancer-cell survival and inhibit antitumor T cell responses. Nat Immunol
(2014) 15(6):562-70. doi: 10.1038/ni.2885

155. XieJJ, Liang JQ, Diao LH, Altman A, Li Y. Tnfr-associated factor 6 regulates tcr
signaling Via interaction with and modification of lat adapter. J Immmunol (2013) 190
(8):4027-36. doi: 10.4049/jimmunol.1202742

156. Harada Y, Harada Y, Elly C, Ying G, Paik JH, DePinho RA, et al. Transcription
factors Foxo3a and Foxol couple the E3 ligase cbl-b to the induction of Foxp3
expression in induced regulatory T cells. ] Exp Med (2010) 207(7):1381-91.
doi: 10.1084/jem.20100004

157. Wang D, Qin H, Du W, Shen YW, Lee WH, Riggs AD, et al. Inhibition of s-
phase kinase-associated protein 2 (Skp2) reprograms and converts diabetogenic T cells
to Foxp3+ regulatory T cells. Proc Natl Acad Sci U S A (2012) 109(24):9493-8.
doi: 10.1073/pnas.1207293109

Frontiers in Endocrinology

13

10.3389/fendo.2023.1124334

158. Tanaka T, Soriano MA, Grusby MJ. Slim is a nuclear ubiquitin E3 ligase that
negatively regulates stat signaling. Immunity (2005) 22(6):729-36. doi: 10.1016/
j-immuni.2005.04.008

159. Ji YR, Kim HJ, Yu DH, Bae KB, Park SJ, Yi JK, et al. Enforced expression of
roquin protein in T cells exacerbates the incidence and severity of experimental
arthritis. J Biol Chem (2012) 287(50):42269-77. doi: 10.1074/jbc.M112.374835

160. Fang D, Elly C, Gao B, Fang N, Altman Y, Joazeiro C, et al. Dysregulation of T
lymphocyte function in itchy mice: a role for itch in Th2 differentiation. Nat Immunol
(2002) 3(3):281-7. doi: 10.1038/ni763

161. Swaidani S, Bulek K, Kang Z, Gulen MF, Liu C, Yin W, et al. T Cell-derived
Actl is necessary for il-25-Mediated Th2 responses and allergic airway inflammation. J
Immunol (2011) 187(6):3155-64. doi: 10.4049/jimmunol.1002790

162. 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

163. Chen Z, Barbi J, Bu S, Yang HY, Li Z, Gao Y, et al. The ubiquitin ligase Stubl
negatively modulates regulatory T cell suppressive activity by promoting degradation of
the transcription factor Foxp3. Immunity (2013) 39(2):272-85. doi: 10.1016/
j-immuni.2013.08.006

164. Tanaka T, Yamamoto Y, Muromoto R, Ikeda O, Sekine Y, Grusby MJ, et al.
Pdlim2 inhibits T helper 17 cell development and granulomatous inflammation
through degradation of Stat3. Sci Signal (2011) 4(202):ra85. doi: 10.1126/
scisignal.2001637

frontiersin.org


https://doi.org/10.1038/ni855
https://doi.org/10.4049/jimmunol.177.11.7559
https://doi.org/10.4049/jimmunol.177.11.7559
https://doi.org/10.1038/ni.2090
https://doi.org/10.1038/ni.2885
https://doi.org/10.4049/jimmunol.1202742
https://doi.org/10.1084/jem.20100004
https://doi.org/10.1073/pnas.1207293109
https://doi.org/10.1016/j.immuni.2005.04.008
https://doi.org/10.1016/j.immuni.2005.04.008
https://doi.org/10.1074/jbc.M112.374835
https://doi.org/10.1038/ni763
https://doi.org/10.4049/jimmunol.1002790
https://doi.org/10.1084/jem.20090585
https://doi.org/10.1016/j.immuni.2013.08.006
https://doi.org/10.1016/j.immuni.2013.08.006
https://doi.org/10.1126/scisignal.2001637
https://doi.org/10.1126/scisignal.2001637
https://doi.org/10.3389/fendo.2023.1124334
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Regulation of inflammation and immunity in sepsis by E3 ligases
	1 Introduction
	2 E3 ligase family
	2.1 RING
	2.2 HECT
	2.3 RBR
	2.4 Atypical E3 ligases

	3 The E3 ligase and sepsis
	3.1 Roles of E3 ligase in sepsis by regulating the innate immune response
	3.1.1 Role of E3 ligase in TLR signaling
	3.1.2 Role of E3 ligase in NLR signaling

	3.2 Roles of E3 ligase in sepsis by regulating the adaptive immune response
	3.2.1 Regulation of T-cell activation by E3 ligase
	3.2.2 Effect of E3 ligase on T-cell differentiation


	4 Conclusion
	Author contributions
	Funding
	References


