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ABSTRACT
Immunotherapy strategies aim to mobilize immune 
defenses against tumor cells by targeting mainly T cells. 
Co‐inhibitory receptors or immune checkpoints (ICPs) 
(such as PD- 1 and CTLA4) can limit T cell receptor (TCR) 
signal propagation in T cells. Antibody- based blocking of 
immune checkpoints (immune checkpoint inhibitors, ICIs) 
enable escape from ICP inhibition of TCR signaling. ICI 
therapies have significantly impacted the prognosis and 
survival of patients with cancer. However, many patients 
remain refractory to these treatments. Thus, alternative 
approaches for cancer immunotherapy are needed. In 
addition to membrane‐associated inhibitory molecules, a 
growing number of intracellular molecules may also serve 
to downregulate signaling cascades triggered by TCR 
engagement. These molecules are known as intracellular 
immune checkpoints (iICPs). Blocking the expression or the 
activity of these intracellular negative signaling molecules 
is a novel field of action to boost T cell- mediated antitumor 
responses. This area is rapidly expanding. Indeed, more 
than 30 different potential iICPs have been identified. 
Over the past 5 years, several phase I/II clinical trials 
targeting iICPs in T cells have been registered. In this 
study, we summarize recent preclinical and clinical data 
demonstrating that immunotherapies targeting T cell 
iICPs can mediate regression of solid tumors including 
(membrane associated) immune‐checkpoint inhibitor 
refractory cancers. Finally, we discuss how these iICPs 
are targeted and controlled. Thereby, iICP inhibition is a 
promising strategy opening new avenues for future cancer 
immunotherapy treatments.

INTRODUCTION
T cells play a central role in cancer immuno-
surveillance and eradication.1 The generation 
of effective tumor- directed T cell responses 
requires many steps such as (1) the activation 
of effector T cell function, (2) formation of 
effector memory T cells, and (3) activation 
of an intrinsic capacity to expand and infil-
trate solid tumors while remaining functional 
despite the tumor microenvironment (TME). 
Across these steps, one of the fundamental 
adaptable biological programs supporting T 
cells is the molecular machinery responsible 
for antigen receptor signaling.2 Intracellular 

signals encoded by T cell receptor (TCR) 
engagement can quantitatively discriminate 
between antigens of differing affinities. As a 
counterpart to these positive signaling path-
ways, negative signaling loops are critical to 
maintain a T cell activation threshold.3

Our understanding of the balance between 
stimulatory and inhibitory signals necessary 
for effective immune responses is constantly 
evolving and could be used to develop immu-
notherapy strategies. Indeed, the dynamic 
interplay between inhibitory and stimula-
tory signals on T cells modulates the degree 
of immune activation to allow tolerance to 
self- antigens (inhibitory) while mounting an 
adaptive immune response to foreign anti-
gens (stimulatory).4 An essential mechanism 
of inhibitory stimuli coming from immune 
checkpoints (ICPs) expressed at the surface 
of T cells (such as PD- 1/PD- L1 pathway 
and CTLA4) is to control the inflammatory 
response and to protect normal cells from 
T cell–mediated cytotoxicity after their acti-
vation. T cell exhaustion is mediated by the 
upregulation of ICPs.5 By blocking the check-
point engagement, immune checkpoint 
inhibitors (ICIs) prevent T cell exhaustion.5 6 
These ICIs are currently used to treat cancer. 
Like ICPs, some intracellular proteins are 
involved in negative feedback loops down-
stream the TCR. Recently, they have been 
considered as potent targets in the context of 
cancer immunotherapies.

Recently, our team and others demon-
strated the capacity to target TCR signaling 
inhibitory intracellular proteins (intracellular 
immune checkpoints (iICPs)) to enhance T 
cell–based immunotherapies.7–10 Here, we 
highlight numerous negative feedback mech-
anisms of TCR signaling with a potential to 
improve cytotoxic T cell function during 
immunotherapy. Some strategies to block 
these iICPs in clinical development as cancer 
immunotherapies. Indeed, the regulatory 
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mechanisms of TCR- mediated signaling vary in different 
T cell maturation or differentiation states, as well as differ-
ences between conventional TCR and chimeric antigen 
receptor (CAR)- T cell signalosomes.11 The complexity 
of these regulatory loops of TCR activation needs to be 
carefully studied when considering possible therapeutic 
approaches.

Due to their intracellular localization, targeting iICPs 
remains challenging. Nonetheless, pharmacological 
approaches based on systemic administration of small 
molecules have already been reported12 (ie, clinical 
trials NCT04521413, NCT04649385, NCT05128487, 
NCT05159700, NCT05233436, NCT05370755, 
NCT05107674, NCT05107739, NCT05662397, 
NCT05315167). The recent development of PROTACs 
(Proteolysis Targeting Chimeras) has expanded the 
toolbox of chemicals available,10 especially when consid-
ering targeting ‘undruggable’ proteins, that is, without 
enzymatic activities. Indeed, in vitro gene editing coupled 
with adoptive cell therapy allows T- cell- specific dele-
tion of iICPs in clinically relevant settings (ie, clinical 
trials NCT04426669, NCT05566223). Hopefully, future 
improvements in gene therapies, particularly in delivery, 

will enable in vivo gene modification.13 Therefore, combi-
nation of both fundamental knowledge of TCR signaling 
regulation and cutting- edge technologies may open a 
new era in immunotherapy.

TCR SIGNALING MODULES
The TCR determines lymphocyte T activation, differentia-
tion and fate.2 TCR signaling is characterized by a complex 
structure of protein- protein interactions which define the 
response of T cells by acquisition of phenotypic, genomic 
and functional modifications. TCR signaling response is 
defined as a two- step process represented by two modules 
of protein associations: initiation and amplification of the 
TCR encoding signals (figure 1).

The goal of the first step is to transform the interac-
tion of the TCR with antigenic peptide- major histocom-
patibility complex (pMHC) into an intracellular signal14 
(figure 1, box 1). Therefore, this step is responsible for 
signal initiation. The membrane- embedded TCR/CD3 
complex plays a critical role in this process. It consists 
of TCR α and β subunits which have variable and 
constant immunoglobulin (Ig)- like domains enabling 

Figure 1 TCR signaling modules. (A) TCR signaling scheme. The first module (1) is responsible for transformation of the 
interaction of TCR with antigenic peptide associated with MHC class molecule into an intracellular signal. The second module 
amplifies this signal (2) and further diversifies it (-a–e). Both TCR- CD3 complex (δ, ε, γ, ζ subunits) and CD28 receptor are initially 
tyrosine- phosphorylated by SFK. (B) TCR signaling inhibiting proteins (iICPs). Numerous negative feedback proteins of TCR 
signaling were recently discovered. Here, these potential iICPs are classified in order of their clinical approval stage. The color 
of each iICP backing corresponds to the TCR signaling module where this protein represses the TCR signal. iICP, intracellular 
immune checkpoint; MHC, major histocompatibility complex; SFK, Src- family protein tyrosine kinases; TCR, T- cell receptor.
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antigenic peptide recognition. These α and β subunits 
are non- covalently associated with CD3γ CD3δ and two 
CD3ε molecules and one signaling domain: an immune 
receptor tyrosine- based activation motif (ITAM). The 
CD3ζ homodimer completes the TCR complex with six 
more ITAMs.15 On TCR engagement, a spatial modifica-
tion of the TCR complex occurs, allowing the partially 
phosphorylated Src- family protein tyrosine kinases (SFK) 
to gain access to ITAMs.16 17 The phosphorylation of 
ITAMs (pITAM) by SFK family members Lck or Fyn allows 
the binding of the ZAP- 70 SH2- tandem domain.18 ZAP- 70 
is subsequently phosphorylated by Lck, dissociates from 
TCR complex and transfers the signal to a second step of 
the TCR signaling response.19

The aim of the second step is signal amplification and 
diversification (figure 1, box 2). The key protein at this 
step is the membrane adaptor LAT. ZAP- 70 phosphor-
ylates LAT, leading to the recruitment of numerous 
adaptor proteins and the formation of the LAT signalo-
some.20 More than 200 proteins are participating in this 
signalosome such as SLP76, PLCγ1, VAV1, ITK, RAC1, 
SOS, PI3K, GRB2 and others.21 Their interactions amplify 
the initial TCR signal and determine further cell reactivity 
on TCR engagement. Interestingly, proteins are not the 
only actors of TCR signaling as phospholipids also play 
a critical role in T cell activation.22 PI3K phosphorylates 
phosphatidylinositol 4,5 bisphosphate (PIP2) to generate 
phosphatidylinositol 3,4,5 trisphosphate (PIP3) which 
recruits several proteins to the plasma membrane such as 
ITK that favors PLCγ1 recruitment to LAT signalosome.23 
PLCγ1 is responsible for PIP2 hydrolysis into secondary 
activating molecules inositol 1,4,5 trisphosphate (IP3) 
and diacylglycerol (DAG).22 At this step, the TCR encoded 
signal is divided into several major signaling pathways. 
PIP3 recruits PDK1 to the plasma membrane. This acti-
vates the AKT- mTOR pathway responsible for metabo-
lism, differentiation and cell survival (figure 1, box 2a).24 
DAG activates PKC and BCL10- CARMA1- MALT1 (CBM) 
complex that leads to NF-κB nuclear translocation 
(figure 1, box 2b). In parallel, DAG activates RASGRP that 
drives RAS- MAPK/ERK pathway (figure 1, box 2c). Both 
of these pathways are accountable for activation, prolif-
eration, migration and cytotoxicity.25–27 IP3 also binds 
to its receptor in the endoplasmic reticulum that causes 
the release of Ca2+ from the endoplasmic reticulum and 
transcriptional factor NFAT activation (figure 1, box 2d). 
This latter pathway is responsible for T cell metabolism 
reorganization and cytokine production machinery.28 
Finally, activation of GADS, SLP- 76 and VAV1 triggers 
RAC1 GTPase activation. This allow cytoskeletal reorga-
nization for proper immune synapse formation (figure 1, 
box 2e).29 Some major contributions of CD28 co- stim-
ulation in TCR signaling networks should be equally 
noted. Indeed, CD28 can bind directly to PI3K by a well- 
characterized YMNM binding motif in its cytoplasmic 
domain30 and will be involved in the AKT- mTOR pathway 
(box 2a). Moreover, the GRB2/GADS adaptor proteins 
bind also directly to the CD28 cytoplasmic tail, bridging 

CD28 to PKC/CBM complex via RLTPR protein.31 This 
link between CD28 and the GRB2/GADS could also 
boost some TCR- induced signals (box 2b–e). Beyond this 
positive signal display, negative feedback mechanisms are 
set up to establish TCR signal termination.

FROM NEGATIVE FEEDBACK LOOPS IN TCR SIGNALING TO 
BONA FIDE IICPS
Negative feedback loops are present to regulate each 
signaling activation module, thus dampening TCR- 
induced signal transduction. In the late 1990s, studies 
on TCR signalosome revealed proteins involved in nega-
tive feedback control of TCR signaling, as discussed 
elsewhere.3 32 The potential to target iICPs emerged 
after clinical limitations of other cancer immunothera-
pies such as CAR- T therapies or ICIs, mostly because of 
intrinsic CD8+ T cell activation suppression due to expo-
sure to numerous immunosuppressive factors of TME 
(TGFβ, IDO, PGE2, adenosine, ICPs, etc) at the same 
time.33–35 Targeting these multiple factors by distinct 
methods could be a complex task. Moreover, these immu-
nosuppressive factors partially act through upregulation 
of negative signaling protein expression. Therefore, 
targeting the expression or function of these negative 
feedback proteins could be a promising method of T 
cell activation improvement. Preclinical assays on iICPs 
reviewed below provided encouraging results to improve 
T cell- based immunotherapies. Targeting of iICPs was 
facilitated by the rapid progress in cell genetic engi-
neering that occurred this last decade, notably with the 
availability of CRISPR- Cas9 technology. Thus, a new era 
is enabled in immunotherapy targeting not only extracel-
lular ICPs but also intracellular molecules—iICPs. This 
new strategy will complement and can be used in combi-
nation with current immunotherapy approaches.

In the following section, we will outline the concept of 
iICP targeting in cancer immunotherapy. Currently, four 
of these proteins are targeted in clinical trials and many 
others are in under preclinical development.

IICPS IN CLINICAL TRIALS
Different inhibitory feedback loops control the two afore-
mentioned steps of TCR signaling response. Among the 
proteins reaching clinical trials at phase I, SHP2 targets 
the initiation step, and three others—CBL- b, CISH, and 
HPK1—are involved in signal amplification and diversifi-
cation control.

Modulation of an inhibiting protein may raise safety 
concerns, particularly with respect to the development 
of autoimmunity. In the past, before extracellular ICI 
(CTLA- 4, PD- 1) blockers came into the clinic, major 
concerns were raised regarding immune- related adverse 
events (irAEs).36 These are generally of low intensity, 
manageable and reversible.37 The example of PD- 1 and 
CTLA- 4 and the accumulation of data from preclinical 
and clinical work will be very beneficial for the future 
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development of iICP targeting. The development of 
preclinical mouse models and genetic depletion of iICPs 
in mice certainly helps to appreciate the potential develop-
ment of autoimmune diseases. This is a crucial step before 
reaching the clinical steps. However, this is important 
to keep in mind that PD- 1 and CTLA- 4 knockout (KO) 
mouse models have shown some important signs of auto-
immune diseases.38–40 Indeed, new retrospective studies 
involving extracellular ICI show that irAEs may also be 
associated with a favorable outcome.41 42 Autoimmunity 
must therefore be carefully considered for each new 
targeted molecule and in particular iICPs but past expe-
rience shows that this does not preclude effective anti-
tumor therapy.

SHP-2
Src homology region 2 (SH2) domain containing tyrosine 
phosphatase- SHP- 2 (PTPN11) was shown to be impli-
cated in PD- 1- dependent restriction of proximal TCR 
signaling (figure 2A).43 Hence, similar to ICI antibodies, 
SHP- 2 deletion may relieve TCR signaling inhibition 
directly at intracellular level. However, SHP- 2 deletion 
was not sufficient to improve clearance of immunogenic 
tumors even in combination with anti- PD- 1 treatment, 
suggesting an alternative mechanism of PD- 1- dependent 
TCR signal restriction.44 It was demonstrated that another 
Src homology region 2 domain containing tyrosine 
phosphatase SHP- 1 (vide infra) is also recruited to PD- 1 
cytoplasmic tail acting in TCR signaling repression.45 
Moreover, in the absence of SHP- 2, PD- 1 recruits SHP- 1 
to remain functional, suggesting overlapping functions 
of these proteins.46 Therefore, blocking both SHP- 1 and 
SHP- 2 is necessary for TCR signaling improvement. The 
combination strategy of anti- PD- 1 antibody administra-
tion with a pharmacological inhibitor of SHP- 2 is under-
going clinical trials (figure 2B).

CBL-B
Cbl- b is a member of Casitas B- lymphoma (CBL) family. 
CBL proteins possess RING finger catalytic domains 
responsible for protein ubiquitination with sequential 
degradation of target proteins. CBL proteins lead to the 
degradation of multiple targets, thus downregulating the 
TCR signaling cascade.47 48 Cbl- b targets the regulatory 
subunit p85 of PI3K, interfering with its ability to activate 
different signaling pathways (figure 2A).49 50 It was shown 
that Cbl- b represses PTEN inactivation by NEDD4, there-
fore reducing PI3K activity.51 Cbl- b participates in the 
regulation of co- stimulatory signal from CD28 or inhib-
itory receptors CTLA- 4 and PD- 1.52–55 The loss of Cbl- b 
on TCR triggering increased Akt/Erk phosphorylation, 
proliferation, activation, cytokine production (IFNγ, 
TNFα, IL- 2) and cytolytic capacity (Granzyme B).9 54 56–59 
TCR- induced proliferation is exacerbated in T cells from 
children with homogeneous mutations in CBLB gene.60 
Cbl- b- deficient mice rejected spontaneous tumor develop-
ment and adoptive CD8+ T cell transfer from these mice 
improved control of established or spontaneous tumors 

from numerous cancer models.9 54 56–59 61 Moreover, both 
Cbl- b KO CD4+ and CD8+ T cells showed improved resis-
tance to Tregs and TGF-β.57 58 61 Cbl- b was shown to be 
upregulated in exhausted CD8+ tumor- infiltrated lympho-
cytes (TILs) and ex vivo abrogation of Cbl- b expression by 
CRISPR- Cas9 improved cytotoxicity of these cells.9 On in 
vitro TCR activation, naïve Cbl- b- deficient CD8+ T cells do 
not require CD28 co- stimulation to be fully activated.57 
Finally, CRISPR- Cas9 depletion of Cbl- b in mouse CAR- T 
cells promotes tumor regression and makes CAR- T cells 
resistant to exhaustion.9 Therefore, Cbl- b depletion seems 
to be a potent tool to improve CD8+ T cell–based immu-
notherapies. Moreover, small molecule inhibitors of Cbl- b 
activity are under development.62 63 Several clinical trials 
on Cbl- b inhibition in T cells are ongoing (figure 2B).

CISH
A SOCS (Suppressor Of Cytokine Signaling) family 
protein member negatively regulates CD8+ T cell signaling 
(figure 2A).64 Indeed, CD8+ T lymphocytes from Cish- 
deficient mice had improved proliferation, Ca2+ and 
IL- 2) on TCR engagement. These cells had increased 
expression of effector function associated genes (Il2, Prf1, 
GrzmB, Eomes, Tbx21, c- Myc and Bcl2l). Moreover, ACT of 
Cish KO CD8+ T cells enhanced control of tumor progres-
sion in tumor- bearing mice.7 Clinical trials targeting 
CISH by CRISPR- Cas9 in TILs prior to ACT are ongoing 
(figure 2B).

HPK1
Hematopoietic progenitor kinase 1 (HPK1), encoded by 
the MAP4K1 gene, is a protein kinase identified as a key 
regulator of TCR signaling. HPK1 is activated by TCR 
complex on TCR stimulation.65 66 HPK1 associates and 
phosphorylates SLP- 76 at the LAT signalosome. Phos-
phorylated SLP- 76 subsequently binds with GADS and 
14- 3- 3 protein.67 68 This latter association destabilizes the 
interaction of SLP- 76 with LAT signalosome triggering 
SLP- 76 degradation (figure 2A).68 69 This SLP- 76 degrada-
tion negatively impacts MAPK- ERK pathway signaling.65 70 
HPK1 overexpression in a Jurkat T cell line resulted in 
a MAPK- ERK pathway dampening and suppressing AP- 1- 
dependent gene transcription, notably IL2.65 HPK1 KO 
and KD in mice resulted in increased T cell proliferation, 
activation and cytokine secretion, thus granting them the 
capacity to control tumor growth.71–74 Interestingly, HPK1 
expression correlates with T cell exhaustion.10 Further-
more, mouse and human CD8+ and CAR- T cells lacking 
HPK1 expression showed improved degranulation activity 
(CD107a), cytokine production and reduced expression 
of exhaustion markers (PD1, TIM3, LAG3).10 Adoptive 
cell transfer of mouse and human HPK1 KO CAR- T cells 
showed improved control of tumor growth in murine 
xenograft models.10 Ultimately, these data suggest that 
HPK1 is a crucial regulator of T cell activation of naïve 
and memory T cells. Numerous small molecule inhibitors 
of HPK1 are undergoing cancer immunotherapy clinical 
trials12 (figure 2B).
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Figure 2 iICPs in clinical trials. (A) iICPs participating in clinical trials have different action modes. PD- 1 engagement activates 
SHP- 2 and leads to repression of proximal signaling events. CBL- B and CISH ubiquitinate their respective targets: regulatory 
unit of PI3K and PLCγ1, leading to their inactivation. Finally, HPK1 phosphorylates SLP76 that recruits 14- 3- 3 proteins, following 
SLP- 76 dissociation from LAT signalosome and leading to SLP- 76 proteolysis. (B) These iICPs are involved in several clinical 
trials for cancer treatments. iICP, intracellular immune checkpoint.
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Targeting iICPs carries a risk of autoimmunity induc-
tion. Indeed, aberrant expression of some iICPs led to 
autoimmunity development in humans.75–77 Invalidation 
of iICP expression in mice made animals more suscep-
tible to autoimmune disorders.70 78–85 Moreover, ACT of 
Cish- deficient CD8+ T cells provoke ocular toxicities in 
mice.7 However, not all iICPs were implicated in auto-
immunity development. Notably, CAR- T cells lacking 
PTPN2 expression showed improved tumor site homing 
in preclinical models, therefore decreasing the risk of off- 
target effects and morbidity.86 DRAK2 KO mice showed 
resistance to autoimmune encephalomyelitis induction 
despite improved TCR- dependent T cell activation.87 
Nevertheless, autoimmunity and toxicity evaluation 
remain a priority for clinical approval of iICP invalida-
tion for cancer immunotherapy enhancement. After all, 
such therapies need the development of new strategies of 
autoimmunity management, allowing reduced toxicities 
and off- target effects. Besides, tumor- specific targeting 
improvements might be a key for clinical application of 
these therapies in the near future.

Although, we present here iICPs as powerful tools to 
improve antitumor cytotoxic function of T or CAR- T 
cells, other applications may be envisioned. Notably, their 
overexpression, potentially, allowing control of CAR- T 
therapy side effects such as cytokine release syndrome. 
Indeed, overexpression of Csk (iICP for Lck and Fyn- 
dependent signal initiation) in TCR- T engineered human 
T cells undermines TCR signaling and might be used as a 
safeguard to prevent excessive activation of immune cells 
during ACT.88

OTHER TCR IICPS WITH COMPLETED PRECLINICAL TRIALS
Recently, other TCR iICPs showed promising results and 
improved T- cell- based immunotherapies in animal tumor 
models bringing their targeting close to clinic. Below are 
listed proteins involved in negative signals downstream 
TCR triggering and where mouse models are used to 
highlight the potential iICP status of these molecules. 
Due to their mechanism of action, these proteins could be 
divided into different groups: lipid kinases, protein phos-
phatases, ubiquitin ligases, deubiquitination enzymes 
(DUBs), hydrolases and scaffold proteins.

Lipid kinases
DGKα and ζ (diacylglycerol kinases)
DGKs are enzymes that phosphorylate DAG, a second 
messenger molecule in TCR signaling generated by 
activated PLCγ1.89 This interrupts DAG association to 
RasGRPs, inducing RAS/MAPK pathway blockade and 
attenuates TCR signaling.90–92 DGKζ KO CD8+ mice had 
significantly improved resistance to tumor growth, asso-
ciated with increased CD8+ T cell infiltration. Moreover, 
mice receiving an ACT of naïve or primed DGKζ CD8+ T 
cells exhibited improved in vivo antitumor responses.90 93 
DGK KO or pharmacological inhibition improved CAR- T 
cell cytotoxicity against tumors both in mouse models and 

in human CAR- T cells.8 93 94 CRISPR inactivation of two 
isoforms of DGK in CAR- T cells synergistically improved 
in vivo tumor clearance, cytokine production, prolifera-
tion and reprogrammed CAR- T cells to effector memory 
phenotype.8

Protein phosphatases
Non-receptor protein tyrosine phosphatases (PTPN)
Among this large PTPN family, at least three members 
could be considered involved in negative feedback loops 
downstream TCR signaling and were previously tested in 
the context of anticancer activity in preclinical models: 
PTPN2, PTPN6 and PTPN22. PTPN2, also known as 
TC- PTP, is a PTP mainly expressed in hematopoietic cells 
and involved in T cell signaling.95 PTPN2 directly dephos-
phorylates Lck and Fyn (SFK members) kinases both in 
CD4+ and CD8+ T cells establishing a threshold for TCR 
triggering.96 PTPN2 deletion in mouse T cells prevents 
tumor formation in a p53+/- mouse model.86 PTPN2 KO 
T cells had enhanced T cell–mediated immunosurveil-
lance, increased effector memory T cell numbers, tumor 
infiltration and produced more cytokines.86 PTPN2 
deletion in mouse CAR- T cells lead to effector memory 
phenotype (CD44+CD62LNEG) and increased expres-
sion of IFNγ, TNFα and Granzyme B making them less 
prone to exhaustion. CAR- T cells lacking PTPN2 were 
more efficient in eradicating solid tumors in mice.86 
Moreover, small molecule inhibitor of PTPN2 improved 
mouse CAR- T cell cytotoxicity as well as it was the case 
for human CAR- T cells in vitro.86 97 PTPN6 is also well 
known as SHP- 1 (Src homology 2 domain- containing 
protein tyrosine phosphatase 1). The specific deletion of 
the phosphatase SHP- 1 in naïve CD8+ T cells enhances 
their proliferation potential, cytolysis capacity in vivo 
and improved IFNγ, TNFα, IL- 2 production.98 99 ACT of 
these cells augmented mice survival in disseminated FBL 
leukemia model.100 However, no difference was found in 
tumor progression in solid tumor model of melanoma. 
Intriguingly, implementation of PD- 1 blockade demon-
strated that SHP- 1 KO CD8+ T cells were more responsive 
to anti- PD- 1 and had improved control of melanoma B16- 
F10 cell growth.101 Moreover, SHP- 1 (and partially SHP- 2) 
pharmacological inhibition improved cytotoxic capacity 
of human primary CD8+ T cells against tumor.102 As 
SHP- 1 is the closest homolog of SHP- 2 and can play some 
similar functions in T cells,46 it would be of interest to 
test a potent dual SHP- 1/-2 inhibitor in these preclinical 
models. PTPN22 can also dephosphorylate SFK members 
at their activation sites inhibiting TCR signaling initia-
tion.103 104 In ACT experiments, it was demonstrated that 
primed CD8+ PTPN22 KO mouse T cells controlled better 
tumor growth, produced more cytokines and were highly 
resistant to immunosuppressive effects of TGFβ.105–107

DUSP2 (dual specificity phosphatase 2)
DUSP family member DUSP2 (PAC1) is upregulated 
in exhausted tumor- infiltrated T lymphocytes. Indeed, 
DUSP2 KO mouse CD8+ TILs showed less exhaustion 
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markers (PD- 1, TIM- 3, LAG3), improved IFNγ, TNFα, 
Granzyme B production, tumor growth control and had 
enhanced survival.108 Other DUSP family members (such 
as DUSP14, DUSP22) could be also involved in the inhib-
itory feedback control of the signals encoded by the TCR 
triggering. However, their iICP capacities are not docu-
mented by mouse tumor models.

Ubiquitin ligases
MDM2 (murine double minute 2)
MDM2 is E3 ubiquitin ligase responsible for degradation 
of NFATc2. Naïve CD4+ T cells from MDM2 KO mice 
showed enhanced IL- 2 and IFNγ production on TCR 
stimulation. Adoptive CD4+ T cell transfer decreased 
tumor growth in tumor- bearing mice.109

NRDP1
NRDP1 takes part in ZAP- 70 ubiquitination.110 This 
promotes the recruitment of STS1 and STS2 phospha-
tases, which leads to ZAP- 70 dephosphorylation. On TCR 
stimulation, CD8+ T cells from Nrdp1- deficient mice had 
improved proliferation, increased signaling protein phos-
phorylation (ZAP- 70, LAT, PKC, ERK- 1/2 and JNK- 1/2), 
cytokine production (IFNγ, IL- 2), higher expression of 
key transcriptional factors Prf1 (perforin), Gzmb (Gran-
zyme B), T- bet, Eomes, associated with effector func-
tion of CD8+ T lymphocytes. Moreover, Nrdp1- deficient 
primed CD8+ T cells had a better control of syngeneic 
tumor development in a mouse model during adoptive 
cell transfer.110

GRAIL (gene related to anergy in lymphocytes)
Ubiquitin ligase GRAIL directly targets the TCR 
complex leading to TCRβ and CD3ζ subunit degrada-
tion. Mouse Grail- deficient CD4+ T cells had increased 
proliferation, activation, survival and resistance to 
anergy induction on TCR activation.111 GRAIL KO 
mice better controlled tumor growth in an experi-
mental model due to improved CD8+ T lymphocytes 
cytotoxic activity. Notably, CD8+ TILs lacking GRAIL 
had improved IFNγ and Granzyme B production and 
increased expression of IL- 21R.112

Peli1 (Pellino E3 ubiquitin protein ligase 1)
E3 ubiquitin ligase Peli1 negatively controls TCR 
signaling by two distinct ways. (1) On TCR stimulation, 
it targets c- Rel protein of NFκB family responsible for T 
cell activation, proliferation and cytokine production by 
ubiquitination leading to degradation.79 (2) After TCR 
engagement, Peli1 mediates ubiquitination of TSC1 
that improves TSC1/TSC2 dimerization. TSC1/TSC2 
dimerization inhibits mTORC1, a protein of PI3K- Akt 
pathways known for its metabolic regulations.113 Recently, 
it was shown that Peli1 KO mice better control tumor 
growth in different tumor models due to higher CD4+ 
and CD8+ T cell tumor infiltration and enhanced cyto-
kine production (IFNγ, granzymes) in these cells.113

Deubiquitination enzymes
A20
The ubiquitin- editing enzyme A20 (also known as tumor 
necrosis factor-α-induced gene 3, TNFAIP3) removes 
ubiquitin chains on activated MALT1 in the CBM complex 
(see box 2b in figure 1). Deubiquitinated MALT1 does 
not interact with IKK stopping NFκB activation on TCR 
stimulation.114 A20 KO CD8+ T cells demonstrate higher 
cytokine production (IFNγ, TNFα, IL- 2) and cytotox-
icity (Granzyme B). ACT of in vitro pre- stimulated A20 
KO CD8+ T cells shows a significant reduction of tumor 
growth in mouse melanoma model.115 116

Hydrolases
RASA2 (RAS p21 protein activator 2)
Genome wide CRISPR screen in primary human CD8+ T 
cells reveals that Ras- GTPase RASA2 KO enhances human 
CD8+ T cell proliferation and in vitro anti- cancer func-
tion.117 Recently, RASA2 ablation improved in vivo tumor 
control during adoptive cell transfer of engineered T 
cells in multiple xenograft models.118

Scaffold proteins
Dok (Downstream of kinases) family
Members of Dok (for Downstream of kinases) family proteins 
play a role in negative regulation of TCR signaling.3 119 120 
For instance, Dok1 and Dok2 proteins recruit different 
negative enzymes such as Csk, SHIP- 1 or Ras- GAP estab-
lishing a platform for these proteins and recruiting them 
in close proximity to the LAT signalosome. Recently, our 
group demonstrated that Dok- 1/2 exert their negative 
role mainly in primed CD8+ T cell showing an improve-
ment of Akt and Erk phosphorylation on TCR engage-
ment. Unexpectedly, Dok- 1/2 KO mice did not improve 
tumor cell cytotoxicity in vitro and in vivo, probably due 
to re- wiring of T cells signaling in absence of Dok- 1/2.121

LRCH1 (leucine-rich repeats and calponin homology domain 
containing 1)
LRCH1 is a negative regulator of TCR signaling that binds 
directly to LAT, disturbing LAT signalosome leading 
to LAT endocytosis. LRCH1 deficiency improves TCR 
signaling in CD8+ T cells. CD8+ T cells lacking LRCH1 
have increased cytokine production, activation and prolif-
eration on TCR stimulation. ACT of LRCH1 KO CD8+ T 
cells improved tumor control in mice. LRCH1 invalida-
tion by CRISPR- Cas9 in human primary T cells improved 
IFNγ production, proliferation and migration of these 
cells.122

Unknown mechanism
TNF receptor-associated factor 6
TRAF6 is an adaptor protein that mediates numerous 
protein- protein interactions and a RING E3 ubiquitin 
ligase. TRAF6 negatively regulates PI3K signaling.84 On 
the contrary, TRAF6 is important in CBM (Carma1- 
Bcl10- MALT1) complex formation necessary for IKK 
activation and nuclear translocation of NFκB.123 Lack of 
NFκB results in impaired maturation and activation of 
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regulatory T cells (Treg), known for their immunosup-
pression in tumor sites.124 Treatment of tumor- bearing 
mice with TRAF6 interaction peptide inhibitor improved 
cytokine production in TILs, restrained tumor develop-
ment in mice, that was associated with restricted Treg 
migration into tumors.125

OTHER PERSPECTIVE FOR CLINICAL APPLICATION OF IICPS
We review here more than 30 TCR signaling inhibitory 
intracellular proteins. The vast majority of them were discov-
ered in the last 5 years and remain under intense investiga-
tions prior to validation in preclinical tumor models. The 
summary of these proteins could be found in table 1. The 

mouse tumor models used here highlight the possibility to 
target genetically the potential iICP gene expression in TILs 
or CAR- T cells for developing clinical trials (see discussion 
below). However, a pharmacological iICP inhibition could 
also be taken into account. Some syngeneic mouse models 
could be used to evaluate a broad impact of these inhibitors, 
as it was shown for MDM2 inhibitors which promoted the 
recognition of tumor cells by T cells.126 127

DISCUSSION
The development of gene engineering and synthetic 
biology extend greatly the possibilities of cancer immu-
notherapies. Indeed, immunotherapies are based on 
the fundamental immunology knowledge and technical 

Table 1 Other perspective for clinical application of iICPs

Protein Targeted protein Mechanism of targeting Preclinical trials References

A20 MALT1 Deubiquitination Yes 115 116

CMIP LCK, FYN Not determined No 155

Csk LCK, FYN Phosphorylation No 156 157

CYLD TAK1 Deubiquitination No 80

DELTEX1 PLCγ1, PKC, MEKK Ubiquitination No 83 158

DGK DAG Phosphorylation Yes 8

DOK family LCK, PI3K, RAS Sequestration Yes 121

DRAK2 Not determined Phosphorylation No 87

DUSP2 ERK Dephosphorylation Yes 108

Fam49B RAC1 Sequestration No 159

GAB2/3 PI3K- AKT Sequestration No 160

GRAIL TCRβ, CD3ζ Ubiquitination Yes 112

GRAP ERK Sequestration No 161

LAX/ALX NFAT Sequestration No 162

LRCH1 LAT Sequestration Yes 122

MDM2 NFAT Ubiquitination Yes 109

NEDD4 Family PLCγ1, PKC Ubiquitination No 163

NRDP1 ZAP- 70 Ubiquitination Yes 110

NTAL GRB2 Sequestration No 164

PAG CSK Sequestration No 85

Peli1 c- REL, TSC1 Ubiquitination Yes 113

PTEN PI3K Dephosphorylation No 165

PTPN2 LCK, FYN Dephosphorylation Yes 86 97

PTPN22 FYN, LYN Dephosphorylation Yes 105–107

RASA2 RAS Hydrolysis Yes 118

RASA3 RAP1 Hydrolysis No 166

SHIP- 1 PI3K Dephosphorylation No 167 168

SHP- 1 LCK, ZAP- 70, PI3K Dephosphorylation Yes 98–100

SIT ZAP- 70, LAT, PLCγ1, AKT Dephosphorylation No 169

SOCS family LCK, PI3K Ubiquitination No 170 171

TIPE2 IKK, MEKK Phosphorylation No 172

TRAF6 PI3K Not determined Yes 125

TULA family ZAP- 70 Dephosphorylation No 173 174

iICP, intracellular immune checkpoint.  on A
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possibilities. Gene modification tools such as TALEN 
or CRISPR- Cas9 and their validation in clinical trials 
extended our clinical interest beyond the cell surface. 
Genetically modified cells have been approved recently 
for clinical use. Consecutively, it opened new avenues to 
engineer more extensively T cells, reaching previously 
inaccessible targets such as iICPs. Currently, numerous 
tools to modulate iICPs expression or activity are avail-
able (figure 3): small molecules able to inhibit the 
activity of iICPs, methods of in vivo targeted proteolysis 
of iICPs (PROTAC), in vitro gene silencing by interfer-
ence (siRNA, ASO, CRISPR interference) and gene 
editing (CRISPR- Cas9, TALEN). These methods could 
be realized in different vector and non- vector- based 
delivery approaches. These technologies are constantly 
improving, thus expanding the toolbox to develop new 
strategies for immunotherapies.

Modern T cell–based immunotherapeutic approaches 
use different tumor- specific antigen receptors such as 
conventional TCRs (TILs), engineered TCRs (TCR- T), 
chimeric antigen receptor (CAR) or brand new T cell 
receptor fusion constructs (TRuC), that combine TCR 
and CAR by expression of one of TCR chains fused to 
scFv fragment.128–132 However, each antigen receptor 
type differs from others in antigen sensitivity, triggering 
mechanisms, immune synapse formation and signaling 

pathways. All these mechanisms need further investiga-
tions as adequate understanding of antigenic receptor 
signaling in each case could improve clinical outcome in 
patients. Recently, several data compared the first clini-
cally validated artificial antigenic receptor, CAR, with 
conventional TCR signaling.11 133 Actually, CAR and TCR 
use similar signal transduction molecular pathways but 
the magnitude and kinetics of phosphorylation events 
are different.134 135 In this context, it is also important 
to know if these iICPs are able to control the encoding 
signals downstream of CAR. Some of these proteins, 
involved in negative feedback loops downstream the TCR 
signaling, have been challenged in different kinds of 
CARs. Indeed, targeting PTPN2, DGK, HPK1, and Cbl- b 
is also efficient in the context of CAR- T cells.8–10 86 More-
over, CAR structure might impact signalosome formation 
as 4- 1BB- CAR recruit Themis- SHP1 complex, but it is not 
the case for CD28- CAR.136 On the contrary, PD- 1- SHP2 
has greater suppressor effect in CD28- CAR.137 Therefore, 
the construction of T cell antigenic receptor is crucial 
for signaling and subsequent biological effect, and this 
should be considered for improvement of T cell activa-
tion via targeting of TCR signaling inhibitory loops.

Most of the early studies on T cell signaling were 
performed on T cell lines and primary CD4+ T cells.3 
However, the role of the iICPs should be considered 

Figure 3 iICP targeting. Numerous methods to target iICPs were developed recently for in vitro/ex vivo and in vivo application 
in line with their possible clinical use: adoptive cell transfer (TILs, CAR- T, TCR- T) and systemic therapy. Targeting could 
be performed at different levels of iICP protein expression or activity. It could be done by irreversible gene modification or 
temporary inhibition. It could act on iICP expression, protein function or key interactions with partner proteins. CAR- T, chimeric 
antigen receptor T cell; iICP, intracellular immune checkpoint; TCR, T cell receptor; TIL, tumor- infiltrated lymphocyte.
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in different T cell subsets involved in immunotherapy 
such as exhausted CD8+ T cells inside the tumor or in 
vitro expanded T cells in the context of CAR- T cells 
and ACT. Some differences in TCR signalosome forma-
tion could be suggested among T cell subsets. The first 
evidence of TCR signalosome difference between naïve 
and memory T cells was revealed as memory CD4+ T 
cells had less tyrosine phosphorylated proteins on TCR 
engagement, notably ZAP- 70.138 These data suggest that 
there is a rearrangement of TCR signalosome on the 
passage to the memory state, meaning that inhibitory 
mechanisms of TCR signal propagation may have spec-
ificity toward the naïve or memory TCR configuration. 
However, the composition and dynamics of the proximal 
TCR signal transduction protein network seems to be 
largely conserved between human expanded CD4+ and 
CD8+ T cells.139 And for instance, the iICP, HPK1 binds to 
SLP- 76 on TCR triggering with similar kinetics in human 
expanded CD4+ and CD8+ T cells.139

ACT therapy for cancer treatment is rapidly expanding 
notably after the clinical acceptance of CAR- T cells. 
Other immune cells with cytotoxic potential are currently 
being tested. This is the case for NK and γδ T cells.140–143 
Recently, the engineering and clinical efficacy of CAR- NK 
or CAR- γδ T cells were demonstrated.144–147 Interestingly, 
it is known that NK and γδ T cells activating receptors 
(NCRs, NKG2D and γδ TCR) share similar signaling acti-
vating machinery as αβ TCR.148 149 Therefore, several 
signaling inhibiting loops are shared and impact the acti-
vation of these cells. Targeting these inhibiting proteins 
may improve ACT using NK and γδ T cells. Notably, 
Cbl- b- deficient NK cells show improved cytotoxicity, anti-
tumor immunity and metastasis control in vivo.150 NK 
cells lacking HPK1 have increased cytotoxicity against 
NK sensitive murine lymphoma cell, YAC- 1.72 DOK1 and 
DOK2 are induced on NK activating receptor engage-
ment and their ablation enhanced IFNγ production after 
stimulation.151 Recently, our team showed that CISH 
depletion specifically in NK cells improves NCR signaling, 
proliferation, cytokine production and antitumor activity 
in vitro and in vivo.152 Furthermore, the investigation of 
other inhibitory proteins implications in NK and γδ T cell 
activation may open a large window of opportunities for 
ACT cancer immunotherapy improvements.

In this review, we were focused on iICPs that nega-
tively control TCR signaling. However, T cell activation 
is a complex process including cytokine signaling as 
well. It was demonstrated that some iICPs such as PTPN2 
and CISH might negatively regulate cytokine signaling 
pathway JAK- STAT, therefore contributing to T cell acti-
vation improvement also by this mechanism.153 154

CONCLUSION
Immunotherapies are showing encouraging results in 
disease management for patients with cancer. Histori-
cally, most efforts are focused on targeting molecules 
expressed at the surface of immune cells. As described 

here, there are several promising avenues to target intra-
cellular molecules. We have now entered the era where 
cell therapy and genetic modification of a cell is possible. 
These approaches will complement current immuno-
therapy strategies and can also be used in combination 
with other treatments such as those based on immune 
checkpoint inhibitor, CAR- T cells, targeted therapies 
and more. However, immune cell signaling needs to be 
studied in detail prior to propose these new innovative 
treatments.

Although we focused on targeting iICPs in T cells in this 
review, other cytotoxic cells may be used in the future. 
NK and γδ T cells have different properties in tumor cell 
recognition, alloreactivity or persistence. Interestingly, 
these cytotoxic lymphocytes share some mechanisms of 
signaling and activation with conventional T cells, thus 
targeting aforementioned iICPs may be of interest in 
these cells. Inhibitory proteins mentioned in this review 
and proteins not yet identified or studied in the context of 
TCR signaling have a great potential to improve existing 
cell- based immunotherapies of cancer and are expected 
to upgrade cancer treatments in the near future.

Twitter Vladimir Laletin @lavolodon, Pierre- Louis Bernard @PL_Bernard, Geoffrey 
Guittard @Geoffguittard and Jacques A Nunes @NUNESJacques1

Acknowledgements The authors wish to thank Thomas Miller (CRCM, Marseille) 
for critical reading and to improve language quality of the manuscript.

Contributors VL, P- LB, CCDS, GG and JAN planned and wrote the review.

Funding VL was supported by a doctoral fellowship from Aix- Marseille Université, 
then by the Fondation ARC. P- LB and CCDS were supported by doctoral fellowships 
from La Ligue Nationale contre le Cancer. GG was supported by a post- doctoral 
fellowship by the Janssen Horizon Fonds de dotation, then the fondation Bristol- 
Myers Squibb. This work is supported by institutional grants from the Institut 
National de la Santé et de la Recherche Médicale (Inserm), Centre National de la 
Recherche Scientifique (CNRS) and Aix Marseille Université to CRCM; by project 
grants from the Fondation ARC pour la recherche sur le Cancer (PJA20191209406), 
the Janssen Horizon Fonds de dotation and the fondation Bristol- Myers Squibb. 
Centre de recherche en Cancérologie de Marseille (Inserm U1068) and the Institut 
Paoli Calmettes are members of OPALE Carnot Institute, The Organization for 
Partnerships in Leukemia, Institut de Recherche Saint- Louis, Hôpital Saint- Louis, 
75010 Paris, France.

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY- NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non- commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non- commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Geoffrey Guittard http://orcid.org/0000-0002-6061-8553
Jacques A Nunes http://orcid.org/0000-0003-4865-0400

REFERENCES
 1 Gonzalez H, Hagerling C, Werb Z. Roles of the immune system in 

cancer: from tumor initiation to metastatic progression. Genes Dev 
2018;32:1267–84. 

 2 Daniels MA, Teixeiro E. Tcr signaling in T cell memory. Front 
Immunol 2015;6:617. 

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005845 on 22 M

ay 2023. D
ow

nloaded from
 

https://twitter.com/lavolodon
https://twitter.com/PL_Bernard
https://twitter.com/Geoffguittard
https://twitter.com/NUNESJacques1
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0002-6061-8553
http://orcid.org/0000-0003-4865-0400
http://dx.doi.org/10.1101/gad.314617.118
http://dx.doi.org/10.3389/fimmu.2015.00617
http://dx.doi.org/10.3389/fimmu.2015.00617
http://jitc.bmj.com/


11Laletin V, et al. J Immunother Cancer 2023;11:e005845. doi:10.1136/jitc-2022-005845

Open access

 3 Acuto O, Di Bartolo V, Michel F. Tailoring T- cell receptor signals 
by proximal negative feedback mechanisms. Nat Rev Immunol 
2008;8:699–712. 

 4 De Sousa Linhares A, Leitner J, Grabmeier- Pfistershammer K. Not 
all immune checkpoints are created equal. Front Immunol 1909;9.

 5 Wherry EJ, Kurachi M. Molecular and cellular insights into T cell 
exhaustion. Nat Rev Immunol 2015;15:486–99. 

 6 Nguyen LT, Ohashi PS. Clinical blockade of PD1 and LAG3 -- 
potential mechanisms of action. Nat Rev Immunol 2015;15:45–56. 

 7 Palmer DC, Guittard GC, Franco Z, et al. Cish actively silences TCR 
signaling in CD8+ T cells to maintain tumor tolerance. J Exp Med 
2015;212:2095–113. 

 8 Jung I- Y, Kim Y- Y, Yu H- S, et al. Crispr/Cas9- Mediated knockout 
of DGK improves antitumor activities of human T cells. Cancer Res 
2018;78:4692–703. 

 9 Kumar J, Kumar R, Kumar Singh A, et al. Deletion of Cbl- b inhibits 
CD8+ T- cell exhaustion and promotes CAR T- cell function. J 
Immunother Cancer 2021;9:e001688. 

 10 Si J, Shi X, Sun S, et al. Hematopoietic progenitor kinase1 (HPK1) 
mediates T cell dysfunction and is a druggable target for T cell- 
based immunotherapies. Cancer Cell 2020;38:551–66. 

 11 Wu L, Wei Q, Brzostek J, et al. Signaling from T cell receptors 
(TCRs) and chimeric antigen receptors (CARS) on T cells. Cell Mol 
Immunol 2020;17:600–12.

 12 Linney ID, Kaila N. Inhibitors of immuno- oncology target 
HPK1- a patent review (2016 to 2020). Expert Opin Ther Pat 
2021;31:893–910. 

 13 Raguram A, Banskota S, Liu DR. Therapeutic in vivo delivery of 
gene editing agents. Cell 2022;185:2806–27. 

 14 Courtney AH, Lo W- L, Weiss A. Tcr signaling: mechanisms of 
initiation and propagation. Trends Biochem Sci 2018;43:108–23. 

 15 Alcover A, Alarcón B, Di Bartolo V. Cell biology of T cell receptor 
expression and regulation. Annu Rev Immunol 2018;36:103–25. 

 16 Nika K, Soldani C, Salek M, et al. Constitutively active Lck kinase 
in T cells drives antigen receptor signal transduction. Immunity 
2010;32:766–77. 

 17 Ballek O, Valečka J, Manning J, et al. The pool of preactivated Lck 
in the initiation of T- cell signaling: a critical re- evaluation of the Lck 
standby model. Immunol Cell Biol 2015;93:384–95. 

 18 Salmond RJ, Filby A, Qureshi I, et al. T- Cell receptor proximal 
signaling via the Src- family kinases, Lck and Fyn, influences 
T- cell activation, differentiation, and tolerance. Immunol Rev 
2009;228:9–22. 

 19 Gaud G, Lesourne R, Love PE. Regulatory mechanisms in T cell 
receptor signalling. Nat Rev Immunol 2018;18:485–97. 

 20 Balagopalan L, Coussens NP, Sherman E, et al. The LAT story: a 
tale of cooperativity, coordination, and choreography. Cold Spring 
Harb Perspect Biol 2010;2:a005512. 

 21 Voisinne G, Kersse K, Chaoui K, et al. Quantitative interactomics 
in primary T cells unveils TCR signal diversification extent and 
dynamics. Nat Immunol 2019;20:1530–41. 

 22 Huang YH, Sauer K. Lipid signaling in T- cell development and 
function. Cold Spring Harb Perspect Biol 2010;2:a002428. 

 23 Andreotti AH, Schwartzberg PL, Joseph RE, et al. T- Cell signaling 
regulated by the Tec family kinase, Itk. Cold Spring Harb Perspect 
Biol 2010;2:a002287. 

 24 Kim EH, Suresh M. Role of PI3K/Akt signaling in memory CD8 T cell 
differentiation. Front Immunol 2013;4:20. 

 25 Barnes SE, Wang Y, Chen L, et al. T cell- NF-ΚB activation is 
required for tumor control in vivo. J Immunother Cancer 2015;3:1. 

 26 Thome M, Charton JE, Pelzer C, et al. Antigen receptor signaling to 
NF-ΚB via Carma1, Bcl10, and Malt1. Cold Spring Harb Perspect 
Biol 2010;2:a003004.

 27 Atsaves V, Leventaki V, Rassidakis GZ, et al. Ap- 1 transcription 
factors as regulators of immune responses in cancer. Cancers 
(Basel) 2019;11:1037. 

 28 Macian F. Nfat proteins: key regulators of T- cell development and 
function. Nat Rev Immunol 2005;5:472–84. 

 29 Billadeau DD, Nolz JC, Gomez TS. Regulation of T- cell activation by 
the cytoskeleton. Nat Rev Immunol 2007;7:131–43. 

 30 Pagès F, Ragueneau M, Rottapel R, et al. Binding of 
phosphatidylinositol- 3- OH kinase to CD28 is required for T- cell 
signalling. Nature 1994;369:327–9. 

 31 Roncagalli R, Cucchetti M, Jarmuzynski N, et al. The scaffolding 
function of the RLTPR protein explains its essential role for 
CD28 co- stimulation in mouse and human T cells. J Exp Med 
2016;213:2437–57. 

 32 Sitaram P, Uyemura B, Malarkannan S, et al. Beyond the cell 
surface: targeting intracellular negative regulators to enhance T cell 
anti- tumor activity. Int J Mol Sci 2019;20:5821. 

 33 Whiteside TL. Immune suppression in cancer: effects on immune 
cells, mechanisms and future therapeutic intervention. Semin 
Cancer Biol 2006;16:3–15. 

 34 Khalaf K, Hana D, Chou JT- T, et al. Aspects of the tumor 
microenvironment involved in immune resistance and drug 
resistance. Front Immunol 2021;12:656364. 

 35 Dyck L, Mills KHG. Immune checkpoints and their inhibition in 
cancer and infectious diseases. Eur J Immunol 2017;47:765–79. 

 36 Caspi RR. Immunotherapy of autoimmunity and cancer: the penalty 
for success. Nat Rev Immunol 2008;8:970–6. 

 37 Ramos- Casals M, Brahmer JR, Callahan MK, et al. Immune- Related 
adverse events of checkpoint inhibitors. Nat Rev Dis Primers 
2020;6:38. 

 38 Waterhouse P, Penninger JM, Timms E, et al. Lymphoproliferative 
disorders with early lethality in mice deficient in CTLA- 4. Science 
1995;270:985–8. 

 39 Tivol EA, Borriello F, Schweitzer AN, et al. Loss of CTLA- 4 leads to 
massive lymphoproliferation and fatal multiorgan tissue destruction, 
revealing a critical negative regulatory role of CTLA- 4. Immunity 
1995;3:541–7. 

 40 Nishimura H, Okazaki T, Tanaka Y, et al. Autoimmune dilated 
cardiomyopathy in PD- 1 receptor- deficient mice. Science 
2001;291:319–22. 

 41 Ye W, Olsson- Brown A, Watson RA, et al. Checkpoint- blocker- 
induced autoimmunity is associated with favourable outcome in 
metastatic melanoma and distinct T- cell expression profiles. Br J 
Cancer 2021;124:1661–9. 

 42 Das S, Johnson DB. Immune- Related adverse events and anti- 
tumor efficacy of immune checkpoint inhibitors. J Immunother 
Cancer 2019;7:306. 

 43 Yokosuka T, Takamatsu M, Kobayashi- Imanishi W, et al. 
Programmed cell death 1 forms negative costimulatory 
microclusters that directly inhibit T cell receptor signaling by 
recruiting phosphatase SHP2. J Exp Med 2012;209:1201–17. 

 44 Rota G, Niogret C, Dang AT, et al. Shp- 2 is dispensable for 
establishing T cell exhaustion and for PD- 1 signaling in vivo. Cell 
Rep 2018;23:39–49. 

 45 Chemnitz JM, Parry RV, Nichols KE, et al. Shp- 1 and SHP- 2 
associate with immunoreceptor tyrosine- based switch motif of 
programmed death 1 upon primary human T cell stimulation, 
but only receptor ligation prevents T cell activation. J Immunol 
2004;173:945–54. 

 46 Celis- Gutierrez J, Blattmann P, Zhai Y, et al. Quantitative 
interactomics in primary T cells provides a rationale for concomitant 
PD- 1 and BTLA coinhibitor blockade in cancer immunotherapy. Cell 
Rep 2019;27:3315–30. 

 47 Paolino M, Penninger JM. Cbl- B in T- cell activation. Semin 
Immunopathol 2010;32:137–48. 

 48 Jafari D, Mousavi MJ, Keshavarz Shahbaz S, et al. E3 ubiquitin 
ligase Casitas B lineage lymphoma- B and its potential therapeutic 
implications for immunotherapy. Clin Exp Immunol 2021;204:14–31. 

 49 Fang D, Wang HY, Fang N, et al. Cbl- B, a RING- type E3 ubiquitin 
ligase, targets phosphatidylinositol 3- kinase for ubiquitination in T 
cells. J Biol Chem 2001;276:4872–8. 

 50 Fang D, Liu YC. Proteolysis- independent regulation of PI3K by Cbl- 
b- mediated ubiquitination in T cells. Nat Immunol 2001;2:870–5. 

 51 Guo H, Qiao G, Ying H, et al. E3 ubiquitin ligase Cbl- b regulates 
PTEN via Nedd4 in T cells independently of its ubiquitin ligase 
activity. Cell Rep 2012;1:472–82. 

 52 Chiang YJ, Kole HK, Brown K, et al. Cbl- B regulates the CD28 
dependence of T- cell activation. Nature 2000;403:216–20. 

 53 Fujiwara M, Anstadt EJ, Clark RB. Cbl- B deficiency mediates 
resistance to programmed death- ligand 1/programmed death- 1 
regulation. Front Immunol 2017;8:42. 

 54 Peer S, Baier G, Gruber T. Cblb- deficient T cells are less susceptible 
to PD- L1- mediated inhibition. Oncotarget 2017;8:41841–53. 

 55 Li D, Gál István, Vermes C, et al. Cutting edge: Cbl- b: one of the key 
molecules tuning CD28- and CTLA- 4- mediated T cell costimulation. 
J Immunol 2004;173:7135–9.

 56 Stromnes IM, Blattman JN, Tan X, et al. Abrogating Cbl- b in 
effector CD8 (+) T cells improves the efficacy of adoptive therapy of 
leukemia in mice. J Clin Invest 2010;120:3722–34. 

 57 Chiang JY, Jang IK, Hodes R, et al. Ablation of Cbl- b provides 
protection against transplanted and spontaneous tumors. J Clin 
Invest 2007;117:1029–36. 

 58 Loeser S, Loser K, Bijker MS, et al. Spontaneous tumor rejection by 
cbl- b- deficient CD8+ T cells. J Exp Med 2007;204:879–91. 

 59 Zhou S- K, Chen W- H, Shi Z- D, et al. Silencing the expression 
of Cbl- b enhances the immune activation of T lymphocytes 
against RM- 1 prostate cancer cells in vitro. J Chin Med Assoc 
2014;77:630–6. 

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005845 on 22 M

ay 2023. D
ow

nloaded from
 

http://dx.doi.org/10.1038/nri2397
http://dx.doi.org/10.1038/nri3862
http://dx.doi.org/10.1038/nri3790
http://dx.doi.org/10.1084/jem.20150304
http://dx.doi.org/10.1158/0008-5472.CAN-18-0030
http://dx.doi.org/10.1136/jitc-2020-001688
http://dx.doi.org/10.1136/jitc-2020-001688
http://dx.doi.org/10.1016/j.ccell.2020.08.001
http://dx.doi.org/10.1038/s41423-020-0470-3
http://dx.doi.org/10.1038/s41423-020-0470-3
http://dx.doi.org/10.1080/13543776.2021.1924671
http://dx.doi.org/10.1016/j.cell.2022.03.045
http://dx.doi.org/10.1016/j.tibs.2017.11.008
http://dx.doi.org/10.1146/annurev-immunol-042617-053429
http://dx.doi.org/10.1016/j.immuni.2010.05.011
http://dx.doi.org/10.1038/icb.2014.100
http://dx.doi.org/10.1111/j.1600-065X.2008.00745.x
http://dx.doi.org/10.1038/s41577-018-0020-8
http://dx.doi.org/10.1101/cshperspect.a005512
http://dx.doi.org/10.1101/cshperspect.a005512
http://dx.doi.org/10.1038/s41590-019-0489-8
http://dx.doi.org/10.1101/cshperspect.a002428
http://dx.doi.org/10.1101/cshperspect.a002287
http://dx.doi.org/10.1101/cshperspect.a002287
http://dx.doi.org/10.3389/fimmu.2013.00020
http://dx.doi.org/10.1186/s40425-014-0045-x
http://dx.doi.org/10.3390/cancers11071037
http://dx.doi.org/10.3390/cancers11071037
http://dx.doi.org/10.1038/nri1632
http://dx.doi.org/10.1038/nri2021
http://dx.doi.org/10.1038/369327a0
http://dx.doi.org/10.1084/jem.20160579
http://dx.doi.org/10.3390/ijms20235821
http://dx.doi.org/10.1016/j.semcancer.2005.07.008
http://dx.doi.org/10.1016/j.semcancer.2005.07.008
http://dx.doi.org/10.3389/fimmu.2021.656364
http://dx.doi.org/10.1002/eji.201646875
http://dx.doi.org/10.1038/nri2438
http://dx.doi.org/10.1038/s41572-020-0160-6
http://dx.doi.org/10.1126/science.270.5238.985
http://dx.doi.org/10.1016/1074-7613(95)90125-6
http://dx.doi.org/10.1126/science.291.5502.319
http://dx.doi.org/10.1038/s41416-021-01310-3
http://dx.doi.org/10.1038/s41416-021-01310-3
http://dx.doi.org/10.1186/s40425-019-0805-8
http://dx.doi.org/10.1186/s40425-019-0805-8
http://dx.doi.org/10.1084/jem.20112741
http://dx.doi.org/10.1016/j.celrep.2018.03.026
http://dx.doi.org/10.1016/j.celrep.2018.03.026
http://dx.doi.org/10.4049/jimmunol.173.2.945
http://dx.doi.org/10.1016/j.celrep.2019.05.041
http://dx.doi.org/10.1016/j.celrep.2019.05.041
http://dx.doi.org/10.1007/s00281-010-0197-9
http://dx.doi.org/10.1007/s00281-010-0197-9
http://dx.doi.org/10.1111/cei.13560
http://dx.doi.org/10.1074/jbc.M008901200
http://dx.doi.org/10.1038/ni0901-870
http://dx.doi.org/10.1016/j.celrep.2012.04.008
http://dx.doi.org/10.1038/35003235
http://dx.doi.org/10.3389/fimmu.2017.00042
http://dx.doi.org/10.18632/oncotarget.18360
http://dx.doi.org/10.4049/jimmunol.173.12.7135
http://dx.doi.org/10.1172/JCI41991
http://dx.doi.org/10.1172/JCI29472
http://dx.doi.org/10.1172/JCI29472
http://dx.doi.org/10.1084/jem.20061699
http://dx.doi.org/10.1016/j.jcma.2014.03.008
http://jitc.bmj.com/


12 Laletin V, et al. J Immunother Cancer 2023;11:e005845. doi:10.1136/jitc-2022-005845

Open access 

 60 Janssen E, Peters Z, Alosaimi MF, et al. Immune dysregulation 
caused by homozygous mutations in cblB. J Clin Invest 
2022;132:e154487. 

 61 Han S, Chung DC, St Paul M, et al. Overproduction of IL- 2 by Cbl- b 
deficient CD4+ T cells provides resistance against regulatory T 
cells. Oncoimmunology 2020;9:1737368. 

 62 Nikawa T, Ishidoh K. Ubiquitin ligase Cbl- b and inhibitory Cblin 
peptides. Biochimica et Biophysica Acta (BBA) - Proteins and 
Proteomics 2020;1868:140495.

 63 Whelan S, Gosling J, Mani M, et al. 98 NX- 0255, a small 
molecule Cbl- b inhibitor, expands and enhances tumor infiltrating 
lymphocytes (TIL) for use in adoptive cancer immunotherapy. J 
Immunother Cancer 2021;9(Suppl 2):A107. 

 64 Guittard G, Dios- Esponera A, Palmer DC, et al. The CISH SH2 
domain is essential for PLC-γ1 regulation in TCR stimulated CD8+ T 
cells. Sci Rep 2018;8:5336. 

 65 Liou J, Kiefer F, Dang A, et al. Hpk1 is activated by lymphocyte 
antigen receptors and negatively regulates AP- 1. Immunity 
2000;12:399–408. 

 66 Ling P, Meyer CF, Redmond LP, et al. Involvement of hematopoietic 
progenitor kinase 1 in T cell receptor signaling. J Biol Chem 
2001;276:18908–14. 

 67 Sauer K, Liou J, Singh SB, et al. Hematopoietic progenitor kinase 
1 associates physically and functionally with the adaptor proteins 
B cell linker protein and SLP- 76 in lymphocytes. J Biol Chem 
2001;276:45207–16. 

 68 Di Bartolo V, Montagne B, Salek M, et al. A novel pathway 
down- modulating T cell activation involves HPK- 1- dependent 
recruitment of 14- 3- 3 proteins on SLP- 76. J Exp Med 
2007;204:681–91. 

 69 Lasserre R, Cuche C, Blecher- Gonen R, et al. Release of serine/
threonine- phosphorylated adaptors from signaling microclusters 
down- regulates T cell activation. J Cell Biol 2011;195:839–53. 

 70 Shui J- W, Boomer JS, Han J, et al. Hematopoietic progenitor kinase 
1 negatively regulates T cell receptor signaling and T cell- mediated 
immune responses. Nat Immunol 2007;8:84–91. 

 71 Alzabin S, Pyarajan S, Yee H, et al. Hematopoietic progenitor kinase 
1 is a critical component of prostaglandin E2- mediated suppression 
of the anti- tumor immune response. Cancer Immunol Immunother 
2010;59:419–29. 

 72 Liu J, Curtin J, You D, et al. Critical role of kinase activity 
of hematopoietic progenitor kinase 1 in anti- tumor immune 
surveillance. PLoS One 2019;14:e0212670.

 73 Sawasdikosol S, Zha R, Yang B, et al. Hpk1 as a novel target for 
cancer immunotherapy. Immunol Res 2012;54:262–5. 

 74 Sawasdikosol S, Burakoff S. A perspective on HPK1 as a novel 
immuno- oncology drug target. Elife 2020;9:e55122. 

 75 Rhee I, Veillette A. Protein tyrosine phosphatases in lymphocyte 
activation and autoimmunity. Nat Immunol 2012;13:439–47. 

 76 Sendeyo K, Audard V, Zhang S, et al. Upregulation of c- mip 
is closely related to podocyte dysfunction in membranous 
nephropathy. Kidney Int 2013;83:414–25. 

 77 Diaz- Gallo L- M, Sánchez E, Ortego- Centeno N, et al. Evidence 
of new risk genetic factor to systemic lupus erythematosus: the 
UBASH3A gene. PLoS One 2013;8:e60646. 

 78 Berman- Booty LD, Eraslan R, Hanumegowda U, et al. Systemic 
loss of C- terminal Src kinase expression elicits spontaneous 
suppurative inflammation in conditional knockout mice. Vet Pathol 
2018;55:331–40. 

 79 Chang M, Jin W, Chang J- H, et al. The ubiquitin ligase peli1 
negatively regulates T cell activation and prevents autoimmunity. 
Nat Immunol 2011;12:1002–9. 

 80 Reiley WW, Jin W, Lee AJ, et al. Deubiquitinating enzyme 
CYLD negatively regulates the ubiquitin- dependent kinase 
TAK1 and prevents abnormal T cell responses. J Exp Med 
2007;204:1475–85. 

 81 Yasuda T, Bundo K, Hino A, et al. Dok- 1 and Dok- 2 are negative 
regulators of T cell receptor signaling. Int Immunol 2007;19:487–95. 

 82 Suzuki A, Yamaguchi MT, Ohteki T, et al. T cell- specific loss of 
PTEN leads to defects in central and peripheral tolerance. Immunity 
2001;14:523–34. 

 83 Hsiao H- W, Liu W- H, Wang C- J, et al. Deltex1 is a target of the 
transcription factor NFAT that promotes T cell anergy. Immunity 
2009;31:72–83. 

 84 King CG, Kobayashi T, Cejas PJ, et al. Traf6 is a T cell- intrinsic 
negative regulator required for the maintenance of immune 
homeostasis. Nat Med 2006;12:1088–92. 

 85 Davidson D, Zhong M- C, Pandolfi PP, et al. The csk- associated 
adaptor PAG inhibits effector T cell activation in cooperation 
with phosphatase PTPN22 and DOK adaptors. Cell Rep 
2016;17:2776–88. 

 86 Wiede F, Lu K- H, Du X, et al. Ptpn2 phosphatase deletion in T cells 
promotes anti- tumour immunity and CAR T- cell efficacy in solid 
tumours. EMBO J 2020;39:e103637. 

 87 McGargill MA, Wen BG, Walsh CM, et al. A deficiency in DRAK2 
results in a T cell hypersensitivity and an unexpected resistance to 
autoimmunity. Immunity 2004;21:781–91. 

 88 Inderberg EM, Mensali N, Oksvold MP, et al. Human c- Src kinase 
(Csk) overexpression makes T cells dummy. Cancer Immunol 
Immunother 2018;67:525–36. 

 89 Eichmann TO, Lass A. Dag tales: the multiple faces of diacylglycerol 
-- stereochemistry, metabolism, and signaling. Cell Mol Life Sci 
2015;72:3931–52. 

 90 Riese MJ, Grewal J, Das J, et al. Decreased diacylglycerol 
metabolism enhances ERK activation and augments CD8+ T cell 
functional responses. J Biol Chem 2011;286:5254–65. 

 91 Joshi RP, Koretzky GA. Diacylglycerol kinases: regulated controllers 
of T cell activation, function, and development. Int J Mol Sci 
2013;14:6649–73. 

 92 Singh BK, Kambayashi T. The immunomodulatory functions of 
diacylglycerol kinase ζ. Front Cell Dev Biol 2016;4:96. 

 93 Riese MJ, Wang L- CS, Moon EK, et al. Enhanced effector 
responses in activated CD8+ T cells deficient in diacylglycerol 
kinases. Cancer Res 2013;73:3566–77. 

 94 Wesley EM, Xin G, McAllister D, et al. Diacylglycerol kinase ζ (DGKζ) 
and Casitas B- lineage proto- oncogene B- deficient mice have 
similar functional outcomes in T cells but DGKζ-deficient mice have 
increased T cell activation and tumor clearance. Immunohorizons 
2018;2:107–18. 

 95 Tiganis T, Bennett AM. Protein tyrosine phosphatase function: the 
substrate perspective. Biochem J 2007;402:1–15. 

 96 Wiede F, Shields BJ, Chew SH, et al. T cell protein tyrosine 
phosphatase attenuates T cell signaling to maintain tolerance in 
mice. J Clin Invest 2011;121:4758–74. 

 97 Goh PK, Wiede F, Zeissig MN, et al. Ptpn2 elicits cell autonomous 
and non- cell autonomous effects on antitumor immunity in triple- 
negative breast cancer. Sci Adv 2022;8:eabk3338. 

 98 Sathish JG, Dolton G, Leroy FG, et al. Loss of Src homology region 
2 domain- containing protein tyrosine phosphatase- 1 increases 
CD8+ T cell- APC conjugate formation and is associated with 
enhanced in vivo CTL function. J Immunol 2007;178:330–7. 

 99 Fowler CC, Pao LI, Blattman JN, et al. Shp- 1 in T cells limits the 
production of CD8 effector cells without impacting the formation of 
long- lived central memory cells. J Immunol 2010;185:3256–67. 

 100 Stromnes IM, Fowler C, Casamina CC, et al. Abrogation of Src 
homology region 2 domain- containing phosphatase 1 in tumor- 
specific T cells improves efficacy of adoptive immunotherapy by 
enhancing the effector function and accumulation of short- lived 
effector T cells in vivo. J Immunol 2012;189:1812–25. 

 101 Snook JP, Soedel AJ, Ekiz HA, et al. Inhibition of SHP- 1 expands 
the repertoire of antitumor T cells available to respond to immune 
checkpoint blockade. Cancer Immunol Res 2020;8:506–17. 

 102 Hebeisen M, Baitsch L, Presotto D, et al. Shp- 1 phosphatase 
activity counteracts increased T cell receptor affinity. J Clin Invest 
2013;123:1044–56. 

 103 Cloutier JF, Veillette A. Cooperative inhibition of T- cell antigen 
receptor signaling by a complex between a kinase and a 
phosphatase. J Exp Med 1999;189:111–21. 

 104 Gjörloff- Wingren A, Saxena M, Williams S, et al. Characterization 
of TCR- induced receptor- proximal signaling events negatively 
regulated by the protein tyrosine phosphatase PEP. Eur J Immunol 
1999;29:3845–54. 

 105 Brownlie RJ, Garcia C, Ravasz M, et al. Resistance to TGFβ 
suppression and improved anti- tumor responses in CD8+ T cells 
lacking PTPN22. Nat Commun 2017;8:1343. 

 106 Brownlie RJ, Zamoyska R, Salmond RJ. Regulation of autoimmune 
and anti- tumour T- cell responses by PTPN22. Immunology 
2018;154:377–82. 

 107 Brownlie RJ, Wright D, Zamoyska R, et al. Deletion of PTPN22 
improves effector and memory CD8+ T cell responses to tumors. 
JCI Insight 2019;5:e127847. 

 108 Liu L, Sun Y, et al. The phosphatase PAC1 acts as a T cell 
suppressor and attenuates host antitumor immunity. Nat Immunol 
2020;21:287–97. 

 109 Zou Q, Jin J, Hu H, et al. Usp15 stabilizes MDM2 to mediate 
cancer- cell survival and inhibit antitumor T cell responses. Nat 
Immunol 2014;15:562–70. 

 110 Yang M, Chen T, Li X, et al. K33- linked polyubiquitination of 
ZAP70 by Nrdp1 controls CD8 (+) T cell activation. Nat Immunol 
2015;16:1253–62. 

 111 Nurieva RI, Zheng S, Jin W, et al. The E3 ubiquitin ligase 
Grail regulates T cell tolerance and regulatory T cell function 

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005845 on 22 M

ay 2023. D
ow

nloaded from
 

http://dx.doi.org/10.1172/JCI154487
http://dx.doi.org/10.1080/2162402X.2020.1737368
http://dx.doi.org/10.1016/j.bbapap.2020.140495
http://dx.doi.org/10.1016/j.bbapap.2020.140495
http://dx.doi.org/10.1136/jitc-2021-SITC2021.098
http://dx.doi.org/10.1136/jitc-2021-SITC2021.098
http://dx.doi.org/10.1038/s41598-018-23549-2
http://dx.doi.org/10.1016/s1074-7613(00)80192-2
http://dx.doi.org/10.1074/jbc.M101485200
http://dx.doi.org/10.1074/jbc.M106811200
http://dx.doi.org/10.1084/jem.20062066
http://dx.doi.org/10.1083/jcb.201103105
http://dx.doi.org/10.1038/ni1416
http://dx.doi.org/10.1007/s00262-009-0761-0
http://dx.doi.org/10.1371/journal.pone.0212670
http://dx.doi.org/10.1007/s12026-012-8319-1
http://dx.doi.org/10.7554/eLife.55122
http://dx.doi.org/10.1038/ni.2246
http://dx.doi.org/10.1038/ki.2012.426
http://dx.doi.org/10.1371/journal.pone.0060646
http://dx.doi.org/10.1177/0300985817747330
http://dx.doi.org/10.1038/ni.2090
http://dx.doi.org/10.1084/jem.20062694
http://dx.doi.org/10.1093/intimm/dxm015
http://dx.doi.org/10.1016/s1074-7613(01)00134-0
http://dx.doi.org/10.1016/j.immuni.2009.04.017
http://dx.doi.org/10.1038/nm1449
http://dx.doi.org/10.1016/j.celrep.2016.11.035
http://dx.doi.org/10.15252/embj.2019103637
http://dx.doi.org/10.1016/j.immuni.2004.10.008
http://dx.doi.org/10.1007/s00262-017-2105-9
http://dx.doi.org/10.1007/s00262-017-2105-9
http://dx.doi.org/10.1007/s00018-015-1982-3
http://dx.doi.org/10.1074/jbc.M110.171884
http://dx.doi.org/10.3390/ijms14046649
http://dx.doi.org/10.3389/fcell.2016.00096
http://dx.doi.org/10.1158/0008-5472.CAN-12-3874
http://dx.doi.org/10.4049/immunohorizons.1700055
http://dx.doi.org/10.1042/BJ20061548
http://dx.doi.org/10.1172/JCI59492
http://dx.doi.org/10.1126/sciadv.abk3338
http://dx.doi.org/10.4049/jimmunol.178.1.330
http://dx.doi.org/10.4049/jimmunol.1001362
http://dx.doi.org/10.4049/jimmunol.1200552
http://dx.doi.org/10.1158/2326-6066.CIR-19-0690
http://dx.doi.org/10.1172/JCI65325
http://dx.doi.org/10.1084/jem.189.1.111
http://dx.doi.org/10.1002/(SICI)1521-4141(199912)29:12<3845::AID-IMMU3845>3.0.CO;2-U
http://dx.doi.org/10.1038/s41467-017-01427-1
http://dx.doi.org/10.1111/imm.12919
http://dx.doi.org/10.1172/jci.insight.127847
http://dx.doi.org/10.1038/s41590-019-0577-9
http://dx.doi.org/10.1038/ni.2885
http://dx.doi.org/10.1038/ni.2885
http://dx.doi.org/10.1038/ni.3258
http://jitc.bmj.com/


13Laletin V, et al. J Immunother Cancer 2023;11:e005845. doi:10.1136/jitc-2022-005845

Open access

by mediating T cell receptor- CD3 degradation. Immunity 
2010;32:670–80. 

 112 Haymaker C, Yang Y, Wang J, et al. Absence of Grail promotes 
CD8+ T cell anti- tumour activity. Nat Commun 2017;8:239. 

 113 Ko C- J, Zhang L, Jie Z, et al. The E3 ubiquitin ligase peli1 regulates 
the metabolic actions of mTORC1 to suppress antitumor T cell 
responses. EMBO J 2021;40:e104532. 

 114 Düwel M, Welteke V, Oeckinghaus A, et al. A20 negatively regulates 
T cell receptor signaling to NF- kappaB by cleaving MALT1 ubiquitin 
chains. J Immunol 2009;182:7718–28. 

 115 Giordano M, Roncagalli R, Bourdely P, et al. The tumor necrosis 
factor alpha- induced protein 3 (TNFAIP3, A20) imposes a brake 
on antitumor activity of CD8 T cells. Proc Natl Acad Sci U S A 
2014;111:11115–20. 

 116 Verdeil G, Schmitt- Verhulst A- M. Unleashing antitumor T- cell 
activation without ensuing autoimmunity: the case for A20- deletion 
in adoptive CD8+ T- cell therapy. Oncoimmunology 2014;3:e958951. 

 117 Shifrut E, Carnevale J, Tobin V, et al. Genome- Wide CRISPR 
screens in primary human T cells reveal key regulators of immune 
function. Cell 2018;175:1958–71. 

 118 Carnevale J, Shifrut E, Kale N, et al. RASA2 ablation in T cells 
boosts antigen sensitivity and long- term function. Nature 
2022;609:174–82. 

 119 Gérard A, Favre C, Garçon F, et al. Functional interaction of rasGAP- 
binding proteins Dok- 1 and Dok- 2 with the Tec protein tyrosine 
kinase. Oncogene 2004;23:1594–8. 

 120 Gérard A, Ghiotto M, Fos C, et al. Dok- 4 is a novel negative 
regulator of T cell activation. J Immunol 2009;182:7681–9. 

 121 Laletin V, Bernard P- L, Montersino C, et al. Dok1 and DOK2 
regulate CD8 + T cell signaling and memory formation without 
affecting tumor cell killing. Immunology [Preprint] 2021. 

 122 Liu C, Xu X, Han L, et al. LRCH1 deficiency enhances LAT 
signalosome formation and CD8+ T cell responses against tumors 
and pathogens. Proc Natl Acad Sci U S A 2020;117:19388–98. 

 123 Sun L, Deng L, Ea C- K, et al. The TRAF6 ubiquitin ligase and 
TAK1 kinase mediate IKK activation by Bcl10 and MALT1 in T 
lymphocytes. Mol Cell 2004;14:289–301. 

 124 Grinberg- Bleyer Y, Oh H, Desrichard A, et al. Nf-Κb c- Rel is 
crucial for the regulatory T cell immune checkpoint in cancer. Cell 
2017;170:1096–108. 

 125 Wu X, Xue R, Peng H, et al. Traf6 inhibitor boosts antitumor 
immunity by impeding regulatory T cell migration in Hepa1- 6 tumor 
model. Int Immunopharmacol 2019;77:105965. 

 126 Wang HQ, Mulford IJ, Sharp F, et al. Inhibition of MDM2 promotes 
antitumor responses in p53 wild- type cancer cells through their 
interaction with the immune and stromal microenvironment. Cancer 
Res 2021;81:3079–91. 

 127 Ho JNHG, Schmidt D, Lowinus T, et al. Targeting MDM2 enhances 
antileukemia immunity after allogeneic transplantation via MHC- II 
and TRAIL- R1/2 upregulation. Blood 2022;140:1167–81. 

 128 Zhang J, Wang L. The emerging world of TCR- T cell trials 
against cancer: a systematic review. Technol Cancer Res Treat 
2019;18:153303381983106.

 129 Legut M, Sewell AK. Designer T- cells and T- cell receptors for 
customized cancer immunotherapies. Curr Opin Pharmacol 
2018;41:96–103. 

 130 Baeuerle PA, Ding J, Patel E. Synthetic truc receptors engaging 
the complete T cell receptor for potent anti- tumor response. Nat 
Commun 2087;10.

 131 Jackson HJ, Rafiq S, Brentjens RJ. Driving CAR T- cells forward. Nat 
Rev Clin Oncol 2016;13:370–83. 

 132 Rohaan MW, Wilgenhof S, Haanen JBAG. Adoptive cellular 
therapies: the current landscape. Virchows Arch 2019;474:449–61. 

 133 Salter AI, Rajan A, Kennedy JJ, et al. Comparative analysis of TCR 
and CAR signaling informs CAR designs with superior antigen 
sensitivity and in vivo function. Sci Signal 2021;14:eabe2606. 

 134 Salter AI, Ivey RG, Kennedy JJ, et al. Phosphoproteomic analysis of 
chimeric antigen receptor signaling reveals kinetic and quantitative 
differences that affect cell function. Sci Signal 2018;11:eaat6753. 

 135 Harris DT, Hager MV, Smith SN, et al. Comparison of T cell activities 
mediated by human tcrs and cars that use the same recognition 
domains. J Immunol 2018;200:1088–100. 

 136 Sun C, Shou P, Du H, et al. THEMIS- shp1 recruitment by 4- 1BB 
tunes Lck- mediated priming of chimeric antigen receptor- redirected 
T cells. Cancer Cell 2020;37:216–25. 

 137 Zolov SN, Rietberg SP, Bonifant CL. Programmed cell death protein 
1 activation preferentially inhibits  cd28. car- t cells. Cytotherapy 
2018;20:1259–66. 

 138 Farber DL, Acuto O, Bottomly K. Differential T cell receptor- 
mediated signaling in naive and memory CD4 T cells. Eur J Immunol 
1997;27:2094–101. 

 139 Nicolas P, Ollier J, Mori D, et al. Systems- level conservation of the 
proximal TCR signaling network of mice and humans. J Exp Med 
2022;219:e20211295. 

 140 Dong R, Zhang Y, Xiao H, et al. Engineering γδ T cells: recognizing 
and activating on their own way. Front Immunol 2022;13:889051.

 141 Kabelitz D, Serrano R, Kouakanou L, et al. Cancer immunotherapy 
with γδ T cells: many paths ahead of US. Cell Mol Immunol 
2020;17:925–39.

 142 Legut M, Cole DK, Sewell AK. The promise of γδ T cells and the 
γδ T cell receptor for cancer immunotherapy. Cell Mol Immunol 
2015;12:656–68. 

 143 Myers JA, Miller JS. Exploring the NK cell platform for cancer 
immunotherapy. Nat Rev Clin Oncol 2021;18:85–100. 

 144 Basar R, Daher M, Rezvani K. Next- Generation cell therapies: the 
emerging role of CAR- NK cells. Blood Adv 2020;4:5868–76. 

 145 Liu E, Marin D, Banerjee P, et al. Use of CAR- transduced natural 
killer cells in CD19- positive lymphoid tumors. N Engl J Med 
2020;382:545–53.

 146 Makkouk A, Yang XC, Barca T, et al. Off- The- Shelf Vδ1 gamma 
delta T cells engineered with glypican- 3 (GPC- 3) -specific chimeric 
antigen receptor (CAR) and soluble IL- 15 display robust antitumor 
efficacy against hepatocellular carcinoma. J Immunother Cancer 
2021;9:e003441. 

 147 Rozenbaum M, Meir A, Aharony Y, et al. Gamma- delta CAR- T cells 
show CAR- directed and independent activity against leukemia. 
Front Immunol 2020;11:1347. 

 148 Morath A, Schamel WW. Αβ and γδ T cell receptors: similar but 
different. J Leukoc Biol 2020;107:1045–55. 

 149 Vivier E, Nunès JA, Vély F. Natural killer cell signaling pathways. 
Science 2004;306:1517–9. 

 150 Paolino M, Choidas A, Wallner S, et al. The E3 ligase Cbl- b and 
TAM receptors regulate cancer metastasis via natural killer cells. 
Nature 2014;507:508–12. 

 151 Celis- Gutierrez J, Boyron M, Walzer T, et al. Dok1 and dok2 proteins 
regulate natural killer cell development and function. EMBO J 
2014;33:1928–40. 

 152 Bernard P- L, Delconte R, Pastor S, et al. Targeting CISH enhances 
natural cytotoxicity receptor signaling and reduces NK cell 
exhaustion to improve solid tumor immunity. J Immunother Cancer 
2022;10:e004244. 

 153 Flosbach M, Oberle SG, Scherer S, et al. Ptpn2 deficiency 
enhances programmed T cell expansion and survival capacity of 
activated T cells. Cell Rep 2020;32:107957. 

 154 Matsumoto A, Masuhara M, Mitsui K, et al. Cis, a cytokine inducible 
SH2 protein, is a target of the JAK- STAT5 pathway and modulates 
STAT5 activation. Blood 1997;89:3148–54.

 155 Oniszczuk J, Sendeyo K, Chhuon C, et al. CMIP is a negative 
regulator of T cell signaling. Cell Mol Immunol 2020;17:1026–41. 

 156 Schmedt C, Saijo K, Niidome T, et al. Csk controls antigen receptor- 
mediated development and selection of T- lineage cells. Nature 
1998;394:901–4. 

 157 Tan YX, Manz BN, Freedman TS, et al. Inhibition of the kinase Csk 
in thymocytes reveals a requirement for actin remodeling in the 
initiation of full TCR signaling. Nat Immunol 2014;15:186–94. 

 158 Hsu T- S, Hsiao H- W, Wu P- J, et al. Deltex1 promotes protein 
kinase Cθ degradation and sustains Casitas B- lineage lymphoma 
expression. J Immunol 2014;193:1672–80. 

 159 Shang W, Jiang Y, Boettcher M, et al. Genome- Wide CRISPR 
screen identifies FAM49B as a key regulator of actin dynamics and 
T cell activation. Proc Natl Acad Sci U S A 2018;115:E4051–60. 

 160 Wang Z, Vaughan TY, Zhu W, et al. Gab2 and Gab3 redundantly 
suppress colitis by modulating macrophage and CD8+ T- cell 
activation. Front Immunol 2019;10:486.

 161 Shen R, Ouyang Y- B, Qu C- K, et al. Grap negatively regulates 
T- cell receptor- elicited lymphocyte proliferation and interleukin- 2 
induction. Mol Cell Biol 2002;22:3230–6. 

 162 Shapiro MJ, Nguyen CT, Aghajanian H, et al. Negative regulation of 
TCR signaling by linker for activation of X cells via phosphotyrosine- 
dependent and -independent mechanisms. J Immunol 
2008;181:7055–61. 

 163 Heissmeyer V, Rao A. E3 ligases in T cell anergy -- turning immune 
responses into tolerance. Sci STKE 2004;2004:e29. 

 164 Zhu M, Koonpaew S, Liu Y, et al. Negative regulation of T cell 
activation and autoimmunity by the transmembrane adaptor protein 
lab. Immunity 2006;25:757–68. 

 165 Buckler JL, Walsh PT, Porrett PM, et al. Cutting edge: T cell 
requirement for CD28 costimulation is due to negative regulation of 
TCR signals by PTEN. J Immunol 2006;177:4262–6. 

 166 Johansen KH, Golec DP, Huang B, et al. A CRISPR screen targeting 
PI3K effectors identifies Rasa3 as a negative regulator of LFA- 1- 
mediated adhesion in T cells. Sci Signal 2022;15:eabl9169. 

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005845 on 22 M

ay 2023. D
ow

nloaded from
 

http://dx.doi.org/10.1016/j.immuni.2010.05.002
http://dx.doi.org/10.1038/s41467-017-00252-w
http://dx.doi.org/10.15252/embj.2020104532
http://dx.doi.org/10.4049/jimmunol.0803313
http://dx.doi.org/10.1073/pnas.1406259111
http://dx.doi.org/10.4161/21624011.2014.958951
http://dx.doi.org/10.1016/j.cell.2018.10.024
http://dx.doi.org/10.1038/s41586-022-05126-w
http://dx.doi.org/10.1038/sj.onc.1207283
http://dx.doi.org/10.4049/jimmunol.0802203
http://dx.doi.org/10.1101/2021.12.17.473111
http://dx.doi.org/10.1073/pnas.2000970117
http://dx.doi.org/10.1016/s1097-2765(04)00236-9
http://dx.doi.org/10.1016/j.cell.2017.08.004
http://dx.doi.org/10.1016/j.intimp.2019.105965
http://dx.doi.org/10.1158/0008-5472.CAN-20-0189
http://dx.doi.org/10.1158/0008-5472.CAN-20-0189
http://dx.doi.org/10.1182/blood.2022016082
http://dx.doi.org/10.1177/1533033819831068
http://dx.doi.org/10.1016/j.coph.2018.05.005
http://dx.doi.org/10.1038/nrclinonc.2016.36
http://dx.doi.org/10.1038/nrclinonc.2016.36
http://dx.doi.org/10.1007/s00428-018-2484-0
http://dx.doi.org/10.1126/scisignal.abe2606
http://dx.doi.org/10.1126/scisignal.aat6753
http://dx.doi.org/10.4049/jimmunol.1700236
http://dx.doi.org/10.1016/j.ccell.2019.12.014
http://dx.doi.org/10.1016/j.jcyt.2018.07.005
http://dx.doi.org/10.1002/eji.1830270838
http://dx.doi.org/10.1084/jem.20211295
http://dx.doi.org/10.3389/fimmu.2022.889051
http://dx.doi.org/10.1038/s41423-020-0504-x
http://dx.doi.org/10.1038/cmi.2015.28
http://dx.doi.org/10.1038/s41571-020-0426-7
http://dx.doi.org/10.1182/bloodadvances.2020002547
http://dx.doi.org/10.1056/NEJMoa1910607
http://dx.doi.org/10.1136/jitc-2021-003441
http://dx.doi.org/10.3389/fimmu.2020.01347
http://dx.doi.org/10.1002/JLB.2MR1219-233R
http://dx.doi.org/10.1126/science.1103478
http://dx.doi.org/10.1038/nature12998
http://dx.doi.org/10.15252/embj.201387404
http://dx.doi.org/10.1136/jitc-2021-004244
http://dx.doi.org/10.1016/j.celrep.2020.107957
http://dx.doi.org/10.1182/blood.V89.9.3148
http://dx.doi.org/10.1038/s41423-019-0266-5
http://dx.doi.org/10.1038/29802
http://dx.doi.org/10.1038/ni.2772
http://dx.doi.org/10.4049/jimmunol.1301416
http://dx.doi.org/10.1073/pnas.1801340115
http://dx.doi.org/10.3389/fimmu.2019.00486
http://dx.doi.org/10.1128/MCB.22.10.3230-3236.2002
http://dx.doi.org/10.4049/jimmunol.181.10.7055
http://dx.doi.org/10.1126/stke.2412004pe29
http://dx.doi.org/10.1016/j.immuni.2006.08.025
http://dx.doi.org/10.4049/jimmunol.177.7.4262
http://dx.doi.org/10.1126/scisignal.abl9169
http://jitc.bmj.com/


14 Laletin V, et al. J Immunother Cancer 2023;11:e005845. doi:10.1136/jitc-2022-005845

Open access 

 167 Gloire G, Erneux C, Piette J. The role of SHIP1 in T- lymphocyte life 
and death. Biochem Soc Trans 2007;35(Pt 2):277–80. 

 168 Pauls SD, Marshall AJ. Regulation of immune cell signaling by 
SHIP1: a phosphatase, scaffold protein, and potential therapeutic 
target. Eur J Immunol 2017;47:932–45. 

 169 Arndt B, Krieger T, Kalinski T, et al. The transmembrane 
adaptor protein sit inhibits TCR- mediated signaling. PLoS One 
2011;6:e23761. 

 170 Choi YB, Son M, Park M, et al. Socs- 6 negatively regulates T cell 
activation through targeting p56lck to proteasomal degradation. J 
Biol Chem 2010;285:7271–80. 

 171 Palmer DC, Restifo NP. Suppressors of cytokine signaling (SOCS) 
in T cell differentiation, maturation, and function. Trends Immunol 
2009;30:592–602. 

 172 Sun H, Gong S, Carmody RJ, et al. TIPE2, a negative regulator of 
innate and adaptive immunity that maintains immune homeostasis. 
Cell 2008;133:415–26. 

 173 San Luis B, Sondgeroth B, Nassar N, et al. Sts- 2 is a phosphatase 
that negatively regulates zeta- associated protein (ZAP) -70 and T 
cell receptor signaling pathways. J Biol Chem 2011;286:15943–54. 

 174 Cieniewicz B, Carpino N, Krug LT. Enhanced response of T cells 
from murine gammaherpesvirus 68- infected mice lacking the 
suppressor of T cell receptor signaling molecules Sts- 1 and Sts- 2. 
PLoS One 2014;9:e90196. 

 on A
pril 9, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005845 on 22 M

ay 2023. D
ow

nloaded from
 

http://dx.doi.org/10.1042/BST0350277
http://dx.doi.org/10.1002/eji.201646795
http://dx.doi.org/10.1371/journal.pone.0023761
http://dx.doi.org/10.1074/jbc.M109.073726
http://dx.doi.org/10.1074/jbc.M109.073726
http://dx.doi.org/10.1016/j.it.2009.09.009
http://dx.doi.org/10.1016/j.cell.2008.03.026
http://dx.doi.org/10.1074/jbc.M110.177634
http://dx.doi.org/10.1371/journal.pone.0090196
http://jitc.bmj.com/

	Negative intracellular regulators of T-cell receptor (TCR) signaling as potential antitumor immunotherapy targets
	Abstract
	Introduction
	TCR signaling modules
	From negative feedback loops in TCR signaling to bona fide iICPs
	iICPs in clinical trials
	SHP-2
	CBL-B
	CISH
	HPK1

	Other TCR iICPs with completed preclinical trials
	Lipid kinases
	DGKα and ζ (diacylglycerol kinases)

	Protein phosphatases
	Non-receptor protein tyrosine phosphatases (PTPN)
	DUSP2 (dual specificity phosphatase 2)

	Ubiquitin ligases
	MDM2 (murine double minute 2)
	NRDP1
	GRAIL (gene related to anergy in lymphocytes)
	Peli1 (Pellino E3 ubiquitin protein ligase 1)
	Deubiquitination enzymes
	A20

	Hydrolases
	RASA2 (RAS p21 protein activator 2)

	Scaffold proteins
	Dok (Downstream of kinases) family
	LRCH1 (leucine-rich repeats and calponin homology domain containing 1)

	Unknown mechanism
	TNF receptor-associated factor 6



	Other perspective for clinical application of iICPs
	Discussion
	Conclusion
	References


