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Abstract: Post-translational ubiquitination is an essential mechanism for the regulation of protein
stability and function, which contributes to the regulation of the immune system. Cbl, an E3 ubiquitin
ligase, is particularly well-characterized in the context of T and NK cell signaling, where it serves
as a key regulator of receptor downstream signaling events and as a modulator of cell activation.
Cbl promotes the proteasomal degradation of TCR/CD3 subunits as well as the protein kinases
Fyn and Lck in T cells. Additionally, the scaffold protein linker for activation of T cells (LAT) is a
universal target for Cbl-mediated ubiquitination and degradation in both T and NK cells. Recent
findings suggest that CrkII-mediated ubiquitination and degradation of C3G by Cbl during early
T cell activation may also be relevant to NK cell signaling. Given its role in modulating immune
responses and its manageable impact on autoimmunity, Cbl is being investigated as a target for
cancer immunotherapy. This review explores the ubiquitin ligase activity of Cbl and its implications
for CAR T and NK cell immunotherapies.

Keywords: Cbl; ubiquitin; signal transduction; proteasomal degradation; T cell; NK cell; CAR-T cells;
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1. Introduction

Post-translational modifications of proteins regulate their structure and function and
turn on or off signal transduction mechanisms during cell stimulation [1,2]. Ubiquitination
is one such post-translational modification that controls multi-faceted cellular processes,
including proteasomal degradation of proteins, endocytosis of receptors, protein–protein
interactions, kinase activation, gene transcription, and assembly of signaling complexes [3].
Ubiquitination therefore controls the function, localization, and stability of proteins [4] and
the extent and intensity of different types of immune responses [5,6]. In the event of ubiq-
uitination, a short chain of ubiquitin (~76 amino acids) is covalently attached to different
internal lysine (K) residues or the N-terminal methionine (M1) residue within a substrate
protein [7]. It is a stepwise process, starting with the activity of E1 ubiquitin-activating
enzymes, followed by the activity of E3 ubiquitin-ligating enzymes [8]. The substrate
protein may bind to one ubiquitin (monoubiquitination), multiple single ubiquitins (multi-
monoubiquitination), or polyubiquitin chains (polyubiquitination). Monoubiquitination
and multi-monoubiquitination mediate the endocytosis of membrane receptors, which may
lead to protein re-localization, degradation, and association with other molecules [9,10].
While E3 ligases promote protein ubiquitination, proteases called deubiquitinases (DUBs)
counteract the process by cleaving the ubiquitin chains [3]. A large number of mam-
malian E3 ligases (~600) and DUBs (~100) orchestrate the tightly controlled and substrate-
specific processes of ubiquitination and deubiquitination that regulate specific cellular
functions [3,7].
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2. Cbl, an E3 Ubiquitin Ligase

Casitas B-lineage lymphoma (Cbl) is an adaptor molecule that also functions as an
E3 ubiquitin ligase. In mammals, the Cbl family of proteins contains three distinct mem-
bers: c-Cbl, Cbl-b, and Cbl-3 [11]. These three members share a conserved N-terminus
tyrosine kinase binding domain (TKBD), in addition to an alpha-helical linker region (LHR)
and a catalytic RING (really interesting group) finger domain (Figure 1). The TKBD is
composed of three subdomains: a 4-helix bundle (4H), a calcium-binding domain with
an EF-hand fold (EF hand), and a Src homology region 2 (SH2) domain variant, which
together make up the phospho-tyrosine (pTyr) recognition module of Cbl-b. The LHR
contains an N-terminal linker loop, a helix, and a C-terminal linker loop and contains
a conserved tyrosine 363 residue that is essential for the E3 ligase activity. Phosphory-
lation of Tyr363 activates Cbl-b from its autoinhibited state. The RING finger domain
directly associates with ubiquitin (UB)-conjugated E2 proteins. A less conserved C-terminal
region that consists of proline-rich (PPP) regions, tyrosine phosphorylation sites, and a
ubiquitin-associated (UBA)/leucine zipper (LZ) domain is found in c-Cbl and Cbl-b [12].
PPP regions bind to SH3 domains of target signaling proteins, and tyrosine residues that
become phosphorylated interact with key SH2 domain-containing target signaling proteins.
The E1 ubiquitin-activating enzyme activates UB and transfers it to a ubiquitin-conjugating
enzyme (E2), which interacts directly with the Cbl-b ubiquitin ligase (E3) and transfers UB
to the target proteins (Figure 1).

Figure 1. Schematic structure of Cbl-b and mechanism of action. The upper figure shows the
schematic structure of Cbl-b protein. The N-terminal tyrosine kinase binding domain (TKBD) is
composed of a four-helical bundle, a calcium-binding EF-hand, and an SH2 domain. A short helical
region links the N-terminal TKBD and C-terminal RING finger domain, followed by a polyproline-
rich region (PPP). The lower figure models the Cbl ubiquitin ligase function. SH2 domain (green) and
PPP-regions of Cbl-b bind to phospho-tyrosine (pTyr) and SH3-domain-bearing proteins, respectively.
Ubiquitin (UB, orange) is activated by E1 ligase and transferred to a ubiquitin-conjugating enzyme
(E2 ligase, pink). E2 ligase interacts with Cbl-b via its RING domain (blue) and brings UB to the
proximity of Cbl-b-interacting proteins and promotes their mono- or polyubiquitination. The figure
was created using BioRender.com (www.biorender.com, accessed on 24 November 2024).
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Cbl-b is the best characterized ubiquitin ligase involved in T and NK cell signal-
ing events. Cbl-b functions as a key modulator of T cell activation and downregulates
T cell functions in the absence of CD28 costimulation [13]. It is recruited to the TCR-CD3
complex upon cell activation [14] and accumulates at the immunological synapse [14,15].
It functions as a scaffold for signal transducing effector molecules, including lymphocyte
cell-specific protein-tyrosine kinase (Lck), SH2-domain-containing leukocyte protein of
76 kDa (SLP76), zeta chain-associated protein 70 (ZAP70), Vav1, protein kinase C theta
(PKCθ), and phosphoinositide-3 kinase (PI3K) [16]. By interacting via its RING and TKB
domains with E2 ubiquitin-conjugated enzymes and substrate proteins, respectively, Cbl-b
catalyzes the transfer of ubiquitin from E2 to lysine residues on the substrate proteins [17].

Ubiquitination of target proteins by Cbl-b may lead to their proteasomal degradation,
as was demonstrated for the TCR/CD3 subunits [18,19], as well as the Fyn [20] and Lck
protein tyrosine kinases [21]. Apart from promoting proteasomal degradation, Cbl-b en-
ables the Lys33-linked polyubiquitylation of the CD3ζ chain, thereby preventing the CD3ζ
phosphorylation and association with the downstream protein tyrosine kinase, ZAP70 [22].
Cbl-b-mediated ubiquitination of phospholipase C gamma 1 (PLCγ1) and the PI3K reg-
ulatory subunit, p85, downregulates activation signals in T cells [23]. As a result, T cells
from Cbl-b-deficient mice showed hyperactive phenotypes [24] and augmented anti-tumor
activity in vivo [13,25–28]. Cbl-b also directly ubiquitinates SMAD7, thereby promoting
transforming growth factor beta (TGF-β) signaling, which contributes to the overall im-
munosuppressive phenotype [29]. In agreement, mice with Cbl-b-deficient T cells not only
consistently and spontaneously reject diverse types of tumors but also confer anti-tumor
immunity upon their adoptive transfer to tumor-bearing mice. Furthermore, these T cells
display long-term memory for the tumor antigen [25,30], while deficiency of Cbl-b limits
T cell exhaustion in the tumor environment. CRISPR/Cas9-mediated depletion of Cbl-b
restores the expression of inflammatory cytokines and cytotoxic molecules in exhausted
programmed cell death 1 (PD-1)+T cell immunoglobulin mucin 3 (Tim3)+ T cells [31]. T cells
from Cbl-b-deficient mice are not anergized upon their in vitro exposure to ionomycin or
in vivo in P14 or OT-II TCR transgenic mice [32,33]. They display resistance to Treg and
TGF-β-induced suppression [13,26,34], as well as to inhibition by the immune checkpoint
agonist, PD-L1 [34–36]. There were concerns that Cbl-b depletion might increase the
frequency and/or intensity of autoimmune diseases, as was demonstrated for experimen-
tal models of encephalomyelitis [24], autoimmune arthritis [33], and type 1 diabetes [37].
In most cases, the Cbl-b-deficient mice only develop a mild and non-lethal autoimmune phe-
notype [25,28]. Importantly, no signs of severe autoimmune toxicity were observed in the
Cbl-b-deficient mice even a year following their rejection of the tumor cells [13,25,26,28,38].
Similarly, even though tumor antigens were expressed in distal organs [27], no off-target
toxicity or autoimmune injury were reported in wild-type mice reconstituted with Cbl-b-
knockout or -knockdown CD8+ T-cells [13,25,27,30,39,40]. Thus, due to its inhibitory effects
on multiple checkpoints in immunocytes and because of the relatively tolerable effects of
Cbl-b deficiency on autoimmune-related hazards, Cbl-b has become an attractive cancer
immunotherapy target and is being exploited in a large number of preclinical studies and
clinical trials [27,41] (Supplementary Table S1, https://clinicaltrials.gov/search?term=Cbl,
accessed on 14 July 2024).

3. Effect of Cbl on T Cells

Cbl-b limits the overall differentiation of T cell subsets; in Cbl-b-deficient mice, an
increase in the differentiation of Th2, Th9, and Th17 cells has been observed [42]. Mecha-
nistically, this effect has been attributed to the increase in the Janus kinase (JAK)/signal
transducer and activator of transcription 6 (Stat6) signaling [42]. Cbl-b is also reported to
promote peripheral Treg development, converting CD4+ CD25- cells into CD4+ CD25+
FoxP3+ T cells via the Akt2 signaling pathway [43]. Tregs are integral to the regulation of
autoimmune and anti-tumor immune responses. A recent study reported that the absence
of Cbl-b rendered T cells impartial to Treg suppression, leading to improved anti-tumor
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immunity despite Tregs being present in the tumor. Cbl-b KO CD4+FoxP3- T cells hyper-
produced IL-2 and upregulated IL-2Rα, which essentially helped CD4+ FoxP3- T cells to
escape suppression by Tregs [44].

Cbl-b-deficient CD8+ T cells are also resistant to Treg or TGF-β-mediated suppres-
sion [43]. Cbl-b deficiency does not affect dendritic cell (DC) differentiation; however, levels
of tumor necrosis factor alpha (TNF) and interleukin 6 (IL-6) were significantly increased in
Cbl-b-/- mice after LPS-induced TLR4 stimulation [29]. The enhanced cytokine production
by DCs does not result in the expansion of antigen-specific CD8+ T cells in the Cbl-b-/- mice.
Downregulation of Cbl-b in CD4+ T cells has recently been reported in systemic lupus
erythematosus (SLE) patients [45], and Cbl-b-deficient SLE patients exhibited T follicular
helper (Tfh) cell hyper-responses.

Exhaustion and dysfunction of effector CD8+ T-cells in the tumor microenvironment
(TME) is a major limiting factor for T cell-mediated immunity against solid tumors. T cells
that undergo exhaustion progressively lose their effector functions, including the expres-
sion of interferon gamma (IFN-γ) and TNF. Instead, they express the inhibitory receptors
PD-1, Tim3, and LAG3 and lose their ability to kill tumor cells [46]. The Cbl-b transcript was
shown to be preferentially upregulated in PD-1+ Tim3+ exhausted CD8+ tumor-infiltrating
lymphocytes (TILs) in multiple tumor models [31,47], as well as in a lymphocytic chori-
omeningitis virus (LCMV) infection model [48]. It appears, therefore, that Cbl-b supports
the exhaustion state of T cells and negatively regulates their functions [49]. In agreement,
Cbl-b-depleted T cells are highly effective in the rejection of transplanted, chemically in-
duced, and spontaneously arising tumors [13,25]. A recent report demonstrated that CD8+
TILs exhibit upregulated Cbl-b, which coincides with the dysfunctional state of the TILs [31].
Deleting Cbl-b by CRISPR/Cas9-based genome editing restored the expression of cytokines
and effector molecules, including IFN-γ, TNF, granzyme B, and IL-2, in PD-1+Tim3+ CD8+
TILs [31].

In general, Cbl-b-deficient mice demonstrate hyperacute responses to both infection
and cancer. Cbl-b-/- mice infected with LCMV showed elevated levels of IFN-γ in CD8+
T cells [50]. Similarly, the majority of Cbl-b-/- mice were found to spontaneously reject
UVB-induced tumors [25], while adoptively transferred Cbl-b-/- CD8+ T cells led to the
eradication of TC-1-injected tumors [25]. Although Cbl-b downregulation is an effective
adjunct for inactivated vaccines, its complete absence in T cells may lead to a severe
cytokine storm, including mortality, as was demonstrated in certain Cbl-b knockout mouse
models [25].

In a recently reported study, distinct homozygous mutations in CBL-B were identified
in three unrelated children with early-onset autoimmune diseases. T cells in response to
anti-CD3 cross-linking from these patients exhibited hyperproliferation. p.R496X mutation
abolished CBL-B expression, while p.C464W mutation preserved CBL-B expression. The
third mutation, p.H285L, was expressed at half the normal level in the patient’s cells.
CBL-B p.H257L mutation in mice, which corresponds to p.H285L human mutation, had
hyperproliferating T and B cells in response to antigen receptor cross-linking. Cbl-bH257L
mice also had increased percentages of Tregs. However, T effector cells from the patient
with the p.H285L mutation and Cbl-bH257L mice were resistant to suppression by WT
Tregs [51].

4. Cbl and Chimeric Antigen Receptor (CAR) T Cells

CAR T-cell based therapy represents a major breakthrough in cancer care. One of the
limitations of this method is the potential loss of expression of the single-chain variable
fragment (scFv) and its poor persistence in the patients’ lymphoid cells [52]. Recent work
revealed that ubiquitin-mediated endocytosis facilitated the degradation of the CAR T
receptors. In this study, increased stability of CAR T was obtained by mutating the lysine
residues in the cytoplasmic domain of the CAR T construct, leading to long-lasting CAR
T-cell responses in mouse models [53].
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As observed in the exhausted CD8+ T-cells, an upregulated Cbl-b was also found
in exhausted CAR T cells within the tumor microenvironment [47]. Recently, a second-
generation CAR construct against human carcinoembryonic antigen (hCEAscFV-CD28--
CD3ζ) was generated to target human colorectal adenocarcinomas. A considerable survival
benefit of mice implanted with MC38-CEA tumor cells was observed in Cbl-b-deficient over
Cbl-b-sufficient CAR T cells [31]. Exhausted PD-1+Tim3+ T cells were markedly reduced
among the TILs of mice that were adoptively transfused with Cbl-b–/– CAR T cells. While
isolated Cbl-b–/–PD-1+Tim3+ CEA-CAR T cells exhibited tumor cell killing ability when
challenged with MC38-CEA in vitro, the analogous Cbl-b+/+ cells were markedly limited
in their tumor killing ability. Moreover, cultured Cbl-b–/– CEA-CAR T cells, but not the
analogous Cbl-b +/+ T cells, expressed effector molecules like IFN-γ, TNF, and granzyme B.

The use of retroviral vectors in human CAR therapies is currently limited due to
the concern of potential insertional mutagenesis. The actively transcribed genes are the
sites of the viral vector integration, and therefore this process poses a potential risk of
mutagenesis [54,55]. In a recent attempt to treat B cell lymphoma, an asymptotic rapid
clonal expansion of infused CAR T cells was observed [56]. Since the CD22-CAR T cells were
manufactured using the lentiviral transduction procedure, the lentiviral vector integration
site was determined. Interestingly, the analysis revealed that the vector integrated into the
second intron of the Cbl-b gene [56]. The single insertion of the CAR vector might have
resulted in a dominant-negative effect or impairment of Cbl-b function, resulting in the
clonal expansion.

5. Involvement of Cbl in the Regulation of T Cell Activation

Signaling from the T-cell antigen receptor is tightly regulated, and the extent of
activation of T cells is dependent on the relative rates of receptor recycling to the membrane
versus its internalization and proteasomal degradation. Ubiquitination of the TCR/CD3
complexes [18,19] occurs following antigen-mediated receptor stimulation, which leads to
the internalization of the receptor complex [9]. Cbl-b appears to be a major regulator of this
process in which it contributes to the internalization of the TCR/CD3 complex [57]. Cbl-b
ubiquitinates selected proteins that are involved in the early activation events in T cells
and modulates the clustering of effector molecules in a way that destabilizes the immune
synapse and attenuates TCR signaling [58].

Cbl-b is a major regulator of signal transduction in T cells that exhibits inhibitory effects
on CD28-mediated T cell signaling. Evidently, Cbl-b-deficient T cells can undergo activation
independent of CD28-mediated signals [16], and in vivo deficiency of Cbl-b can rescue T-cell
impairments observed in CD28 knockout mice [24]. The PI3K is activated downstream of
the CD28-signaling pathway and is inhibited by Cbl-b-mediated ubiquitination of its p85β
subunit [59] and consequential inhibition of p85β interaction with CD28 [60]. In the same
line, increased Akt activation and NF-κB signaling were observed in Cbl-b-/- T cells [43].
A concomitant negative mechanism of feedback inhibition can be activated by CD28 that
disables the Cbl-b-inhibitory pathways by promoting post-translational modifications of
Cbl-b, leading to its proteasomal degradation [61,62]. This mechanism is initiated by
CD28 signaling-mediated inhibition of the SHP1 phosphatase [63] and the Lck and PKCθ

kinase-mediated phosphorylation of Cbl-b [63,64], which results in Cbl-b ubiquitination
and proteasomal degradation [64]. In a recent study, we found that the intracellular adapter
protein, CT-10 regulator of kinases (Crk)-II, can simultaneously interact with Cbl-b and the
Crk SH3 domain-binding guanine nucleotide-releasing factor (C3G) [65]. CrkII utilizes its
SH2 domain to transiently associate with Cbl-b in either resting or activated T cells and
its SH3N domain to constitutively interact with C3G. The Crk adaptor proteins play key
roles in signal transduction in T cells, where they link downstream effector molecules to
activated receptors, thereby regulating T cell proliferation, adhesion, and migration [66].
The C3G guanine-nucleotide-exchange factor plays a role in TCR-linked signaling pathways
that promote T cell adhesion [67]. Therefore, the observation that Crk proteins can form
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trimolecular complexes with Cbl-b and C3G [68,69] suggested a negative role for Cbl-b
during T cell activation.

The association of Cbl-b and potentially other effector molecules with CrkII peaks
within the first minute post TCR crosslinking and leads to the formation of multiple Cbl-b-
CrkII-containing protein complexes of different molecular masses. Ubiquitination of C3G
commences at ~5 min post TCR/CD3 stimulation, followed by its rapid degradation. The
ubiquitination and degradation of C3G conversely correlate with the expression levels of
CrkII and are dependent on the presence of the CrkII-bound Cbl-b protein [65]. It appears,
therefore, that CrkII in TCR-stimulated T cells serves as a scaffold that allows Cbl-b to be
in close proximity with C3G. TCR-stimulation-dependent phosphorylation of Cbl-b leads
to its activation and the apparent ubiquitination of C3G. At this stage, C3G undergoes
degradation and Cbl-b dissociates from CrkII, while the expression levels of Cbl-b and
CrkII remain intact.

Since the presence of CrkII s essential for the ubiquitination and degradation of C3G,
these results suggest that termination of TCR-stimulation-induced activation signals is
regulated by CrkII-dependent Cbl-b-mediated activity. This mechanism may contribute to
the fine-tuning of T cells and determine the length and intensity of the immune response
(Figure 2).

Figure 2. Regulation of signal transduction pathways and function of T cells by Cbl. Upon binding to
the cognate peptidyl-MHC complex and stabilization by the CD4/CD8 co-receptor, the T cell receptor
(TCR)/CD3 complex initiates a number of downstream activation signals that eventually determine
cell fate through regulating cytokine production, cell survival, proliferation, and differentiation. An
early event in TCR activation is phosphorylation of immunoreceptor tyrosine-based activation motifs
(ITAMs) on the cytosolic side of the TCR/CD3 complex by lymphocyte protein tyrosine kinase (Lck).
The CD45 receptor tyrosine phosphatase modulates the phosphorylation and activation of Lck that
is brought by the CD4 or CD8 co-receptor to the proximity of the TCR/CD3 complex. Zeta-chain-
associated protein kinase (Zap-70) is recruited to the TCR/CD3 complex, where it becomes activated,
promoting recruitment and phosphorylation of downstream adaptor or scaffold proteins, like CT10
regulator of kinase (Crk). Crk recruits C3G (a guanine nucleotide exchange factor) that in turn
activates the Ras/Rap1 signaling pathways, the MAPK/Erk pathways, and the AP1 transcription
factor. ZAP-70 also phosphorylates the scaffold protein, Linker for activation of T cells (LAT), which
recruits phospholipase C γ1 (PLCγ1), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2)
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to form the diacylglycerol (DAG) and inositol trisphosphate (IP3) second messengers. DAG activates
PKCθ and the MAPK/Erk pathways, both promoting transcription factor NF-κB. IP3 triggers the
release of Ca2+ from the ER, which promotes the entry of extracellular Ca2+ into cells through
calcium release-activated Ca2+ (CRAC) channels. Calcium-bound calmodulin (Ca2+/CaM) activates
the phosphatase calcineurin, which promotes IL-2 gene transcription through the transcription factor
NFAT. One of the effects of the Cbl-b protein in T cells is to downregulate the CD3- and CD28-linked
signal transduction pathways. Cbl-b can ubiquitinate the T cell antigen receptor (TCR) CD3ζ chain
and the LAT adapter protein and direct them to proteasomal degradation. In resting T cells, the
CrkII adapter protein constitutively associates with the guanine nucleotide exchange factor C3G
and maintains a basal level of signaling that is insufficient for cell activation. However, upon TCR
stimulation, CrkII also interacts with Cbl-b (via a distinct protein–protein binding site) and brings
Cbl-b into close proximity with C3G to enable the ubiquitination of C3G by Cbl-b. The ubiquitinated
C3G undergoes proteasomal degradation, thereby promoting signal termination and preventing
persistent immune cell activation. The figure was created using BioRender.com (www.biorender.com,
accessed on 14 July 2024).

6. Effect of Cbl on Natural Killer (NK) Cells

Being the major innate lymphoid cells (ILC), NK cells mediate cytotoxicity and regulate
the immune system by secreting inflammatory cytokines such as IFN-γ and TNF [70,71].
The two major types of NK cells include the conventional NK cells (cNK), which are lo-
cated in the bone marrow and peripheral blood, and the tissue-resident NK cells (trNK),
which reside predominantly in the lymph nodes, thymus, lung, liver, small intestine, and
uterus [72]. The differentiation as well as maturation of NK cells, in contrast to T cells,
is not regulated by the Cbl-b protein. However, Cbl-b-/- mice display enhanced NK cell
proliferation and activation [38], which is balanced by the expression of activator and
inhibitory receptors that helps maintain immune surveillance and avoid the undesired
autoimmune reactivity. On the contrary, activation of human NK cells results in increased
expression of the Cbl-b protein [73], suggesting a negative feedback role. Cbl-B knock-
down in resting as well as IL-15-activated NK cells resulted in enhanced cytotoxicity and
expression of effector molecules, such as granzyme B, perforin and interferon gamma
(IFN-γ). A direct correlation between the effects of certain cytokines and Cbl-b expression
levels was reported in NK cells in which either IL-15 or IL-2 induced increased Cbl-b
expression, whereas IL-7, IL-12, IL-18, and IL-21 had no effect on the expression levels of
Cbl-b. Similarly, increased expression levels of Cbl-b were observed in NK cells cocultured
with MHC-I-negative/NK cell-sensitive K562 cells. In contrast, NK cells showed no killing
activity nor induction of Cbl-b expression when cocultured with MHC-I-sufficient/NK
cell-resistant tumor cells (e.g., Molm-13 and MV4-11). NK cell-mediated lysis of Molm-13
and MV4-11 cells was observed upon siRNA-mediated Cbl-b knockout in the NK cells.
Mechanistically, granzyme B and IFN-γ mRNA levels were significantly elevated in the
Cbl-b-depleted NK cells. In a recent work, CRISPR/Cas9-mediated knockout of Cbl-b in
human NK cells derived from placental CD34+ cells enhanced the NK cell responses against
tumor cells [74]. Placental-derived NK cells were effective killers of many human tumor
cell lines [75], while artificially generated Cbl-b-deficient NK cells from placental stem cells
augmented the NK cell cytotoxicity toward myeloma and leukemia target cells [74].

Analysis of signal transduction pathways in NK cells suggests that Cbl-b operates
downstream of the TAM tyrosine receptor kinases (TYRO3, AXL, and MER). The TAM
receptors are negative regulators of NK cell activation [76]. They undergo Cbl-b-mediated
ubiquitination upon interaction with their cognitive ligand, which promotes their internal-
ization [38]. TAM activation by their cognitive ligand, growth arrest-specific gene-6 (GAS6),
leads to suppression of WT NK cell expansion but not the expansion and cytokine produc-
tion of Cbl-b−/− NK cells. While Cbl-b depletion of NK cells promoted metastatic mouse
melanoma growth, a TAM tyrosine kinase receptor small molecule inhibitor, LDC1267,
was shown to reverse this outcome [77]. Phosphorylation of human NK cell-specific TAM
receptor MerTK was significantly increased in Cbl-b-depleted NK cells. MerTK inhibitors
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downregulated STAT5 phosphorylation in NK cells cultured with IL-15 [73], suggesting
that Cbl-b also regulates MerTK phosphorylation, thereby limiting the activation signals in
NK cells.

A recent study suggested a feedback loop mechanism where Cbl-b operates down-
stream of the TAM-signaling pathway. Upon interaction with their cognate ligands, TAM
receptors in NK cells are shown to promote tyrosine phosphorylation and activation of
Cbl-b, which mediates ubiquitination and degradation of key activation signaling adapter
protein LAT1. As a result, NK cell activation is downregulated due to a block of sig-
naling pathways upstream for the induction and production of various cytokines and
chemokines [76] (Figure 3). These findings suggest that the TAM/Cbl-b inhibitory pathway
may be a potential target to unleash the effector functions of NK cells.

Figure 3. Regulation of signal transduction pathways and function of NK cells by Cbl. c-Cbl ubiquiti-
nates the stimulatory receptor NKG2D on NK cells, leading to the endocytosis and degradation of the
activation signaling complex. c-Cbl also mediates non-degradative ubiquitination of VAV1, a regula-
tor of signal transduction pathways downstream of the NKG2D and 2B4 stimulatory receptors, and
negatively regulates their downstream signaling pathways in NK cells. Upon interaction with the
cognitive ligands, the growth arrest-specific gene 6 (Gas6) and protein S (ProS) and the Tyro3, Axl,
and Mer (TAM)-family receptor tyrosine kinases (RTKs) phosphorylate and activate Cbl-b, which in
turn promotes the ubiquitination of the adapter protein linker for activation of T cells (LAT), followed
by its proteasomal degradation. This results in the inhibition of LAT-dependent signaling pathways
that otherwise promote cytokine and chemokine production in NK cells. The figure was created
using BioRender.com (www.biorender.com, accessed on 14 July 2024).

7. Cbl and NK Cell Exhaustion

Cbl-b−/− as well as Cbl-b C373A (a ligase-defective Cbl) mouse NK cells demonstrated
enhanced cytokine production and tumor toxicity, indicating the important role of the ubiq-
uitin ligase activity of Cbl-b in the regulation of NK cell function [78]. This study brings
new insights into the critical role of Cbl-b in negatively targeting tumor metastasis through
the ubiquitination of TAM receptors. Based on this model, a proposal of a TAM/Cbl-b
inhibitory pathway causing NK cell exhaustion and dysfunction has evolved. The charac-
terization of the NK cell exhaustion mechanisms and the attempts to restore their immune
activity are the main focus of multiple investigations [79]. While T cell exhaustion has been
extensively studied using viral infection models, NK cell exhaustion has been primarily
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focused on identifying dysfunctional tumor-associated NK cells [80–83]. Reduction in the
expression of IFN-γ, granzyme B, TNF, CD107a (also termed LAMP-1, a marker of de-
granulation in NK and CD8+ T cells), CD16-dependent antibody-dependent cell-mediated
cytotoxicity (ADCC), or reduced tumor cell killing, are the hallmarks of “dysfunctional”
NK cells. NK cell “exhaustion” is also associated with a concomitant increase in markers
like PD-1, TIGIT, TIM-3, LAG-3, etc., which has been observed in cancer patients and tumor
microenvironment-derived NK cells [80–87]. Similar phenotypic changes in NK cells are
also observed in the context of chronic viral infections and prolonged exposure to pro-
inflammatory cytokines [88–91]. It has been found that Cbl-b promotes NK cell dysfunction
by ubiquitinating the intracellular signaling protein caspase-recruitment domain (CARD)
membrane-associated guanylate kinase (MAGUK) protein 1 (CARMA1) [77], which in turn
blocks NF-kB transcriptional activity, leading to suppression of NK cell function.

8. Cbl Inhibitors and Applications in Immunotherapy

Immune checkpoint blockade revolutionized the field of cancer immunotherapy, yet
the majority of the patients develop resistance. Therefore, efforts have been made to
bypass the resistance by targeting intracellular mediators. The E3 ubiquitin ligase Cbl-b is
a potential target that is regulated by both CD28 and CTLA4 signaling pathways. While
signaling through CD28 inhibits Cbl-b-mediated immunosuppression, CTLA-4 ligation
promotes Cbl-b activity [92]. Due to its unfavorable chemical structure, Cbl-b has long
been known as an ‘undruggable’ target [25,93,94]. The advent of high-throughput small-
molecule and in silico screening approaches has made it possible to develop novel Cbl-b
inhibitors that have reversed immunosuppression of the TME and promoted tumor-specific
T cell activation and tumor regression.

T cell receptor-engineered T cells (TCR T cells) are alternatives to CAR T cells for
tumor immunotherapy. A small molecule inhibitor targeting Cbl-b (Cbl-b-IN-1) prior to
T cell activation promoted TCR expression efficiency, T cell proliferation, and cell survival
in both PBMCs and TCR T cells. Cbl-b-IN-1-treated T cells maintained a less differentiated
state with enhanced cytokine production while effectively enhancing the activation of
TCR signaling, as evidenced by increased phosphorylation levels of Zeta-chain-associated
protein kinase 70 (ZAP70) and phospholipase c-γ1 (PLCγ1) [95].

Nurix, a USA-based biotech company, has utilized a computational approach using
a DNA-encoded library screening platform to identify compounds that link Cbl-b with
proteins of interest [96]. NX-1607, identified by this method, can target signaling proteins
for ligase-mediated ubiquitination and proteasomal degradation. Oral administration of
NX-1607 has significantly reduced tumor growth in murine models of colon and breast
cancer [97]. In these models, NX-1607 enhanced the activity of tumor-infiltrating NK cells
and CD8+ T cells. Upon depletion of NK and CD8+ T cells, the drug was no longer effective
in regressing the tumor, indicating its direct effect in activating cytotoxic immune cells [97].
NX-1607 is under investigation in a phase 1 clinical trial (NCT05107674).

The reduction of TCR diversity and tumor-reactive TILs is evident following check-
point therapy. With the advancement of the drug-enhanced tumor-infiltrating lymphocyte
(DeTIL) therapy platform, Nurix has developed the ex vivo Cbl-b inhibitor NX-0255 to
be administered with adoptive T cell therapy. Tumor fragments derived from patients
are cultured with IL-2 and NX-0255 to further enhance the cytotoxic response of TILs,
which are then reinfused back in patients. NX-0255 is also under clinical investigation for
advanced tumors and recruitment has started for a phase 1 trial (NCT05107739).

HotSpot Therapeutics has developed a small molecule Cbl-b inhibitor (HOT-A) using
allosteric chemistry [98]. HOT-A prevents Cbl-b phosphorylation and functional activity by
blocking a novel regulatory pocket on Cbl-b [99]. This molecule increases IFNγ secretion
and CD8+ T cell proliferation in human PBMCs as well as enhanced cytotoxicity of NK
cells. HOT-A-injected mice showed enhanced IL-2 secretion and increased differentiation
of activated (CD3+/CD69+) T cells [99]. HOT-A is also under clinical investigation for
advanced tumors and started recruitment for a phase 1 trial (NCT05662397).
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APN401 is a siRNA-mediated Cbl-b knockdown approach developed by Apeiron.
This approach utilizes the electroporation method to transfect Cbl-b-specific siRNA into
T cells and combines it with adoptive T cell therapy. siRNA-transfected CD8+ T cells
together with a DC-based tumor vaccine showed enhanced intratumoral inflammatory
cytokine signaling and an augmented B16 melanoma inhibition in a murine model [39].
However, preliminary data from a phase I clinical trial showed the best tumor response
occurred in only four of sixteen patients [100]. The lack of immune-related adverse events
(irAE) with this platform is encouraging and leaves room for further improvement of its
translational application.

9. Recently Discovered Mechanism of Cbl Regulation in Activated Immune Cells

T cell and NK cell hyperproliferation and exacerbated inflammatory responses can be
detrimental to the host and are therefore normally tuned down by an array of regulatory
mechanisms. Protein ubiquitination is among the most effective post-translational mecha-
nisms that regulate the proteins’ fate and determine their structure, function, and quantity.
This process is mediated by E3 ubiquitin ligases that catalyze the ubiquitination of specific
lysine residues and promote the proteasomal degradation of the targeted molecules.

The Cbl-b E3 ubiquitin ligase is an abundant protein in lymphoid cells, including T cells
and NK cells. It recruits to the immunological synapse of TCR-stimulated T cells at the T cell-
contact area with the antigen-presenting cells (APC) [14]. Cbl-b interacts with the TCRζ
chain and with a number of TCR downstream effector molecules, including Lck, ZAP70,
Vav, and PKCθ [16,21,101,102]. Moreover, by forming a trimolecular complex with Crk and
C3G, it delivers signals that downregulate T cell activation [16,69,103]. Utilizing transient
expression of CrkII mutants in Jurkat T cells in co-immunoprecipitation studies, we found
that the formation of Cbl-b-CrkII complexes is T cell activation-dependent and mediated
by binding of the Cbl-b phosphotyrosine epitopes to the CrkII SH2 domain. On the other
hand, the association of the C3G protein with CrkII is cell activation-independent and is
mediated by C3G interaction with the CrkII-SH3N domain. The rate of C3G ubiquitination
is significantly increased in T cells that overexpress CrkII, while downregulation of CrkII
coincides with a reduction in C3G ubiquitination. Furthermore, increased ubiquitination
of C3G directly correlated with the reduction in its expression level, suggesting that C3G
ubiquitination provides a signal for its degradation. In contrast to C3G, CrkII and Cbl-b
protein expression levels were not altered during the first half an hour post-TCR stimulation.
Nevertheless, Cbl-b, which physically interacts with CrkII in TCR/CD3-stimulated T cells,
dissociates from CrkII at a much faster rate in CrkII-overexpressing T cells, apparently
because a large fraction of the C3G proteins in the CrkII–Cbl-b–C3G complexes undergoes
ubiquitination and degradation. The formation of Cbl-b- and C3G-containing protein
complexes in activated T cells requires the presence of CrkII since such complexes can be
formed in CrkII-sufficient but not in CrkII-deficient T cells. The recent findings imply that
CrkII in TCR/CD3-activated T cells functions as a scaffold for Cbl-b and C3G, whereby the
close proximity of the two proteins enables the ubiquitination of C3G by Cbl-b [65].

The potential mechanism by which the CrkII–Cbl-b–C3G-containing trimolecular
complexes contribute to the signaling pathways downstream of the activated TCR/CD3
receptors appears to be very complicated due to the fact that T cells express three different
isoforms of Crk, including CrkI, CrkII, and CrkL, and three distinct isoforms of CBL-B.
Two of the Cbl isoforms, c-Cbl and Cbl-b, exhibit a high degree of structural and functional
homology and appear to ubiquitinate several different effector proteins that participate in
signal transduction from activated TCR [104,105].

The CrkL isoform can also associate with Cbl-b [20] and C3G [106] and form CrkL–
Cbl-b–C3G trimolecular complexes [69,107]. CrkL is a substrate for Cbl-b and can undergo
ubiquitination, predominantly in TCR/CD3-stimulated T cells. However, this ubiquiti-
nation does not promote the degradation of Crk-L, rather reducing its binding affinity
to C3G.
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Crk-L association with C3G increases following knockdown of Cbl-b, resulting in
enhanced Rap1 and LFA-1 activity. These results support a model in which Cbl-b functions
as a negative regulator of the CrkL–C3G signaling pathway in TCR/CD3-stimulated
T cells [69]. The current findings substantiate the hypothesis that both CrkII and CrkL
function as adaptors for Cbl-b and C3G and contribute to the negative regulation and
termination of the TCR/CD3-linked activation signals. The overall effects of CrkII and
CrkL in activated T cells appear to be similar, although these two adaptor proteins impose
their effects by utilizing two different biochemical mechanisms.

10. Conclusions and Future Directions

Ubiquitination is an essential biological process carried out by multistep reaction
cascades that control protein homeostasis and regulate signal transduction from a wide
range of cell surface receptors. It is essential for the functional regulation of all types of
immunocytes, including T cells and NK cells. Data obtained from experimental models, in
addition to a large number of preclinical studies, support the idea that targeting ubiquiti-
nation and related factors is effective in improving cancer immunotherapies. Over forty
different clinical trials targeting Cbl-b in a wide range of ailments, including various types
of leukemia and lymphoma, adenocarcinoma, lung cancer, uveitis, and other diseases,
are either in progress or have been completed in the past two decades (Supplementary
Table S1), implying the potential impact of Cbl-b in this field.

As mammalian cells express a large number of E3s and DUBs, utilizing ubiquitin-
dependent therapeutic approaches has a huge prospect in cancer drug development. There-
fore, characterizing and understanding further the functions of the novel E3s and DUBs in
antitumor immune responses should be the focus of future studies. The development of
small-molecule inhibitors will promote more preclinical and clinical studies and enrich the
drug inventory for cancer immunotherapy. More effort should also be spent on preclinical
studies, including the improvement of adoptive cell therapy and the procedures for the
specific knock-out or knock-down of selected E3s and DUBs. These approaches will be of
particular relevance for CAR-based adoptive T cell and NK cell therapies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life14121592/s1, Table S1. List of clinical trials targeting Cbl.
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Abbreviations

ADCC antibody-dependent cell-mediated cytotoxicity
APC antigen-presenting cells
C3G Crk SH3 domain-binding guanine nucleotide-releasing factor
CAR chimeric antigen receptor
CARD caspase recruitment domain
CARMA1 CARD-MAGUK protein 1
Cbl Casitas B-lineage lymphoma

https://www.mdpi.com/article/10.3390/life14121592/s1
https://www.mdpi.com/article/10.3390/life14121592/s1


Life 2024, 14, 1592 12 of 16

cNK conventional NK cells
CRK CT-10 regulator of kinases
DC dendritic cell
DUB deubiquitinase
GAS6 growth arrest-specific gene-6
IL interleukin
ILC innate lymphoid cells
IFN-γ interferon gamma
LAT linker of activation of T cells
Lck cell-specific protein-tyrosine kinase
LCMV lymphocytic choriomeningitis virus
LZ leucine zipper
MAGUK membrane-associated guanylate kinase
NK natural killer
PI3K phosphoinositide-3 kinase
PKCθ protein kinase C theta
PLCγ1 phospholipase C gamma 1
PR proline rich
RING really interesting group finger domain
SLE systemic lupus erythematosus
SLP76 SH2-domain-containing leukocyte protein of 76 kDa
TAM Tyro3, Axl, and Mer (receptor kinases)
TCR T cell antigen receptor
Tfh follicular helper T cell
TGF-β transforming growth factor beta
TILs tumor-infiltrating lymphocytes
TKB tyrosine kinase binding
TNFα tumor necrosis factor alpha
trNK tissue-resident NK cells
UB ubiquitin
ZAP70 zeta chain-associated protein 70
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