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Abstract: T cell activation plays a central role in supporting and shaping the immune response. The
induction of a functional adaptive immune response requires the control of signaling processes down-
stream of the T cell receptor (TCR). In this regard, protein phosphorylation and dephosphorylation
have been extensively studied. In the past decades, further checkpoints of activation have been
identified. These are E3 ligases catalyzing the transfer of ubiquitin or ubiquitin-like proteins to protein
substrates, as well as specific peptidases to counteract this reaction, such as deubiquitinating enzymes
(DUBs). These posttranslational modifications can critically influence protein interactions by targeting
proteins for degradation by proteasomes or mediating the complex formation required for active TCR
signaling. Thus, the basic aspects of T cell development and differentiation are controlled by defining,
e.g., the threshold of activation in positive and negative selection in the thymus. Furthermore, an
emerging role of ubiquitination in peripheral T cell tolerance has been described. Changes in the
function and abundance of certain E3 ligases or DUBs involved in T cell homeostasis are associated
with the development of autoimmune diseases. This review summarizes the current knowledge of E3
enzymes and their target proteins regulating T cell signaling processes and discusses new approaches
for therapeutic intervention.

Keywords: T cell function; T cell receptor signaling; ubiquitination; E3 ligases; deubiquitination;
DUBs; SUMO

1. Ubiquitination and Deubiquitination—A Basic Introduction

Ubiquitination is a posttranslational modification that is involved in almost every
cellular process. The most prominent function is the targeting of protein substrates for
their degradation by the proteasome to maintain cellular protein homeostasis [1–3]. More-
over, ubiquitination can serve many nonproteolytic functions like the regulation of protein
kinase signaling, DNA damage response, intracellular trafficking, and transcription and
translation [4]. Ubiquitination is mediated by the transfer of the highly conserved 76 amino
-acid protein ubiquitin to a target protein. This process results in either monoubiquitinated
proteins when a single ubiquitin moiety is transferred or multi-monoubiquitination when
monoubiquitination occurs at multiple sites within the protein substrate. Monoubiquitina-
tion is the most abundant modification that plays a crucial role in chromatin regulation,
protein sorting, and trafficking [5]. Moreover, several defined mono-ubiquitinated proteins
are targeted for proteasomal degradation [6]. The repeated addition of ubiquitin moieties
to the target protein results in ubiquitin chains of different lengths, namely polyubiqui-
tination. Ubiquitin chains are assembled in a three-step enzymatic process (Figure 1A).
Initially, ubiquitin is activated by E1 ubiquitin-activating enzymes through adenylation
of the C-terminus under consumption of ATP. The activated ubiquitin is subsequently

Int. J. Mol. Sci. 2022, 23, 3424. https://doi.org/10.3390/ijms23073424 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms23073424
https://doi.org/10.3390/ijms23073424
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0003-1037-3487
https://doi.org/10.3390/ijms23073424
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23073424?type=check_update&version=1


Int. J. Mol. Sci. 2022, 23, 3424 2 of 15

transferred to a cysteine residue of an E2 ubiquitin-conjugating enzyme with the formation
of a thioester bond. By forming a complex with a specific E3 ubiquitin ligase and its
substrate, the ubiquitin moiety is covalently bound to a specific lysine residue in the target
protein. However, in rare cases, the amino acids threonine, serine, or cysteine were recently
identified as targets for ubiquitination as well [7–9]. Up to now, three types of E3 ligases
could be structurally distinguished, resulting in different enzymatic reactions. E3 ligases
containing a really interesting new gene (RING) domain mediate the transfer of ubiquitin
by the simultaneous binding of the E2 enzyme and the substrate [10]. Another structural
prerequisite is homologous with the E6-associated protein C-terminus (HECT) domain in
HECT domain ligases, which contain a catalytically active cysteine residue binding the
ubiquitin by forming an intermediary thioester bond and mediating a subsequent transfer
of the ubiquitin onto the substrate [11]. The RING-Between-RING (RBR)-type E3 ligases
utilize both mechanisms by binding the E2 enzyme to a RING domain, which transfers the
ubiquitin to a RING-like domain, forming a thioester intermediate. This entire approach
ends in a polyubiquitin chain that contains ubiquitin moieties linked through one of the
seven internal ubiquitin lysine (K) residues (which are K6, K11, K27, K29, K33, K48, and
K63) or through the ubiquitin amino terminal Met1 residue (Figure 2). The most prominent
chain types observed in eukaryotic cells are the K48- and K63-linked chains; however, all
possible linkage types have been detected so far [12]. The formation of K48 ubiquitin chains
is crucial to target proteins for degradation by 26S proteasomes [4]. K63, K33, and M1
linear ubiquitin chain formation can be detected in modulating protein interactions and
protein complex formation to maintain signal transduction processes, e.g., in the NF-κB
pathway [13,14].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 2 of 15 
 

 

enzymes through adenylation of the C-terminus under consumption of ATP. The acti-
vated ubiquitin is subsequently transferred to a cysteine residue of an E2 ubiquitin-con-
jugating enzyme with the formation of a thioester bond. By forming a complex with a 
specific E3 ubiquitin ligase and its substrate, the ubiquitin moiety is covalently bound to 
a specific lysine residue in the target protein. However, in rare cases, the amino acids thre-
onine, serine, or cysteine were recently identified as targets for ubiquitination as well [7–
9]. Up to now, three types of E3 ligases could be structurally distinguished, resulting in 
different enzymatic reactions. E3 ligases containing a really interesting new gene (RING) 
domain mediate the transfer of ubiquitin by the simultaneous binding of the E2 enzyme 
and the substrate [10]. Another structural prerequisite is homologous with the E6-associ-
ated protein C-terminus (HECT) domain in HECT domain ligases, which contain a cata-
lytically active cysteine residue binding the ubiquitin by forming an intermediary thioe-
ster bond and mediating a subsequent transfer of the ubiquitin onto the substrate [11]. 
The RING-Between-RING (RBR)-type E3 ligases utilize both mechanisms by binding the 
E2 enzyme to a RING domain, which transfers the ubiquitin to a RING-like domain, form-
ing a thioester intermediate. This entire approach ends in a polyubiquitin chain that con-
tains ubiquitin moieties linked through one of the seven internal ubiquitin lysine (K) res-
idues (which are K6, K11, K27, K29, K33, K48, and K63) or through the ubiquitin amino 
terminal Met1 residue (Figure 2). The most prominent chain types observed in eukaryotic 
cells are the K48- and K63-linked chains; however, all possible linkage types have been 
detected so far [12]. The formation of K48 ubiquitin chains is crucial to target proteins for 
degradation by 26S proteasomes [4]. K63, K33, and M1 linear ubiquitin chain formation 
can be detected in modulating protein interactions and protein complex formation to 
maintain signal transduction processes, e.g., in the NF-κB pathway [13,14].  

 
Figure 1. The small modifiers ubiquitin, SUMO, and NEDD8 share the same conjugation mecha-
nism. In the first step, a thioester intermediate is formed between an E1-activating enzyme and 
ubiquitin (A), SUMO, or NEDD8 (B) under the consumption of ATP. Subsequently, ubiquitin and 
ubiquitin-like modifiers are transferred to the E2-conjugating enzyme, forming another thioester 
linkage. In the final step, the small modifiers are bound to a lysine (K) residue of the substrate by an 
E3 ligase forming an isopeptide bond. Multiple enzymatic cascades result in elongation of the chains 

Figure 1. The small modifiers ubiquitin, SUMO, and NEDD8 share the same conjugation mechanism.
In the first step, a thioester intermediate is formed between an E1-activating enzyme and ubiquitin
(A), SUMO, or NEDD8 (B) under the consumption of ATP. Subsequently, ubiquitin and ubiquitin-like
modifiers are transferred to the E2-conjugating enzyme, forming another thioester linkage. In the
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final step, the small modifiers are bound to a lysine (K) residue of the substrate by an E3 ligase
forming an isopeptide bond. Multiple enzymatic cascades result in elongation of the chains of
ubiquitin, SUMO, or NEDD8. Deconjugating enzymes such as DUBs, SUMO proteases, and NEDD8
isopeptidases are able to cleave off the modifications again.
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Figure 2. Polyubiquitin chain types in T cell signaling. When protein substrates are polyubiquitinated,
isopeptide linkages are formed between a C-terminal glycine (G) of the incoming ubiquitin and
the ε-amino group of a lysine (K) residue within the ubiquitin that is attached to the substrate.
Therefore, specific polyubiquitin chain linkages can be formed with all seven lysines and the N-
terminal methionine of ubiquitin, leading to distinct functions. Depicted here are proteins of the
TCR-signaling cascade where the type of ubiquitin chain linkage is known.

In contrast to the formation of homotypic ubiquitin chains containing only one linkage
type, ubiquitin moieties in a chain can be ubiquitinated at multiple K-residues, forming
so-called branched structures. Although recent studies revealed that a variety of K11/K48
or K48/K63-branched ubiquitin chains exist, many questions regarding the assembly,
recognition, and the potential role of these chains remain [15]. The formation of ubiquitin
chains can be reversed by specific deubiquitinating enzymes (DUBs), which hydrolyze the
isopeptide bonds between ubiquitin moieties from the distal end of a chain or by cleaving
entire chains by breaking the bond between the proximal ubiquitin and the substrate [16,17].
Similar to ubiquitin E3 ligases, most of the investigated DUBs have been shown to be highly
linkage-specific enzymes [18]. Next to their role to generate and recycle free ubiquitin
monomers, DUBs antagonize the ubiquitination of proteins to reverse possible ubiquitin
signals, e.g., rescue proteins targeted for degradation. About 100 different DUBs are known
to be expressed in mammalian cells. For most of them, a specific target or function is
currently unknown.

2. Beyond Ubiquitination—Ubiquitin-like Proteins

In addition to ubiquitin, several ubiquitin-like proteins, such as the small ubiquitin-like
modifier (SUMO) and the neuronal precursor cell-expressed developmentally downregu-
lated protein 8 (NEDD8), are involved in various cellular processes. To fulfill their function,
ubiquitin-related modifiers are transferred to target proteins (sumoylation or neddylation)
and impact their stability, activity, and interactions in cellular signaling pathways. Sumoy-
lation events have been originally detected in the nucleus, playing an important role in
major nuclear processes. Especially signal transduction, stress responses, protein stability,
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and the cell cycle are regulated by sumoylation [19,20], whereas cell cycle progression,
metabolism, immunity, and tumorigenesis are affected by neddylation [21].

SUMOs are a family of small proteins that are expressed as the three major isoforms
SUMO-1, SUMO-2, and SUMO-3 in mammals. Although the enzymatic machinery respon-
sible for the covalent coupling of SUMO to lysine residues by E1, E2, and E3 enzymes is
comparable to ubiquitination, these enzymes are unique and differ from the ones involved
in ubiquitination (Figure 1B) [22–24]. In contrast to ubiquitination, there is only a single
heterodimeric E1 SUMO-activating enzyme, a single E2 SUMO-conjugating enzyme, and a
small number of SUMO-E3 ligases. All three SUMO isoforms can form polymeric chains,
resulting in poly-sumoylation [25].

Another ubiquitin-like post-translational modification is the binding of the small
protein NEDD8 to the lysine residue of substrate proteins. This process is characterized
by the activity of a NEDD8-activating enzyme E1, a NEDD8-conjugating enzyme E2, and
substrate-specific NEDD8-E3 ligases (Figure 1B) [26–28]. The transfer of NEDD8 to target
proteins also impacts the protein stability, conformation, and function. Cullin-RING ligases
(CRLs), the largest family of multiunit E3 ubiquitin ligases targeting many proteins for
proteasomal degradation, are regulated by neddylation [29]. Among the ubiquitin-like
proteins, NEDD8 share the highest structural similarity with ubiquitin. Based on this
observation, it can be explained that all currently known E3 ligases capable of transferring
NEDD8 to protein targets also function as ubiquitin E3 ligases [30,31].

Besides ubiquitination, E3 ligases responsible for the transfer of SUMO or NEDD8
play a role in TCR signaling by modulating key proteins during engagement of the TCR
and subsequent intracellular downstream signaling.

3. Ubiquitin and Ubiquitin-like Proteins in T-Lymphocytes

Since T cells play a central role in the immune system and are indispensable for
maintaining the adaptive cell mediated immunity, T cell signaling, and activation have
to be tightly controlled. Like phosphorylation, ubiquitination is a reversible and highly
dynamic process and critical for normal T cell function. In this regard, modification of T
cell signaling proteins by ubiquitin or ubiquitin-related proteins is responsible not only for
the initiation of T cell signaling but also for the termination of T cell activity.

The T cell pool is divided into two populations: T-helper cells (Th) expressing the
coreceptor CD4 and cytotoxic T cells (CTLs) expressing CD8. These populations can be
further characterized as effector, memory, or regulatory T cells, depending on the expres-
sion profile of additional surface markers. The T cell receptor (TCR) is assembled during
thymic development, where positive and negative selection processes ensure that only
receptors with a weak affinity for self-antigenic peptides bound to the major histocom-
patibility complex (MHC) exit the thymus to enter the periphery. Afterwards, T cells
are constantly recirculating between peripheral lymphoid organs and the bloodstream
until they encounter their specific antigen. These antigens of foreign, pathogen, or self-
origin are expressed on antigen-presenting cells (APCs) like B cells, dendritic cells, and
macrophages as peptide–MHC class I or II complexes. Upon antigen recognition by the ap-
propriate TCR, together with a costimulatory signal by CD28, the adaptive T cell-mediated
immune response is initiated [32,33]. Up to now, several posttranslational modifications
such as ubiquitination have been shown to contribute to the modulation of the T cell
response. In this regard, various ubiquitin chain types that elicit different mechanistic out-
comes during these regulation processes are involved at different levels of T cell activation
(Figure 2). Moreover, few signaling proteins are modified by SUMO or NEDD8, providing
further checkpoints in regulating T cell activity. In contrast, other ubiquitin-like proteins
such as interferon-stimulated gene 15 (ISG15), which is important in regulating the innate
immune responses [34], ubiquitin-fold modifier (Ufm1), which has a key role regulating
ER-stress [35], or human leukocyte antigen-F adjacent transcript 10 (FAT10) play minor
roles in T cell activation, according to the current literature.
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3.1. Initiation of T Cell Signaling

The initial step in T cell activation is the conversion of an extracellular signal by
binding of an antigen to its specific TCR, which induces an intracellular signaling cascade
(Figure 3). This is required to switch the T cell from a resting state to proliferation and
differentiation and is characterized by intracellular structural changes such as actin reorga-
nization and metabolic reprogramming [36–38]. Structurally, TCR signals are transmitted
via the noncovalently associated CD3ζ subunits. These subunits possess intracellular tails
containing specific signaling motifs, so-called immunoreceptor tyrosine-based activation
motifs (ITAMs). TCR activation results in the phosphorylation of these ITAMs by the two
members of the Src-family of protein tyrosine kinases: lymphocyte-specific protein tyrosine
kinase Lck and proto-oncogene tyrosine-protein kinase Fyn. Phosphorylated ITAMs pro-
vide docking sites for the tandem SH2 domains of the Syk family kinase ζ-chain-associated
protein kinase 70 (ZAP70), which is thereby recruited to the plasma membrane and is
activated itself via phosphorylation by Lck [39]. Phosphorylated ZAP70 is the key com-
ponent for further downstream signaling, which leads to phosphorylation of the linker of
activation of T cells (LAT) and Src homoly 2 domain-containing leukocyte protein of 76kDa
(SLP-76).
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Figure 3. Ubiquitination and deubiquitination in proximal T cell signaling. Overview of known
ubiquitin E3 ligases (orange) and deubiquitinating enzymes (blue) involved in regulating the initiation
of T cell receptor signaling (green). Details are described in the main text of the manuscript. The T cell
signaling pathway is indicated by black arrows. Modifications that dampen T cell receptor signaling
are indicated by red arrows. Ubiquitin modifications enhancing T cell signaling are indicated by
blue arrows.

In the last decades, several E3 ubiquitin ligases participating in the initiation of T cell
signaling have been identified, e.g., the two E3 ligases of the Casitas B-cell Lymphoma (Cbl)
protein family, c-Cbl and Cbl-b, and the HECT-type E3 ubiquitin ligase Itchy (ITCH) [40–42].
Cbl-b interacts, via its multiple protein-interacting domains, with key TCR signalosome
proteins such as Lck, SLP-76, and ZAP70 and targets them for proteasomal degradation
(Figure 3) [43,44]. In a cooperative manner with the E3 ligase ITCH, Cbl-b can mediate
the K33-linked polyubiquitination of the TCR-ζ chain, which results in reduced ZAP-
70 interaction and subsequently decreases downstream phosphorylation [45]. ZAP70
is also targeted by the neuregulin receptor degradation protein-1 (NRDP1)/RNF41 E3
ligase attaching K33-linked ubiquitin chains to ZAP70 (Figure 3) [46]. Both Cbl-b- and
NRDP1-dependent ubiquitination of ZAP70 lead to the recruitment of suppressors of T
cell signaling 1 and 2 (STS1/2), which dephosphorylate ZAP70, ultimately resulting in an
abrogation of downstream signaling. The role of the E3 ligases Cbl-b, ITCH, and NRDP1 in
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the regulation of T cell activation is further emphasized by data obtained from experiments
in KO mice, which showed the hyperproliferation of T cells, reflecting a strong autoimmune
phenotype [45–47]. Finally, c-Cbl targets the ZAP70 substrate LAT for ubiquitin-mediated
degradation, preventing the formation of the LAT complex and therefore abrogating further
phosphorylation events downstream of LAT [48].

There are a few deubiquitinating enzymes (DUBs) antagonizing these processes.
CYLD, a tumor suppressor in familial cylindromatosis, an autosomal-dominant genetic
predisposition to multiple tumors of the skin appendages, interacts with active Lck and pro-
motes the recruitment of active Lck to its substrate Zap70 [49]. Other DUB candidates like
the ubiquitin-specific peptidases Usp12 and Usp9x are capable of stabilizing the T cell re-
ceptor complex at the plasma membrane, leading to prolonged TCR signaling [50,51]. This
was supported by experiments in Usp9x knockout mice pointing to reduced TCR signaling
during thymic development, which results in decreased negative selection, ultimately
leading to increased numbers of autoreactive T cells [50].

Furthermore, OTUD7B, which is a member of the ovarian tumor (OTU) family of
DUBs, deubiquitinates ZAP70, preventing its association with the suppressors of T cell
signaling STS1 and STS2, therefore enabling enhanced T cell activation (Figure 3) [52]. This
is underlined by the fact that OTUD7B knockout mice are refractory to T cell-mediated
autoimmune or inflammatory responses [52].

Recently, some signaling proteins that are sumoylated during T cell activation have
been identified. The signaling protein phospholipase C-γ1 (PLC-γ1), which is phospho-
rylated by ZAP70 upon T cell receptor activation, is sumoylated by the Sumo-E3 ligase
PIASxβ, which appears to be required for its membrane localization to the LAT com-
plex [53]. In contrast, the desumoylation of PLC-γ1 prevents complex formation and,
therefore, blocks further downstream signaling [53]. Moreover, SLP-76, which is also part
of the LAT complex, becomes sumoylated rapidly upon T cell stimulation, and this is crucial
for activation of the transcription factor nuclear factor of activated T cells (NFAT) [54].

Engagement of the TCR and subsequent downstream signaling is accompanied by
forming of an immunological synapse at the APC-TCR contact site, resulting in structural
and morphological changes bringing surface molecules and intracellular signaling proteins
into close proximity. This is important for the successful activation of the T cell signaling
pathway [55]. In this regard, TCR-induced sumoylation of the protein kinase C theta
(PKC-θ) is essential for the formation of mature immunological synapses and for T cell
activation. The desumoylation of PKC-θ blocks its localization to the immune synapse,
resulting in dysregulated activation and the proliferation of T cells [56].

Although Cbl-b has been shown to be able to neddylate proteins associated with
transforming growth factor-β (TGF-β) signaling, no neddylation has yet been identified
in proximal T cell signaling. This is underlined by data showing that application of the
neddylation inhibitor MLN4924/Pevonedistad has no effect on the phosphorylation of
signaling proteins upon T cell activation [57].

In summary, the initiation of TCR signaling is highly regulated by ubiquitination
targeting the TCR-ZAP70 interaction as the main checkpoint. In addition, only a few
signaling proteins have been shown to be sumoylated. With respect to the current literature,
ubiquitin-like modifiers such as NEDD8, ISG15, or FAT10 are not involved in the proximal
T cell signaling cascade.

3.2. Transcription Factor Activation in T Cells

The induction of T cell-specific cytokine production, cell proliferation, and differentia-
tion requires the translocation of specific transcription factors into the nucleus.

After triggering the T cell receptor, several signaling cascades downstream of ZAP70
are activated; mainly MAPK pathways via ERK and JNK, modulation of the Ca2+ flux,
and activation of PKC-θ lead to the activation of the transcription factors NFAT, the nu-
clear factor “kappa-light-chain-enhancer” of activated B cells, NF-κB, and JunB/AP-1
(Figure 4). A vast number of transcriptional regulated genes for cytokines, such as IL2,
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IL6, and IL10; chemokines; and pro-survival proteins, are induced by binding of the NF-
κB subunits to the T cell DNA [58,59]. Activation of NF-κB in TCR signaling is strongly
dependent on the formation of the CARMA1–BCL10–MALT1 (CBM) complex, consisting
of the CARD-containing MAGUK protein 1 (CARMA1), B-cell lymphoma/leukemia 10
(BCL10), and mucosa-associated lymphoid tissue lymphoma translocation protein 1 ho-
molog (MALT1). This, in turn, activates the IKK complex, resulting in proteasomal degra-
dation of the inhibitory protein IκBα induced by the SCF–βTCRP ubiquitin ligase complex
(Figure 4) [60,61]. Removal of IκBα allows the active transcription factor NF-κB to translo-
cate into the nucleus [62,63]. Several E3 ligases are involved in regulating the formation of
the CBM complex. ITCH attaches K48 ubiquitin chains to BCL10 [64] for its degradation by
proteasomes. The DUBs USP9x, as well as USP12, antagonizes this reaction by specifically
hydrolyzing K48-linked ubiquitin chains, thereby supporting the CBM complex association
and prolonged the activation of NF-κB [65,66]. Augmented activation of downstream ki-
nases, such as the inhibitor of nuclear factor-κB (NF-κB) kinases (IKK) α and β, is mediated
by the association of the K63 specific E2 enzyme dimer UBC13/UEV1A with the CBM
complex. Together with an E3 ligase, K63 ubiquitin chains are then transferred onto BCL10
and MALT1 [67,68]. Although the involved E3 ligase was identified as tumor necrosis
factor (TNF) receptor-associated factor 6 (TRAF6), a specific TRAF6 knockout revealed no
impact on NF-κB activation following TCR triggering, suggesting the contribution of other
E3 ligases [69]. As a counter-regulation, the DUB A20 is able to remove K63-polyubiquitin
chains from the CBM complex protein MALT1, thereby downmodulating TCR-induced
NF-κB activity [70]. Interestingly, MALT1 can cleave A20 in a TCR-dependent manner,
and this proteolytic cleavage has been suggested to disrupt the ability of A20 to limit
TCR downstream signaling via NF-κB inhibition [71]. A20-dependent downregulation
of NF-κB-mediated inflammation is further underlined by the fact that NF-κB activity is
negatively regulated by A20 overexpression in mice. In addition, patients with an active
autoimmune phenotype due to Behcet’s disease reveal a decreased expression of A20 in
CD4 T cells [72].
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Figure 4. Regulation of transcription-factor activation through ubiquitination and deubiquitination
upon T cell stimulation. Overview of known ubiquitin E3 ligases (orange) and deubiquitinating
enzymes (blue) involved in the regulation of the transcription factors NF-κB, NFAT, and JunB/AP1
(green). Details are described in the main text of the manuscript. The T cell signaling pathway is
indicated by black arrows. Modifications that dampen T cell receptor signaling are indicated by red
arrows. Ubiquitin modifications enhancing T cell signaling are indicated by blue arrows.

Direct interaction with the NF-κB subunit c-Rel is mediated by the RING-type E3
ubiquitin protein ligase pellino homolog 1 (PELI1), which attaches K48-linked ubiquitin
chains to c-Rel and, thus, initiates its degradation by proteasomes [73]. Although PELI1
is already constitutively expressed in T cells at a steady state, T cell activation further
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increases its expression, which subsequently interrupts NF-κB-induced gene transcription,
thereby preventing autoimmunity [73].

Besides NF-κB, members of the NFAT family, including NFATc1, NFATc2, and NFATc4,
and the transcription factor JunB/AP1 are activated upon TCR stimulation by increased
Ca2+ flux. Both are responsible for the induced transcription of several cytokines, such
as IL2, IL4, TNFα, and IFN-γ. Interestingly, they can cooperatively bind DNA, thereby
enhancing the DNA-binding and transcriptional activity of each other [74,75]. Based on this
observation, the question arises whether the regulation of one transcription factor might
affect the activity of the other.

With regard to NFAT, the E3 ligase mouse double minute 2 homolog (MDM2) targets
the NFATc2 subunit for degradation by ubiquitination [76]. Interestingly, MDM2 was
shown to auto-ubiquitinate itself, leading to K48-linked proteasomal degradation upon
T cell activation, which, in turn, amplifies the nuclear accumulation of NFATc2. This is
crucial for the induction of cytokines, especially of IFN-γ [76]. The DUB USP15 antagonizes
MDM2 ubiquitination by deubiquitination through a zinc finger motif-mediated mecha-
nism, thereby negatively regulating transcription activity of NFAT and differentiation of
IFN-γ-producing Th1 effector T cells (Figure 4) [76,77].

Translocation of NFAT to the nucleus is directly influenced by the small ubiquitin-like
protein SUMO. The highly sumoylated isoform NFATc1 is translocated to promyelocytic
leukemia bodies in the nucleus, leading to the deacetylation of histones and suppression of
interleukin-2 gene transcription in vitro [78]. Recently, NFATc1 sumoylation was analyzed
in a transgenic mouse model in which the SUMO modification of NFATc1 was blocked.
Accordingly, these mice had significantly high IL2 production and enhanced proliferation
of regulatory T cells, as well as suppressed IL17 and IFN-γ release [79].

The levels of the transcription factor JunB/AP1 depend on ITCH ubiquitination.
ITCH-deficient mice had elevated levels of JunB in the nucleus, which led to increased
cytokine production and Th2-type inflammation [80]. Moreover, it has been shown that
the sumoylation of JunB is required for the translocation and subsequent expression of T
cell-associated cytokine genes like IL2, IL4, and IL10 [79].

Although only a few targets have been determined so far, there is evidence for a
regulatory role of neddylation in T cell function. It has been demonstrated that the defi-
ciency of the NEDD8-conjugating enzyme UBC12 leads to diminished proliferation, Th1
and Th2 differentiation, and cytokine production in vitro and in vivo by altered MAPK
signaling [81]. In a parasite infection model, neddylation was required for CD4+ T cell
proliferation and Th1-cell differentiation and survival, as well as IFN-γ and anti-parasite
IgG responses [82]. One explanation could be that the neddylation of cullin-ring ligases
is responsible for the degradation of IκBα, thereby influencing the NF-κB pathway. The
pharmacological blockade of the entire neddylation by MLN4924/Pevonedistad has been
proven to cause an accumulation of IκBα and abrogated translocation of NF-κB into the
nucleus in T cells from chronic lymphocytic leukemia [57]. Therefore, it is very likely that
the observed effects are due to changes in NF-κB translocation. However, the exact targets
have not yet been identified.

Thus, T cell-specific transcription factors fulfill multiple redundant functions, with the
disruption of one factor affecting the function of the other. Ubiquitination, sumoylation,
and, in part, neddylation are critical processes for regulating transcription factor trafficking
and effector functions.

3.3. T Cell Development

Mature T cells are constantly recirculating between peripheral lymphoid organs and
the bloodstream until they encounter their specific antigen. To ensure that T cells respond
to foreign antigens from invading pathogens and simultaneously tolerate self-antigens,
T cells have to be educated during thymic development. In the thymus, positive and
negative selection processes define the assembled T cell repertoire that only T cell receptors
with a weak affinity for self-antigenic peptides bound to the major histocompatibility
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complex (MHC) are selected. The development and selection of T cells is provided by
thymic epithelial cells (TECs) divided in cortical TECs responsible for positive selection and
medullary TECs (mTECs) crucial for negative selection [83]. Therefore, mTEC maturation
is a critical step in thymic selection, which is regulated by activation of the NF-κB signaling
pathway via the TNF receptor superfamily members CD40, receptor activator of NF-
κB (RANK), and lymphotoxin β receptor (LTβR) [84–86]. Studies on TRAF6 knockout
mice, an essential mediator in NF-κB activation that displays E3 ligase activity, have been
accompanied with the expression of fewer tissue-specific antigens and compromised mTEC
development, leading to an autoimmune phenotype [87]. Moreover, TRAF6 deficiency
results in a reduced expression of the autoimmune regulator (AIRE), which is pivotal for
negative selection mediating the expression of many tissue-restricted self-antigens. AIRE
consists of two plant homeodomains (PHDs), in which PHD1 is speculated to have E3 ligase
activity [88]. In the last twenty years, numerous functions of AIRE have been described.
Due to its nuclear localization, it binds chromatin and histones and is involved in gene
transcription. Furthermore, it is able to enhance alternative mRNA splicing. Altogether, this
enables AIRE to regulate the expression of tissue-specific antigens in the mTECs mandatory
for negative selection [89].

In addition, the ubiquitin-like protein FAT10 contributes to negative selection. FAT
10 has been shown to be expressed in mTECs [90]. The knockout of FAT10 in mice re-
vealed changes in the T cell repertoire of CD4 and CD8 single positive cells during thymic
development, probably due to an altered peptide presentation that influences negative
selection [91].

In summary, the regulation of T cell selection processes is crucial for maintaining a
functional adaptive immune response. Mutations in specific E3 ligases or DUBs critically
affect T cell homeostasis and often lead to alterations in immune responses that ultimately
can result in autoimmune diseases and cancer, as well as complications in fighting infec-
tious diseases.

4. Role of Ubiquitination in Anergy and Autoimmune Disease

In the last decade, the finding of E3 ligase mutations has been connected to the
development of severe autoimmune diseases. For example, mutations in the gene encoding
for Cbl-b resulting in reduced Cbl-b function have been associated with type 1 diabetes
and multiple sclerosis (MS) [92,93], whereas the aberrant expression of ITCH causes a
syndromic multisystem autoimmune disease with acute liver failure [94]. One reason
for this observation could be the role of these E3 ligases in inducing T cell anergy. T cell
anergy is a crucial peripheral tolerance mechanism preventing the recognition of self-
antigens, which can result in autoimmune diseases. Upon the encounter of a self-antigen
without a sufficient costimulatory signal, e.g., CD28, or present inhibitory signals, e.g.,
CTLA4, T cells shut down proliferation and differentiation and remain unresponsive. It
was shown that T cells from ITCH- and Cbl-b-deficient mice were hyperproliferative and
resistant to anergy induction [42]. Although Cbl-b is required to prevent excessive TCR
activation, a recent study revealed that Cbl-b deficiency did not prevent the expression of
phenotypic markers of anergy; however, Cbl-b deletion did restore the functional responses
to TCR stimulation [95]. Moreover Cbl-b-deficient mice showed similar abnormalities
in T cell function as described in patients with MS [96] or patients with systemic lupus
erythematosus (SLE) [97]. Although there are currently no pharmacological strategies
to enhance the activity of Cbl-b, the development of inhibitors blocking intramolecular
inhibitory regions such as the non-phosphorylated N-terminal region can be used to
enhance the activity of Cbl-b [98]. Alternatively, the inhibition of Src homology region
2 domain-containing phosphatase-1 (SHP-1), which binds to Cbl-b upon T cell stimulation
and abolishes its ubiquitin ligase activity, may enhance Cbl-b activity [99].

On the other hand, the resistance of Cbl-b- or ITCH-deficient T cells to negative signals
such as tumor-associated immunosuppressive factors make them a promising target in
cancer therapy. This is underlined by the fact that Cbl-b-deficient mice develop fewer
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ultraviolet B (UVB)-induced skin malignancies and reject UVB-induced skin tumors [100].
Furthermore, these mice reject transferred lymphoma cells due to the massive infiltration of
CD8 T cells [101]. This makes these E3 ligases valuable targets in treating allograft rejection
or to induce immune responses against tumors.

Besides new inhibitors, the modulation of ubiquitination processes by proteolysis
targeting chimeras (PROTACS) has been evaluated in recent studies. PROTACS are small
linkers that force E3 ligases to ubiquitinate specific substrates and target them to pro-
teasomal degradation. The use of PROTACS introduces a possibility for modulating T
cell activity as a new therapeutic approach [102,103]. However, to implement this as a
clinical approach, knowledge about the exact interactions between the E3 ligases and their
respective substrates is critical.

Additionally, targeting DUBs can also influence T cell responses. For example,
ubiquitin-specific protease 4 (USP4) is responsible for Th17-cell differentiation by sta-
bilizing transcription factor RORγT [104]. Inhibiting USP4 could be a valuable target in
treating Th17-dependent autoimmune diseases like multiple sclerosis or rheumatoid arthri-
tis. With the development of new DUB-inhibitors [105], this class of enzymes comes into
the focus of research as a candidate for further clinical studies [106].

In addition to DUB inhibition, the development of new sumoylation and neddylation
inhibitors has increased in recent years. To take advantage of the fact that there is only a
single E1 and single E2 enzyme, inhibitors have been developed that strongly abrogate
all respective-dependent processes [107–110]. Currently, they are mainly used in tumor
therapy, but it is likely that successful inhibitor strategies can be transferred to other disease
patterns in the future. An important basis for this is a more detailed investigation of the
role of E3 ligases and deconjugating enzymes/DUBs in refining T cell signaling, which will
increase the knowledge regarding disease progression and provide new potential targets
for therapeutic intervention.

5. Conclusions

Ubiquitination plays a fundamental role in regulating signaling networks and cellular
activation, which are crucial to maintaining a functional immune system with a tightly
controlled T cell activation. In this review, we highlighted the role of ubiquitin and
ubiquitin-like proteins in TCR signaling. The regulation of signaling proteins can be
thought of as an amplifier, where phosphorylation and dephosphorylation are reflected in
the volume, and ubiquitination and deubiquitination are the equalizers that change the
different pitches. Moreover, ubiquitin-like proteins add another layer of regulation either
by directly affecting the stability and function of signaling proteins or by interfering with
ubiquitination processes. Especially regarding T cell activation, the exact understanding
of how different posttranslational modifications fine-tune complex signaling processes in
T cells will reveal the key roles of several E3 ligases and DUBs. Furthermore, mutations or
changes in the expression level of ubiquitinating enzymes can contribute, on the one hand,
to the development of autoimmune diseases. On the other hand, the targeted modulation of
E3 enzymes or DUBs can help to enhance T cell proliferation, which may be advantageous
for T cell-mediated cancer immunotherapy.

The knowledge of the exact relationship between E3 ligases, their substrates, and the
corresponding deubiquitinating/deconjugating enzymes will strengthen the understanding
of intracellular pathways and the development of diseases. Interfering with these processes
either by developing new inhibitors or PROTACS might be a powerful approach to develop
novel therapeutical strategies.
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