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Abstract: Advances in immunotherapy have brought significant therapeutic benefits to many cancer
patients. Nonetheless, many cancer types are refractory to current immunotherapeutic approaches,
meaning that further targets are required to increase the number of patients who benefit from these
technologies. Protein tyrosine phosphatases (PTPs) have long been recognised to play a vital role
in the regulation of cancer cell biology and the immune response. In this review, we summarize
the evidence for both the pro-tumorigenic and tumour-suppressor function of non-receptor PTPs
in cancer cells and discuss recent data showing that several of these enzymes act as intracellular
immune checkpoints that suppress effective tumour immunity. We highlight new data showing
that the deletion of inhibitory PTPs is a rational approach to improve the outcomes of adoptive T
cell-based cancer immunotherapies and describe recent progress in the development of PTP inhibitors
as anti-cancer drugs.

Keywords: protein tyrosine phosphatase (non-receptor type); cancer immunotherapy; tumour
suppressor; oncogene; T cells; cell signalling

1. Introduction

In recent decades, the development of therapies that bypass immunosuppressive
pathways to enhance immune responses has resulted in improved outcomes in the treat-
ment of cancer. Function-blocking antibodies that target immune checkpoint receptors,
such as programmed death 1 (PD-1) or cytotoxic T lymphocyte antigen 4 (CTLA-4), have
become the standard of care for the treatment of melanoma [1] and carcinomas of the head
and neck [2], lung [3], kidney [4] and bladder [5]. Furthermore, adoptive cell therapies
(ACT) using chimeric antigen receptor T cells (CAR-T) have revolutionised the treatment
of haematological malignancies [6]. Despite these advances, many patients do not benefit
from current immunotherapy modalities; even in “immunotherapy-sensitive” cancers, such
as melanoma, ~50% of patients fail to respond to immune checkpoint inhibitors, whilst
CAR-T therapy has yet to be translated successfully to the treatment of solid tumours.
Therefore, the identification of novel targets to improve immune responses in cancer stands
to bring benefit to the majority of cancer patients.

Protein tyrosine phosphatases (PTPs) are a diverse family of enzymes that play fun-
damental roles in the propagation, regulation and termination of intracellular signalling
pathways. For a general overview of the biological functions of the PTPs, we recommend
excellent review articles [7–10]. At the most basic level, PTPs act to counteract the activity
of protein tyrosine kinases (PTKs) by removing phosphate groups from phosphorylated
tyrosine residues in signalling proteins. PTPs may have functions independent of their
phosphatase activity and typically have additional functional domains that regulate their
intracellular localisation and interaction with binding partners. Important roles for PTPs
in the regulation of cancer cell biology and immune responses to tumours have emerged.
In this review, we describe the role of PTPs, in particular non-receptor type (PTPN) fam-
ily members, in these processes with a focus on recent advances in targeting PTPs as an
approach to improving cancer immunotherapy.
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2. PTPN1 and PTPN2
2.1. Roles of PTPN1 and PTPN2 in Cell Signalling

PTPN1, commonly referred to as PTP1B, and PTPN2, referred to as T cell PTP (TC-
PTP) in some of the literature, are related phosphatases with a high degree of sequence
homology, particularly in their catalytic domains [11]. The basic domain structure of PTPN1,
PTPN2 and the other PTPs discussed in the current work is given in Figure 1. PTPN1 is
expressed in a variety of tissues and plays an important role in metabolic signalling. In
this regard, mice lacking PTPN1 display enhanced insulin sensitivity and resistance to
weight gain when fed a high-fat diet [12]. PTPN2 is also ubiquitously expressed and plays
a vital role in the regulation of Janus kinase (JAK)—signal transducer and activator of
transcription (STAT) signalling downstream of a wide variety of cytokine and growth factor
receptors. Germline deletion of Ptpn2 in mice results in stunted growth, haematopoietic
defects, anaemia, systemic inflammation and the death of homozygous animals by 5 weeks
postnatally [13,14]. In T cells, PTPN2 is a negative regulator of both T cell receptor (TCR)
signalling and JAK-STAT pathways [15,16], whilst PTPN2 polymorphisms have been
identified as risk factors for the development of autoimmunity [17].
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2.2. PTPN1 and PTPN2 as Regulators of Cancer Cell Biology

Evidence for cancer cell-intrinsic roles for PTPN1 and PTPN2 in the development
or suppression of tumour growth has emerged. For example, PTPN1 plays a positive
role in human epidermal growth factor receptor 2 (HER2) signalling during breast cancer
development [18]. Pharmacological inhibition of PTPN1 using a small molecule inhibitor
MSI-1436 antagonises HER2 signalling and blocks the growth of breast cancer xenografts
in mice [19]. In contrast, PTPN1 can also act as a tumour suppressor. Thus, lineage-specific
deletion of Ptpn1 using LysM-Cre results in the development of myeloid leukaemias [20].
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Development of leukaemia in myeloid-specific Ptpn1-deficient mice was associated with
hyperphosphorylated STAT3 and JAK-dependent signalling. Similarly, PTPN2 acts as a
tumour-suppressor protein in T cell leukaemias and triple-negative breast cancer (TNBC)
by counteracting oncogenic Src kinase and JAK-STAT signalling [21–23]. Furthermore,
loss of PTPN1 and PTPN2 expression was recently identified as an important driver of
anaplastic large cell lymphoma (ALCL) resistance to anaplastic lymphoma kinase (ALK)
inhibitors [24]. Thus, both PTPN1 and PTPN2 regulate ALK phosphorylation and activity,
whilst ALCL patients who had developed resistance to ALK inhibitors demonstrated
downregulation of PTPN1/PTPN2 expression. PTPN1 also acts to dephosphorylate another
tyrosine phosphatase family member, PTPN11 [24], which is a positive regulator of ALK-
dependent RAS/mitogen-activated protein kinase (MAPK) signalling [25]. Consequently,
the loss of PTPN1 and/or PTPN2 expression in ALCL results in hyperactive PTPN11,
MAPK and JAK-STAT signalling [24].

Evidence suggests that PTPN2 plays a key role in regulating the cell-intrinsic sensitivity
of tumour cells to immunotherapy. An in vivo CRISPR-Cas9 screen in mice identified genes
that regulate interferon-γ (IFNγ) signalling as being key determinants of B16 melanoma
sensitivity to combinations of tumour vaccines and anti-PD-L1 immunotherapy [26]. The
deletion of Ptpn2 sensitised B16 tumours to immunotherapy, whereas PTPN2 overexpres-
sion rendered cells resistant. The enhanced efficacy of immunotherapy following the loss
of PTPN2 was associated with increased granzyme B+ cytotoxic CD8+ T cell and γδ T cell
recruitment to tumours. Mechanistically, increased IFNγ-dependent JAK-STAT signalling
led to enhanced antigen processing and presentation in Ptpn2−/− B16 cells with subsequent
effects on T cell activation [26].

2.3. PTPN1 and PTPN2 as Targets in T Cell Cancer Immunotherapies

As described above, PTPN1 and PTPN2 regulate cancer development and responses
to immunotherapy. Increasing evidence also points towards an important cell-intrinsic
function for these phosphatases in regulating T cell responses to cancer. Wiede and col-
leagues demonstrated that T cell-specific deletion of Ptpn2 in mice prevented the formation
of tumours induced by p53 loss of heterozygosity [27]. Using OT-I TCR transgenic T cells
and an ovalbumin (OVA)-expressing AT3 mammary tumour cell model, these investigators
determined that Ptpn2−/− CD8+ T cell ACT enhanced tumour clearance compared to the
control T cell ACT [27]. Similarly, deletion of PTPN2 enhanced the efficacy of HER2-specific
mouse CAR-T cells, resulting in superior clearance of HER2-expressing E0771 mammary
tumours in vivo and prolonged survival. Enhanced efficacy of PTPN2-deficient CAR-T
cells was associated with elevated Lck and STAT5-dependent cytotoxic T lymphocyte (CTL)
function and superior STAT5-dependent and CXC chemokine receptor 3 (CXCR3)-mediated
homing of CAR-T cells to tumours [27]. The same research team reported a similar T cell-
intrinsic role for PTPN1 in regulating tumour immunity. Thus, they determined that
PTPN1 expression was elevated in intratumoural T cells compared to splenic counterparts,
suggesting that PTPN1 may function as an intracellular immune checkpoint [28,29]. Like
PTPN2, PTPN1 regulates STAT5-dependent signalling in T cells, whilst the deletion of
PTPN1 enhances the efficacy of CD8+ conventional T cell and CAR-T cell ACT in mouse
models of cancer [29]. In proof-of-principle studies, the deletion of PTPN1 or PTPN2 also
enhanced human CAR-T cell function in vitro [27,29], suggesting that these phosphatases
may represent valid targets for future improvements in therapeutic CAR-T design.

2.4. Dual PTPN1-PTPN2 Inhibitors as Cancer Therapeutics

The data described above suggest that the use of small molecule inhibitors to block
PTPN1/2 function has the potential to exert anti-cancer effects via acting directly on
cancer cells and by promoting anti-tumour immunity. Furthermore, acute pharmacological
inhibition may reveal distinct effects from the genetic deletion of phosphatases. Thus,
gene knockout approaches may result in some degree of functional compensation by other
phosphatases, whilst phenotypes associated with the loss of protein expression may be
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independent of phosphatase catalytic activity. Consistent with the role of the phosphatases
in limiting T cell anti-cancer responses, as described using gene knockout models, PTPN1
and PTPN2 inhibitors have been used to enhance anti-tumour immunity and sensitise
tumours to other immunotherapy modalities in pre-clinical models [27,29,30]. In recent
studies, dual inhibitors that target both phosphatases have been shown to have potent anti-
tumour effects in mouse models [31,32]. A small molecule inhibitor, ABBV-CLS-484 [31],
and a related compound-182 [32] inhibit PTPN1/PTPN2 with high selectivity over other
phosphatases and mediate anti-tumour effects via direct effects on cancer cells and via the
enhancement of NK and T cell recruitment and effector function within tumours (Table 1).
ABBV-CLS-484 was shown to have broad effects on a range of immune cells, including
T cells, natural killer (NK) cells, macrophages and dendritic cells, and had efficacy in
experimental settings in which T cell immunity was insufficient, e.g., in MHC1-deficient
tumour models [31]. Furthermore, both compounds show efficacy in mouse models that
are resistant to PD-1 blockade, without provoking overt inflammation or symptoms of
autoimmunity. These data suggest that dual blockade of PTPN1/PTPN2 might represent
an approach to overcome tumour immune evasion mechanisms. A phase I trial of the use
of ABBV-CLS-484 as a monotherapy, or in combination with anti-PD-1 or tyrosine kinase
inhibitors (TKIs), in cancer patients with locally advanced or metastatic solid tumours, is
currently underway (NCT04777994).

Table 1. Development of small molecule PTP inhibitors as anti-cancer drugs. a.s.—active site
(competitive) inhibitor. *—Trial discontinued due to lack of interest by sponsor. **—recruiting.
***—trial completed, results not yet reported.

Inhibitor (Mechanism) Target PTP(s) Stage of Development Cancers Targeted

MSI-1436 (allosteric) PTPN1 Phase I * Metastatic breast cancer
Compound 8 (a.s.) PTPN2 Pre-clinical Mouse models

PTP9 (a.s.) PTPN2 Pre-clinical Mouse models
ABBV-CLS-484 (a.s.) PTPN1/PTPN2 Phase I Locally advanced/metastatic solid tumours
Compound 182 (a.s.) PTPN1/PTPN2 Pre-clinical Mouse models
TNO155 (allosteric) PTPN11 Phase I/II Advanced solid tumours

PF-07284892 (allosteric) PTPN11 Phase I Advanced solid tumours
RMC-4630 (allosteric) PTPN11 Phase I ** Metastatic KRAS mutant tumours
BBP-398 (allosteric) PTPN11 Phase I Advanced solid tumours with KRAS-G12C
JAB-3068 (allosteric) PTPN11 Phase I Advanced solid tumours
JAB-3312 (allosteric) PTPN11 Phase I/IIa Advanced solid tumours with KRAS-G12C
RLY-1971 (allosteric) PTPN11 Phase I *** Advanced/metastatic solid tumours
HBI-2376 (allosteric) PTPN11 Phase I ** Advanced solid tumours
ET0038 (allosteric) PTPN11 Phase I Advanced solid tumours

ERAS-601 (allosteric) PTPN11 Phase I/Ib Advanced solid tumours
BR790 (allosteric) PTPN11 Phase I/IIa Advanced solid tumours

L-1 (a.s.) PTPN22 Pre-clinical Mouse models
D14/D34 (a.s.) PTPN22 Pre-clinical Mouse models

3. PTPN6 and PTPN11
3.1. Roles of PTPN6 and PTPN11 in Cell Signalling

PTPN6 and PTPN11 are related Src Homology 2 (SH2) domain-containing PTPs
(Figure 1) frequently termed SHP-1 and SHP-2, respectively (reviewed in [33,34]). PTPN6/
SHP-1 is predominantly expressed within the haematopoietic system, whereas PTPN11/SHP-2
is ubiquitously expressed. The role of PTPN6 in the regulation of the immune response
has been widely studied through the analysis of the spontaneously arising motheaten and
motheaten viable mouse strains, which lack PTPN6 expression or have reduced PTPN6
activity, and, more recently, through mouse strains with lineage-specific deletion of Ptpn6.
In the complete absence of PTPN6, mice succumb to a severe autoinflammatory disease
that is driven by the combined effects of inflammatory neutrophils, macrophages, dendritic
cells, B and T cells [35–37]. In T cells, PTPN6 is a negative regulator of Lck-dependent
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TCR signals [38] and interleukin (IL)-4-driven STAT6-dependent signalling [36]. PTPN11 is
essential for mouse embryonic development [39] and subsequent lymphopoiesis [40]. In
contrast to other phosphatases, PTPN11 has a predominantly positive regulatory role in
cell signalling, acting to enhance RAS/MAPK activation. Activating mutations in PTPN11
underlie ~50% of the cases of Noonan Syndrome, a RASopathy that presents with skeletal
malformations and congenital heart disease [41,42].

3.2. PTPN11 Is an Oncogenic Phosphatase

Activating mutations in PTPN11 have been associated with the development of
leukaemia through their effects on RAS activation [43–46]. Furthermore, cancers driven by
mutant KRAS are dependent on PTPN11 expression [47–49]. Subsequently, the anti-cancer
effects of allosteric PTPN11 inhibitors have been widely assessed in pre-clinical models
and are under evaluation in early-stage clinical trials for the treatment of cancer (reviewed
in [50,51]). As of December 2023, at least ten PTPN11 inhibitors have reached Phase I/II
clinical trials for the treatment of solid tumours either as monotherapies or in combination
with other anti-cancer drugs, including TKIs and immune checkpoint inhibitors (Table 1).
Encouragingly, the results from a Phase 1 trial indicated that the use of the allosteric
PTPN11 inhibitor PF-07284892 was able to overcome resistance to diverse TKIs in a range
of cancer types. Specifically, therapeutic effects of combined PF-07284892 + TKIs were seen
in individuals with EML4-ALK fusion-positive lung cancer, BRAFV600E-mutant colorectal
cancer, KRASG12D-mutant ovarian carcinoma and GOPC-ROS1 fusion-positive pancreatic
cancer [49].

An important question is whether PTPN11 inhibitors exert their anti-tumour function
solely via effects on cancer cells or whether they also influence the immune response to
tumours. Studies demonstrated that an allosteric PTPN11 inhibitor, RMC-4550, reduced
CT26 tumour growth in immunocompetent mice but not in recombinase activating gene 2
(RAG2)-deficient mice, indicating a requirement for adaptive lymphocytes in mediating
the protective effect [52]. In this setting, PTPN11 inhibition induced a shift in tumour
microenvironment (TME) myeloid cell populations towards an inflammatory, anti-tumour
phenotype, in part via effects on colony-stimulating factor 1 (CSF1) signalling pathways [52].
Similarly, the treatment of mice with an alternative allosteric PTPN11 inhibitor, SHP099, re-
sulted in enhanced T cell recruitment to orthotopic non-small cell lung carcinoma (NSCLC)
nodules [53]. Antibody-mediated depletion of either CD4+ or CD8+ T cells diminished
the anti-tumour effects of SHP099, suggesting an important role for T cell responses in
the protective effects of PTPN11 inhibition. Of note, the growth of B16-F10 melanomas
was suppressed in mice with specific deletion of Ptpn11 in myeloid lineages compared to
control strains [54]. Improved control of tumour growth in mice with myeloid-specific
Ptpn11-deficiency was associated with decreased myeloid-derived suppressor cell activity
and enhanced activation of tumour-infiltrating T cells [54]. In contrast, T cell-specific
deletion of Ptpn11 does not improve T cell anti-tumour responses [55], indicating that the
effects of PTPN11 inhibitors on T cell responses in cancer settings are likely to be indirect
and secondary to the modulation of myeloid cell phenotypes.

3.3. PTPN6 Acts as Tumour Suppressor

PTPN6 predominantly serves as a negative regulator of signalling. Hypermethylation
of PTPN6 is frequently seen in acute lymphoblastic leukaemia [56], multiple myeloma [57]
and mantle cell and follicular lymphomas [58], resulting in the loss of PTPN6 protein ex-
pression. Reduced PTPN6 function is associated with enhanced activatory kinase signalling
in haematological malignancies. More recently, a similar role for PTPN6 as a tumour-
suppressor in solid tumours has also been postulated (reviewed in [59]). Indeed, loss
of PTPN6 is associated with poor prognosis in hepatocellular carcinoma (HCC), whilst
in healthy hepatocytes and HCC cell lines, PTPN6 inhibits the JAK-STAT, nuclear factor
(NF)-κB and Akt-dependent signalling pathways [60]. PTPN6 has been reported to be a
negative regulator of epithelial–mesenchymal transition (EMT) and metastasis in HCC [61].
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In this regard, PTPN6 suppresses transforming growth factor beta (TGFβ)-dependent
STAT5 phosphorylation and subsequent EMT features in HCC cell lines [61].

3.4. Role of PTPN6 and PTPN11 in PD-1 Signalling and Function

A dominant role for PD-1-mediated suppression of immune responses is a feature
of many cancers. Receptor ligation leads to the recruitment of PTPN6 and PTPN11 to
an immunoreceptor tyrosine-based switch motif (ITSM) in the PD-1 intracellular tail [62].
Thus, the recruitment of phosphatases and the subsequent dephosphorylation of CD28
has been suggested to be important in mediating the inhibitory effects of PD-1 signalling
in T cells [63]. Furthermore, disruption of the ITSM region prevented PD-1-mediated
inhibition of TCR-driven proliferation and cytokine production [62], whilst a vital role for
PTPN11 in immune checkpoint receptor function in tumour-infiltrating leukocytes (TILs)
has been suggested [64–66]. However, T cell-specific deletion of Ptpn11 does not impact T
cell responses to PD-1 [55], whereas the concomitant deletion of both Ptpn6 and Ptpn11 in T
cells has been reported to abrogate the anti-tumour efficacy of PD-1 blockade in the MC38
colorectal cancer model [67] but not impede PD-1 function in other settings [68]. These data
suggest functional redundancy for PTPN6 and PTPN11 in PD-1 function.

3.5. Targeting PTPN6 to Enhance T Cell Immune Responses to Cancer

A number of studies have addressed the question of whether and how PTPN6 influ-
ences T cell responses in cancer. Conditional deletion of Ptpn6 renders conventional T cells
resistant to the inhibitory effects of regulatory T cells (Tregs) [69], a property that may be
beneficial in the suppressive TME. Knockdown of Ptpn6 expression using short hairpin
RNA (shRNA) enhanced OT-I TCR transgenic CD8+ T cell responses to B16 melanomas
expressing OVA variant proteins as tumour-associated antigens [70]. In particular, the
recruitment of Ptpn6-deficient OT-I T cells to tumours expressing low-affinity antigen was
enhanced compared to control cells. Furthermore, combining Ptpn6−/− OT-I T cell ACT
with anti-PD-1 treatment resulted in superior control of tumours expressing low-affinity
TAA compared to control ACT + PD-1 combinations [70]. Previous studies demonstrated
an enhanced capacity for motheaten F5 TCR transgenic T cells compared to control F5
T cells to control the growth of B16-NP68 tumours in ACT experiments [71], further
adding to the evidence for a negative regulatory function of PTPN6 in the control of T cell
anti-cancer responses.

The role of PTPN6 in CAR-T cells has also been assessed. The deletion of PTPN6, using
CRISPR-Cas9 technology, has been reported to enhance the cytolytic capacity of CD133-
targeting CAR-T cells in vitro and anti-tumour activity in vivo [72]. Of note, enhanced
PTPN6 expression has been associated with functional exhaustion of CAR-T cells [73].
However, rather than being a driver of exhaustion, an alternative possibility is that PTPN6
recruitment to CAR intracellular domains may act to balance T cell activation and prevent
terminal exhaustion [74]. A further factor to consider is that PTPN6 recruitment to CAR
cytosolic signalling domains appears to selectively impede T cell inflammatory cytokine
production, and thereby reduce the incidence of cytokine release syndrome without im-
peding anti-tumour activity [75]. Therefore, further studies will be required to determine
whether deleting PTPN6 has a net beneficial effect on the outcome of CAR T cell therapies.

4. PTPN22
4.1. Roles of PTPN22 in T Cell Signalling

PTPN22 is a member of the proline-, glutamic acid-, serine- and threonine-enriched
(PEST) group of phosphatases, which also includes PTP-PEST (PTPN12) and PTPN18.
Alternative names for PTPN22 include PEST-domain enriched phosphatase (PEP) and
Lymphoid phosphatase (LYP). PTPN22 is predominantly expressed in the cytoplasm of
cells of haematopoietic origin. Human and mouse PTPN22 proteins share ~70% amino
acid sequence identity, with the N-terminal catalytic domain being the most highly con-
served region. Following the catalytic domain and a long “interdomain” region, in the
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C-terminus of PTPN22, there are four proline-enriched domains termed P1-P4 that reg-
ulate protein interactions and turnover (Figure 1). Of note, the P1 region regulates the
association of PTPN22 with the Src Homology 3 (SH3) domain of C-terminal Src kinase
(CSK) [76], whilst single nucleotide polymorphisms (SNPs) in this region, which disrupt
PTPN22-CSK binding, have been identified as genetic risk factors for the development of
autoimmune diseases, such as rheumatoid arthritis, type I diabetes and systemic lupus
erythematosus [77–79].

In T cells, PTPN22 serves as a negative regulator of antigen receptor signalling and in-
fluences lymphocyte function-associated antigen 1 (LFA-1)-dependent adhesion (reviewed
in [80–82]). In brief, PTPN22 dephosphorylates activatory tyrosine residues in kinases, such
as Lck and zeta chain-associated protein kinase 70 (ZAP70), thereby dampening proximal
TCR signals, as summarized in Figure 2. In the absence of PTPN22, the threshold for
activation of T cells following TCR triggering is reduced [83,84], particularly in response to
low-affinity TCR ligands [85]. Subsequently, both mouse and human PTPN22-deficient T
cells respond more robustly to weak antigenic stimulation than PTPN22-sufficient coun-
terparts [85–87]. Furthermore, enhanced TCR-induced IL-2 secretion renders PTPN22-
deficient T cells less susceptible to the anti-proliferative effects of the immunosuppressive
cytokine TGFβ than wild-type cells [88].
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Figure 2. PTPN22 regulates proximal TCR signalling and LFA-1-dependent adhesion. Upon TCR
ligation by peptide-MHC complexes, Lck phosphorylates the immunoreceptor tyrosine-based ac-
tivation motifs of the CD3/ζ-chain complex, resulting in the recruitment and activation of ZAP70.
ZAP70 subsequently induces downstream TCR signalling and T cell activatory signals as well as
“inside-out” signalling via the GTPase Rap1. Rap1 activation results in enhanced LFA-1-dependent
adhesion processes. PTPN22 dephosphorylates tyrosine residues in TCR proximal kinases Lck and
ZAP70 to suppress T cell activation. Image created with BioRender.com.

4.2. Deletion of PTPN22 Improves T Cell Responses to Cancer

These data suggest a mechanistic basis for the regulation of autoimmunity by PTPN22
but also imply that PTPN22 expression or activity can be manipulated to enhance T cell
reactivity in cancer. In this regard, the growth of transplanted MC38 colon carcinoma
tumours is suppressed in PTPN22-deficient mice compared to control animals, particularly
in the context of PD-1 immune checkpoint blockade [89,90]. Improved control of tumour
growth in Ptpn22−/− mice is associated with enhanced cytotoxic T cell infiltration into
tumours, increased inflammatory cytokine production and alterations in myeloid cell pop-
ulations. Similar results were reported for knock-in mice that express the autoimmune
disease-associated PTPN22 R619W (equivalent to human R620W) variant [89,91]. Further-
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more, evidence suggests that expression of the PTPN22 R620W variant is associated with
enhanced responses to immune checkpoint therapies in human cancer patients [89,90]. To-
gether, these data provide evidence that PTPN22 is a key negative regulator of anti-tumour
immunity in both mice and humans.

Several approaches have been used to address the question of whether PTPN22 can
be targeted to enhance cancer immunotherapy. The deletion of PTPN22 did not improve
the in vivo anti-tumour activity of murine HER2-specific CAR-T cells [92], reflecting a lack
of effect of PTPN22-deficiency on very high-affinity T cell responses [85,86]. Nonetheless,
adoptive T cell transfer studies, using TCR transgenic T cells and ID8 ovarian carcinoma
and EL4 lymphoma cells modified to express model antigens, demonstrated an enhanced
capacity of PTPN22-deficient CD8+ T cells to clear established tumours in mice [88,93].
The enhanced anti-tumour function of PTPN22-deficient CD8+ T cells was particularly
evident in response to tumours expressing low-affinity TCR antigens and was associated
with elevated cytokine secretion and direct TCR-dependent cytotoxicity. Importantly,
memory-phenotype PTPN22-deficient CD8+ T cells, polarized in vitro in the presence of IL-
15, had the capacity to clear tumours and were retained in mice for months after tumours
became undetectable [93]. However, recent studies suggest that under conditions of
chronic stimulation, PTPN22-deficient effector CD8+ T cells can become exhausted and may
function less well than wild-type T cells in anti-cancer responses [94]. Therefore, balancing
an enhanced capacity for effector responses with an increased propensity for exhaustion is
a key concern for future targeting of PTPN22 in adoptive T cell cancer therapies.

4.3. PTPN22 Is a Druggable Target

The pharmacological inhibition of PTPN22 may also represent a valid approach to
improve anti-cancer immune responses. Ho and colleagues reported that treatment with a
PTPN22 selective inhibitor, L-1, reduces the growth of MC38 and CT26 colon carcinomas
in wild-type but not PTPN22-deficient mice [90]. L-1 treatment in WT mice phenocopies
PTPN22-deficiency in terms of enhancing T cell and myeloid cell-dependent tumour im-
munity. Importantly, L-1 appears to be non-toxic and in combination with PD-1 blockade,
results in improved control of tumour growth [90]. More recently, similar data were re-
ported using chemically distinct PTPN22 inhibitors termed D14 and D34 [95], adding to
the evidence for the utility of targeting PTPN22 to improve cancer immunity.

5. Roles for Other Tyrosine Phosphatases in Cancer Biology and Tumour Immunity
5.1. PTPN3, PTPN4 and PTPN13

PTPN3 AND PTPN4 are related phosphatases that contain band 4.1, ezrin, radixin,
moesin (FERM) and PSD-95, Dlg, ZO-1 (PDZ) domains, in addition to a C-terminal PTP
domain (Figure 1). Although implicated in the regulation of TCR signal transduction,
knockout mouse studies indicate that the deletion of PTPN3 and PTPN4 alone or in
combination does not impact T cell responses [96–98]. Nonetheless, reports have suggested
that shRNA-mediated knockdown of PTPN3 enhances human T cell responses to ovarian
cancer [99] and small-cell lung carcinoma [100] xenografts in mice. PTPN3 may also
negatively regulate dendritic cell function in cancer [101] and has tumour-suppressor
activity, which is independent of phosphatase activity, by potentiating TGFβ-driven growth
inhibitory responses in HCC cell lines [102].

PTPN13, called PTPL1, FAP1 and PTP-BL in some of the literature, has lower sequence
homology to PTPN3 and PTPN4 but also contains FERM and PDZ domains (Figure 1).
PTPN13 has been implicated in the regulation of PI3K signalling [103] and apoptosis via the
regulation of Fas death receptor expression [104]. Roles for PTPN13 in both promoting and
suppressing tumour development have been reported (reviewed in [105]). Thus, PTPN13
may suppress oncogenic Src signalling [106], whilst the loss of PTPN13 expression [107]
or germ-line mutations in PTPN13 [108] have been described in NSCLC and acute lym-
phoblastic leukaemia, respectively. PTPN13 has been described as a STAT phosphatase
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and regulates CD4+ T helper cell differentiation in mice [109]. However, to date, the role of
PTPN13 in the regulation of cancer immunity has yet to be determined.

5.2. PTPN12

PTPN12, also called PTP-PEST, is a cytosolic phosphatase that has a tumour-suppressor
function in breast cancer [110–112] and renal cell carcinoma [113]. PTPN12 function or ex-
pression is frequently lost in TNBC, whereas PTPN12 activity inhibits HER2 and epidermal
growth factor receptor (EGFR) signalling pathways and transformation. The re-expression
of PTPN12 suppresses TNBC growth and metastasis in vivo [112] and restrains RTK-
dependent signalling [111]. In T cells, PTPN12 was originally described as a negative
regulator of TCR-induced activation [114] but has subsequently been shown to be dispens-
able for primary T cell responses [115]. Instead, PTPN12 acts as a positive regulator of
secondary T cell responses via the suppression of anergy [115]. The role of PTPN12 in the
regulation of anti-cancer immune responses has yet to be defined.

5.3. CD45

CD45 is a receptor-like PTP (Figure 1) and is one of the most abundant glycopro-
teins expressed on the surface of haematopoietic cells (reviewed in [116]). CD45 can
suppress the development of T cell lymphomas in mice expressing an active Lck transgene
(LckF505) [117] and myeloproliferative phenotypes in mice expressing activating mutations
in the FLT3 RTK [118]. Furthermore, loss-of-function mutations in PTPRC, which encodes
CD45, have been detected in acute lymphoblastic leukaemia [119], suggesting that CD45
may have tumour-suppressor activity. CD45 has dual positive and negative regulatory
functions in T cells via effects on Lck phosphorylation [120–124]. In particular, CD45 exclu-
sion from the TCR–peptide–MHC interface and segregation from kinases is thought to be
important to enable activatory signals in T cells [120]. Similarly, the exclusion of CD45 from
the vicinity of CAR-surface antigen pairing is important for enabling signalling in therapeu-
tic CAR T cells [125]. The expression of longer CD45 isoforms, such as CD45RABC, results
in enhanced CAR T cell signalling and activation compared to cells expressing smaller
CD45RO isoforms [125], suggesting that the manipulation of CD45 isoform expression
could be used to tune CAR T cell activity.

6. Concluding Remarks

There has long been an understanding that PTPs play an important role in the regula-
tion of tumour cell signalling, the development of cancer and the regulation of immune
responses. As described in the current work, a wealth of data has demonstrated that a num-
ber of PTPs can be targeted to improve cancer responses via effects on therapeutic T cells
and endogenous immune responses as well as direct anti-cancer effects, as summarized in
Figure 3. In recent years, there has been an appreciation that PTPN family members, such
as PTPN1, PTPN2 and PTPN22, may serve as intracellular immune checkpoints, analogous
to the function of cell surface checkpoint receptors. As described in this review, approaches
to manipulate PTPN family expression have resulted in enhanced therapeutic function of
anti-cancer T cells and ACT responses in pre-clinical tumour models, raising the hope that
PTP family members might be targeted to improve therapeutic CAR-T or conventional
TCR-expressing T cell therapies in patients. Of note, patients are currently being recruited
to a Phase 1 trial assessing the impact of the deletion of the inhibitory signalling protein
Cish on TIL ACT therapy for lung cancer (NCT05566223). It is hoped that similar studies to
assess the impact of the deletion of inhibitory PTPs in therapeutic T cells will proceed in
the near future.

For many years, it was thought that tyrosine phosphatases were poor drug targets
due to the similarity in PTP catalytic domains between different family members and the
potential for off-target effects. However, the catalytic site-targeting drug ABBV-CLS-484
has a high degree of selectivity, inhibiting PTPN1 and PTPN2 at nanomolar concentrations
and only significantly inhibiting PTPN9, but not other PTP family proteins, at millimolar
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levels [31]. These data suggest that targeting catalytic sites remains a viable approach for
the development of selective phosphatase inhibitors. Nonetheless, the use of allosteric
inhibitors that target unique regions outside the PTP domain has expanded the potential
for selectively targeting these enzymes. Of note, allosteric PTPN11 inhibitors have shown
high specificity over the related PTPN6 whilst retaining anti-cancer effects in pre-clinical
studies and early-stage clinical trials.
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A further key consideration for the development and use of any novel drug is toxicity.
Allosteric PTPN11 inhibitors appear to have an acceptable toxicity profile in stage 1 clinical
trials, although further dose escalation studies are ongoing [49,126]. Of note, trials assessing
the efficacy of several PTPN1 inhibitors for the treatment of type 2 diabetes were halted
due to low efficacy and toxicities, including vomiting and diarrhoea [127,128]. Pre-clinical
studies suggest low toxicity of novel dual PTPN1/2 inhibitors in mice; it is hoped that
similar safety profiles are revealed in ongoing clinical trials [31]. However, given the
reported toxicities of PTPN1-selective inhibitors and the key role that PTPN1 plays in
metabolic regulation and PTPN2 plays in immune responses, it is likely that these will not
be without any side effects. In summary, the use of highly specific phosphatase inhibitors
with both anti-cancer and immune-stimulating capacity has shown great potential in mouse
models and has now reached early-stage clinical trials. The hope is that these advances in
our understanding of PTP biology will progress to the development of improved cancer
therapies in the coming years.

Funding: The work from the author’s laboratory cited in the current work was funded by Cancer
Research UK, grant number 23269, and by the University of Leeds.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author thanks R. Brownlie (University of Leeds) for the insightful comments
on the manuscript.

Conflicts of Interest: The author declares no conflict of interest.



Cells 2024, 13, 231 11 of 16

References
1. Jenkins, R.W.; Fisher, D.E. Treatment of Advanced Melanoma in 2020 and Beyond. J. Investig. Dermatol. 2021, 141, 23–31.

[CrossRef] [PubMed]
2. Cohen, E.E.W.; Bell, R.B.; Bifulco, C.B.; Burtness, B.; Gillison, M.L.; Harrington, K.J.; Le, Q.T.; Lee, N.Y.; Leidner, R.; Lewis, R.L.; et al. The

Society for Immunotherapy of Cancer consensus statement on immunotherapy for the treatment of squamous cell carcinoma of
the head and neck (HNSCC). J. Immunother. Cancer 2019, 7, 184. [CrossRef]

3. Herbst, R.S.; Baas, P.; Kim, D.W.; Felip, E.; Perez-Gracia, J.L.; Han, J.Y.; Molina, J.; Kim, J.H.; Arvis, C.D.; Ahn, M.J.; et al.
Pembrolizumab versus docetaxel for previously treated, PD-L1-positive, advanced non-small-cell lung cancer (KEYNOTE-010):
A randomised controlled trial. Lancet 2016, 387, 1540–1550. [CrossRef] [PubMed]

4. Xu, W.; Atkins, M.B.; McDermott, D.F. Checkpoint inhibitor immunotherapy in kidney cancer. Nat. Rev. Urol. 2020, 17, 137–150.
[CrossRef]

5. Ghatalia, P.; Zibelman, M.; Geynisman, D.M.; Plimack, E. Approved checkpoint inhibitors in bladder cancer: Which drug should
be used when? Ther. Adv. Med. Oncol. 2018, 10, 1758835918788310. [CrossRef]

6. Sterner, R.C.; Sterner, R.M. CAR-T cell therapy: Current limitations and potential strategies. Blood Cancer J. 2021, 11, 69. [CrossRef]
7. Tautz, L.; Critton, D.A.; Grotegut, S. Protein tyrosine phosphatases: Structure, function, and implication in human disease.

Methods Mol. Biol. 2013, 1053, 179–221. [CrossRef]
8. Tonks, N.K. Protein tyrosine phosphatases: From genes, to function, to disease. Nat. Rev. Mol. Cell Biol. 2006, 7, 833–846.

[CrossRef]
9. Tonks, N.K. Protein tyrosine phosphatases—From housekeeping enzymes to master regulators of signal transduction. FEBS J.

2013, 280, 346–378. [CrossRef] [PubMed]
10. Lee, H.; Yi, J.S.; Lawan, A.; Min, K.; Bennett, A.M. Mining the function of protein tyrosine phosphatases in health and disease.

Semin. Cell Dev. Biol. 2015, 37, 66–72. [CrossRef] [PubMed]
11. Tiganis, T. PTP1B and TCPTP—Nonredundant phosphatases in insulin signaling and glucose homeostasis. FEBS J. 2013, 280,

445–458. [CrossRef] [PubMed]
12. Elchebly, M.; Payette, P.; Michaliszyn, E.; Cromlish, W.; Collins, S.; Loy, A.L.; Normandin, D.; Cheng, A.; Himms-Hagen, J.;

Chan, C.C.; et al. Increased insulin sensitivity and obesity resistance in mice lacking the protein tyrosine phosphatase-1B gene.
Science 1999, 283, 1544–1548. [CrossRef] [PubMed]

13. You-Ten, K.E.; Muise, E.S.; Itie, A.; Michaliszyn, E.; Wagner, J.; Jothy, S.; Lapp, W.S.; Tremblay, M.L. Impaired bone marrow
microenvironment and immune function in T cell protein tyrosine phosphatase-deficient mice. J. Exp. Med. 1997, 186, 683–693.
[CrossRef]

14. Heinonen, K.M.; Nestel, F.P.; Newell, E.W.; Charette, G.; Seemayer, T.A.; Tremblay, M.L.; Lapp, W.S. T-cell protein tyrosine
phosphatase deletion results in progressive systemic inflammatory disease. Blood 2004, 103, 3457–3464. [CrossRef] [PubMed]

15. Wiede, F.; Shields, B.J.; Chew, S.H.; Kyparissoudis, K.; van Vliet, C.; Galic, S.; Tremblay, M.L.; Russell, S.M.; Godfrey, D.I.;
Tiganis, T. T cell protein tyrosine phosphatase attenuates T cell signaling to maintain tolerance in mice. J. Clin. Investig. 2011, 121,
4758–4774. [CrossRef]

16. Wiede, F.; La Gruta, N.L.; Tiganis, T. PTPN2 attenuates T-cell lymphopenia-induced proliferation. Nat. Commun. 2014, 5, 3073.
[CrossRef]

17. Todd, J.A.; Walker, N.M.; Cooper, J.D.; Smyth, D.J.; Downes, K.; Plagnol, V.; Bailey, R.; Nejentsev, S.; Field, S.F.; Payne, F.; et al.
Robust associations of four new chromosome regions from genome-wide analyses of type 1 diabetes. Nat. Genet. 2007, 39, 857–864.
[CrossRef]

18. Bentires-Alj, M.; Neel, B.G. Protein-tyrosine phosphatase 1B is required for HER2/Neu-induced breast cancer. Cancer Res. 2007,
67, 2420–2424. [CrossRef]

19. Krishnan, N.; Koveal, D.; Miller, D.H.; Xue, B.; Akshinthala, S.D.; Kragelj, J.; Jensen, M.R.; Gauss, C.M.; Page, R.; Blackledge, M.; et al.
Targeting the disordered C terminus of PTP1B with an allosteric inhibitor. Nat. Chem. Biol. 2014, 10, 558–566. [CrossRef]

20. Le Sommer, S.; Morrice, N.; Pesaresi, M.; Thompson, D.; Vickers, M.A.; Murray, G.I.; Mody, N.; Neel, B.G.; Bence, K.K.; Wilson,
H.M.; et al. Deficiency in Protein Tyrosine Phosphatase PTP1B Shortens Lifespan and Leads to Development of Acute Leukemia.
Cancer Res. 2018, 78, 75–87. [CrossRef]

21. Kleppe, M.; Lahortiga, I.; El Chaar, T.; De Keersmaecker, K.; Mentens, N.; Graux, C.; Van Roosbroeck, K.; Ferrando, A.A.;
Langerak, A.W.; Meijerink, J.P.; et al. Deletion of the protein tyrosine phosphatase gene PTPN2 in T-cell acute lymphoblastic
leukemia. Nat. Genet. 2010, 42, 530–535. [CrossRef]

22. Kleppe, M.; Soulier, J.; Asnafi, V.; Mentens, N.; Hornakova, T.; Knoops, L.; Constantinescu, S.; Sigaux, F.; Meijerink, J.P.;
Vandenberghe, P.; et al. PTPN2 negatively regulates oncogenic JAK1 in T-cell acute lymphoblastic leukemia. Blood 2011, 117,
7090–7098. [CrossRef] [PubMed]

23. Shields, B.J.; Wiede, F.; Gurzov, E.N.; Wee, K.; Hauser, C.; Zhu, H.J.; Molloy, T.J.; O’Toole, S.A.; Daly, R.J.; Sutherland, R.L.; et al.
TCPTP regulates SFK and STAT3 signaling and is lost in triple-negative breast cancers. Mol. Cell Biol. 2013, 33, 557–570. [CrossRef]

24. Karaca Atabay, E.; Mecca, C.; Wang, Q.; Ambrogio, C.; Mota, I.; Prokoph, N.; Mura, G.; Martinengo, C.; Patrucco, E.; Leonardi, G.; et al.
Tyrosine phosphatases regulate resistance to ALK inhibitors in ALK+ anaplastic large cell lymphoma. Blood 2022, 139, 717–731.
[CrossRef] [PubMed]

https://doi.org/10.1016/j.jid.2020.03.943
https://www.ncbi.nlm.nih.gov/pubmed/32268150
https://doi.org/10.1186/s40425-019-0662-5
https://doi.org/10.1016/S0140-6736(15)01281-7
https://www.ncbi.nlm.nih.gov/pubmed/26712084
https://doi.org/10.1038/s41585-020-0282-3
https://doi.org/10.1177/1758835918788310
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1007/978-1-62703-562-0_13
https://doi.org/10.1038/nrm2039
https://doi.org/10.1111/febs.12077
https://www.ncbi.nlm.nih.gov/pubmed/23176256
https://doi.org/10.1016/j.semcdb.2014.09.021
https://www.ncbi.nlm.nih.gov/pubmed/25263013
https://doi.org/10.1111/j.1742-4658.2012.08563.x
https://www.ncbi.nlm.nih.gov/pubmed/22404968
https://doi.org/10.1126/science.283.5407.1544
https://www.ncbi.nlm.nih.gov/pubmed/10066179
https://doi.org/10.1084/jem.186.5.683
https://doi.org/10.1182/blood-2003-09-3153
https://www.ncbi.nlm.nih.gov/pubmed/14726372
https://doi.org/10.1172/JCI59492
https://doi.org/10.1038/ncomms4073
https://doi.org/10.1038/ng2068
https://doi.org/10.1158/0008-5472.CAN-06-4610
https://doi.org/10.1038/nchembio.1528
https://doi.org/10.1158/0008-5472.CAN-17-0946
https://doi.org/10.1038/ng.587
https://doi.org/10.1182/blood-2010-10-314286
https://www.ncbi.nlm.nih.gov/pubmed/21551237
https://doi.org/10.1128/MCB.01016-12
https://doi.org/10.1182/blood.2020008136
https://www.ncbi.nlm.nih.gov/pubmed/34657149


Cells 2024, 13, 231 12 of 16

25. Voena, C.; Conte, C.; Ambrogio, C.; Boeri Erba, E.; Boccalatte, F.; Mohammed, S.; Jensen, O.N.; Palestro, G.; Inghirami, G.;
Chiarle, R. The tyrosine phosphatase Shp2 interacts with NPM-ALK and regulates anaplastic lymphoma cell growth and
migration. Cancer Res. 2007, 67, 4278–4286. [CrossRef] [PubMed]

26. Manguso, R.T.; Pope, H.W.; Zimmer, M.D.; Brown, F.D.; Yates, K.B.; Miller, B.C.; Collins, N.B.; Bi, K.; LaFleur, M.W.; Juneja, V.R.; et al.
In Vivo CRISPR screening identifies Ptpn2 as a cancer immunotherapy target. Nature 2017, 547, 413–418. [CrossRef]

27. Wiede, F.; Lu, K.H.; Du, X.; Liang, S.; Hochheiser, K.; Dodd, G.T.; Goh, P.K.; Kearney, C.; Meyran, D.; Beavis, P.A.; 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. [CrossRef]

28. Salmond, R.J. Unleashing T cell responses to cancer through removal of intracellular checkpoints. Immunol. Cell Biol. 2022, 100,
18–20. [CrossRef]

29. Wiede, F.; Lu, K.H.; Du, X.; Zeissig, M.N.; Xu, R.; Goh, P.K.; Xirouchaki, C.E.; Hogarth, S.J.; Greatorex, S.; Sek, K.; et al. PTP1B Is
an Intracellular Checkpoint that Limits T-cell and CAR T-cell Antitumor Immunity. Cancer Discov. 2022, 12, 752–773. [CrossRef]

30. Zhu, Z.; Tang, R.; Huff, S.; Kummetha, I.R.; Wang, L.; Li, N.; Rana, T.M. Small-molecule PTPN2 Inhibitors Sensitize Resistant
Melanoma to Anti-PD-1 Immunotherapy. Cancer Res. Commun. 2023, 3, 119–129. [CrossRef]

31. Baumgartner, C.K.; Ebrahimi-Nik, H.; Iracheta-Vellve, A.; Hamel, K.M.; Olander, K.E.; Davis, T.G.R.; McGuire, K.A.; Halvorsen, G.T.;
Avila, O.I.; Patel, C.H.; et al. The PTPN2/PTPN1 inhibitor ABBV-CLS-484 unleashes potent anti-tumour immunity. Nature 2023,
622, 850–862. [CrossRef]

32. Liang, S.; Tran, E.; Du, X.; Dong, J.; Sudholz, H.; Chen, H.; Qu, Z.; Huntington, N.D.; Babon, J.J.; Kershaw, N.J.; et al. A small
molecule inhibitor of PTP1B and PTPN2 enhances T cell anti-tumor immunity. Nat. Commun. 2023, 14, 4524. [CrossRef]

33. Neel, B.G.; Gu, H.; Pao, L. The ‘Shp’ing news: SH2 domain-containing tyrosine phosphatases in cell signaling. Trends Biochem. Sci.
2003, 28, 284–293. [CrossRef]

34. Salmond, R.J.; Alexander, D.R. SHP2 forecast for the immune system: Fog gradually clearing. Trends Immunol. 2006, 27, 154–160.
[CrossRef]

35. Abram, C.L.; Roberge, G.L.; Pao, L.I.; Neel, B.G.; Lowell, C.A. Distinct roles for neutrophils and dendritic cells in inflammation
and autoimmunity in motheaten mice. Immunity 2013, 38, 489–501. [CrossRef]

36. Johnson, D.J.; Pao, L.I.; Dhanji, S.; Murakami, K.; Ohashi, P.S.; Neel, B.G. Shp1 regulates T cell homeostasis by limiting IL-4
signals. J. Exp. Med. 2013, 210, 1419–1431. [CrossRef] [PubMed]

37. Pao, L.I.; Lam, K.P.; Henderson, J.M.; Kutok, J.L.; Alimzhanov, M.; Nitschke, L.; Thomas, M.L.; Neel, B.G.; Rajewsky, K. B
cell-specific deletion of protein-tyrosine phosphatase Shp1 promotes B-1a cell development and causes systemic autoimmunity.
Immunity 2007, 27, 35–48. [CrossRef]

38. Chiang, G.G.; Sefton, B.M. Specific dephosphorylation of the Lck tyrosine protein kinase at Tyr-394 by the SHP-1 protein-tyrosine
phosphatase. J. Biol. Chem. 2001, 276, 23173–23178. [CrossRef]

39. Saxton, T.M.; Henkemeyer, M.; Gasca, S.; Shen, R.; Rossi, D.J.; Shalaby, F.; Feng, G.S.; Pawson, T. Abnormal mesoderm patterning
in mouse embryos mutant for the SH2 tyrosine phosphatase Shp-2. EMBO J. 1997, 16, 2352–2364. [CrossRef] [PubMed]

40. Qu, C.K.; Nguyen, S.; Chen, J.; Feng, G.S. Requirement of Shp-2 tyrosine phosphatase in lymphoid and hematopoietic cell
development. Blood 2001, 97, 911–914. [CrossRef] [PubMed]

41. Tartaglia, M.; Gelb, B.D. Noonan syndrome and related disorders: Genetics and pathogenesis. Annu. Rev. Genom. Hum. Genet.
2005, 6, 45–68. [CrossRef]

42. Tartaglia, M.; Mehler, E.L.; Goldberg, R.; Zampino, G.; Brunner, H.G.; Kremer, H.; van der Burgt, I.; Crosby, A.H.; Ion, A.; Jeffery, S.; et al.
Mutations in PTPN11, encoding the protein tyrosine phosphatase SHP-2, cause Noonan syndrome. Nat. Genet. 2001, 29, 465–468.
[CrossRef]

43. Bentires-Alj, M.; Paez, J.G.; David, F.S.; Keilhack, H.; Halmos, B.; Naoki, K.; Maris, J.M.; Richardson, A.; Bardelli, A.; Sugarbaker, D.J.; et al.
Activating mutations of the noonan syndrome-associated SHP2/PTPN11 gene in human solid tumors and adult acute myeloge-
nous leukemia. Cancer Res. 2004, 64, 8816–8820. [CrossRef]

44. Loh, M.L.; Reynolds, M.G.; Vattikuti, S.; Gerbing, R.B.; Alonzo, T.A.; Carlson, E.; Cheng, J.W.; Lee, C.M.; Lange, B.J.; Meshinchi, S.; et al.
PTPN11 mutations in pediatric patients with acute myeloid leukemia: Results from the Children’s Cancer Group. Leukemia 2004,
18, 1831–1834. [CrossRef]

45. Loh, M.L.; Vattikuti, S.; Schubbert, S.; Reynolds, M.G.; Carlson, E.; Lieuw, K.H.; Cheng, J.W.; Lee, C.M.; Stokoe, D.; Bonifas, J.M.; et al.
Mutations in PTPN11 implicate the SHP-2 phosphatase in leukemogenesis. Blood 2004, 103, 2325–2331. [CrossRef]

46. Tartaglia, M.; Niemeyer, C.M.; Fragale, A.; Song, X.; Buechner, J.; Jung, A.; Hahlen, K.; Hasle, H.; Licht, J.D.; Gelb, B.D. Somatic
mutations in PTPN11 in juvenile myelomonocytic leukemia, myelodysplastic syndromes and acute myeloid leukemia. Nat. Genet.
2003, 34, 148–150. [CrossRef] [PubMed]

47. Fedele, C.; Li, S.; Teng, K.W.; Foster, C.J.R.; Peng, D.; Ran, H.; Mita, P.; Geer, M.J.; Hattori, T.; Koide, A.; et al. SHP2 inhibition
diminishes KRASG12C cycling and promotes tumor microenvironment remodeling. J. Exp. Med. 2021, 218, e20201414. [CrossRef]
[PubMed]

48. Ruess, D.A.; Heynen, G.J.; Ciecielski, K.J.; Ai, J.; Berninger, A.; Kabacaoglu, D.; Gorgulu, K.; Dantes, Z.; Wormann, S.M.;
Diakopoulos, K.N.; et al. Mutant KRAS-driven cancers depend on PTPN11/SHP2 phosphatase. Nat. Med. 2018, 24, 954–960.
[CrossRef] [PubMed]

https://doi.org/10.1158/0008-5472.CAN-06-4350
https://www.ncbi.nlm.nih.gov/pubmed/17483340
https://doi.org/10.1038/nature23270
https://doi.org/10.15252/embj.2019103637
https://doi.org/10.1111/imcb.12516
https://doi.org/10.1158/2159-8290.CD-21-0694
https://doi.org/10.1158/2767-9764.CRC-21-0186
https://doi.org/10.1038/s41586-023-06575-7
https://doi.org/10.1038/s41467-023-40170-8
https://doi.org/10.1016/S0968-0004(03)00091-4
https://doi.org/10.1016/j.it.2006.01.007
https://doi.org/10.1016/j.immuni.2013.02.018
https://doi.org/10.1084/jem.20122239
https://www.ncbi.nlm.nih.gov/pubmed/23797092
https://doi.org/10.1016/j.immuni.2007.04.016
https://doi.org/10.1074/jbc.M101219200
https://doi.org/10.1093/emboj/16.9.2352
https://www.ncbi.nlm.nih.gov/pubmed/9171349
https://doi.org/10.1182/blood.V97.4.911
https://www.ncbi.nlm.nih.gov/pubmed/11159516
https://doi.org/10.1146/annurev.genom.6.080604.162305
https://doi.org/10.1038/ng772
https://doi.org/10.1158/0008-5472.CAN-04-1923
https://doi.org/10.1038/sj.leu.2403492
https://doi.org/10.1182/blood-2003-09-3287
https://doi.org/10.1038/ng1156
https://www.ncbi.nlm.nih.gov/pubmed/12717436
https://doi.org/10.1084/jem.20201414
https://www.ncbi.nlm.nih.gov/pubmed/33045063
https://doi.org/10.1038/s41591-018-0024-8
https://www.ncbi.nlm.nih.gov/pubmed/29808009


Cells 2024, 13, 231 13 of 16

49. Drilon, A.; Sharma, M.R.; Johnson, M.L.; Yap, T.A.; Gadgeel, S.; Nepert, D.; Feng, G.; Reddy, M.B.; Harney, A.S.; Elsayed, M.; et al.
SHP2 Inhibition Sensitizes Diverse Oncogene-Addicted Solid Tumors to Re-treatment with Targeted Therapy. Cancer Discov. 2023,
13, 1789–1801. [CrossRef] [PubMed]

50. Chou, Y.T.; Bivona, T.G. Inhibition of SHP2 as an approach to block RAS-driven cancers. Adv. Cancer Res. 2022, 153, 205–236.
[CrossRef] [PubMed]

51. Kerr, D.L.; Haderk, F.; Bivona, T.G. Allosteric SHP2 inhibitors in cancer: Targeting the intersection of RAS, resistance, and the
immune microenvironment. Curr. Opin. Chem. Biol. 2021, 62, 1–12. [CrossRef]

52. Quintana, E.; Schulze, C.J.; Myers, D.R.; Choy, T.J.; Mordec, K.; Wildes, D.; Shifrin, N.T.; Belwafa, A.; Koltun, E.S.; Gill, A.L.; et al.
Allosteric Inhibition of SHP2 Stimulates Antitumor Immunity by Transforming the Immunosuppressive Environment. Cancer Res.
2020, 80, 2889–2902. [CrossRef] [PubMed]

53. Tang, K.H.; Li, S.; Khodadadi-Jamayran, A.; Jen, J.; Han, H.; Guidry, K.; Chen, T.; Hao, Y.; Fedele, C.; Zebala, J.A.; et al. Combined
Inhibition of SHP2 and CXCR1/2 Promotes Antitumor T-cell Response in NSCLC. Cancer Discov. 2022, 12, 47–61. [CrossRef]
[PubMed]

54. Christofides, A.; Katopodi, X.L.; Cao, C.; Karagkouni, D.; Aliazis, K.; Yenyuwadee, S.; Aksoylar, H.I.; Pal, R.; Mahmoud, M.A.A.;
Strauss, L.; et al. SHP-2 and PD-1-SHP-2 signaling regulate myeloid cell differentiation and antitumor responses. Nat. Immunol.
2023, 24, 55–68. [CrossRef] [PubMed]

55. Rota, G.; Niogret, C.; Dang, A.T.; Barros, C.R.; Fonta, N.P.; Alfei, F.; Morgado, L.; Zehn, D.; Birchmeier, W.; Vivier, E.; et al. Shp-2
Is Dispensable for Establishing T Cell Exhaustion and for PD-1 Signaling In Vivo. Cell Rep. 2018, 23, 39–49. [CrossRef] [PubMed]

56. Oka, T.; Ouchida, M.; Koyama, M.; Ogama, Y.; Takada, S.; Nakatani, Y.; Tanaka, T.; Yoshino, T.; Hayashi, K.; Ohara, N.; et al.
Gene silencing of the tyrosine phosphatase SHP1 gene by aberrant methylation in leukemias/lymphomas. Cancer Res. 2002, 62,
6390–6394. [PubMed]

57. Chim, C.S.; Fung, T.K.; Cheung, W.C.; Liang, R.; Kwong, Y.L. SOCS1 and SHP1 hypermethylation in multiple myeloma:
Implications for epigenetic activation of the Jak/STAT pathway. Blood 2004, 103, 4630–4635. [CrossRef] [PubMed]

58. Chim, C.S.; Wong, K.Y.; Loong, F.; Srivastava, G. SOCS1 and SHP1 hypermethylation in mantle cell lymphoma and follicular
lymphoma: Implications for epigenetic activation of the Jak/STAT pathway. Leukemia 2004, 18, 356–358. [CrossRef]

59. Varone, A.; Spano, D.; Corda, D. Shp1 in Solid Cancers and Their Therapy. Front. Oncol. 2020, 10, 935. [CrossRef]
60. Wen, L.Z.; Ding, K.; Wang, Z.R.; Ding, C.H.; Lei, S.J.; Liu, J.P.; Yin, C.; Hu, P.F.; Ding, J.; Chen, W.S.; et al. SHP-1 Acts as a Tumor

Suppressor in Hepatocarcinogenesis and HCC Progression. Cancer Res. 2018, 78, 4680–4691. [CrossRef]
61. Fan, L.C.; Shiau, C.W.; Tai, W.T.; Hung, M.H.; Chu, P.Y.; Hsieh, F.S.; Lin, H.; Yu, H.C.; Chen, K.F. SHP-1 is a negative regulator of

epithelial-mesenchymal transition in hepatocellular carcinoma. Oncogene 2015, 34, 5252–5263. [CrossRef] [PubMed]
62. Chemnitz, J.M.; Parry, R.V.; Nichols, K.E.; June, C.H.; Riley, J.L. 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, 945–954. [CrossRef]

63. Hui, E.; Cheung, J.; Zhu, J.; Su, X.; Taylor, M.J.; Wallweber, H.A.; Sasmal, D.K.; Huang, J.; Kim, J.M.; Mellman, I.; et al. T cell
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 2017, 355, 1428–1433. [CrossRef]

64. Li, J.; Jie, H.B.; Lei, Y.; Gildener-Leapman, N.; Trivedi, S.; Green, T.; Kane, L.P.; Ferris, R.L. PD-1/SHP-2 inhibits Tc1/Th1
phenotypic responses and the activation of T cells in the tumor microenvironment. Cancer Res. 2015, 75, 508–518. [CrossRef]

65. Fan, Z.; Tian, Y.; Chen, Z.; Liu, L.; Zhou, Q.; He, J.; Coleman, J.; Dong, C.; Li, N.; Huang, J.; et al. Blocking interaction between
SHP2 and PD-1 denotes a novel opportunity for developing PD-1 inhibitors. EMBO Mol. Med. 2020, 12, e11571. [CrossRef]

66. Niogret, C.; Birchmeier, W.; Guarda, G. SHP-2 in Lymphocytes’ Cytokine and Inhibitory Receptor Signaling. Front. Immunol. 2019,
10, 2468. [CrossRef] [PubMed]

67. Ventura, P.M.O.; Gakovic, M.; Fischer, B.A.; Spinelli, L.; Rota, G.; Pathak, S.; Khameneh, H.J.; Zenobi, A.; Thomson, S.;
Birchmeier, W.; et al. Concomitant deletion of Ptpn6 and Ptpn11 in T cells fails to improve anticancer responses. EMBO Rep. 2022,
23, e55399. [CrossRef] [PubMed]

68. Hou, B.; Hu, Y.; Zhu, Y.; Wang, X.; Li, W.; Tang, J.; Jia, X.; Wang, J.; Cong, Y.; Quan, M.; et al. SHP-1 Regulates CD8+ T Cell
Effector Function but Plays a Subtle Role with SHP-2 in T Cell Exhaustion Due to a Stage-Specific Nonredundant Functional Relay.
J. Immunol. 2023, 212, 397–409. [CrossRef]

69. Mercadante, E.R.; Lorenz, U.M. T Cells Deficient in the Tyrosine Phosphatase SHP-1 Resist Suppression by Regulatory T Cells.
J. Immunol. 2017, 199, 129–137. [CrossRef]

70. Snook, J.P.; Soedel, A.J.; Ekiz, H.A.; O’Connell, R.M.; Williams, M.A. Inhibition of SHP-1 Expands the Repertoire of Antitumor T
Cells Available to Respond to Immune Checkpoint Blockade. Cancer Immunol. Res. 2020, 8, 506–517. [CrossRef]

71. Watson, H.A.; Dolton, G.; Ohme, J.; Ladell, K.; Vigar, M.; Wehenkel, S.; Hindley, J.; Mohammed, R.N.; Miners, K.; Luckwell, R.A.; et al.
Purity of transferred CD8(+) T cells is crucial for safety and efficacy of combinatorial tumor immunotherapy in the absence of
SHP-1. Immunol. Cell Biol. 2016, 94, 802–808. [CrossRef] [PubMed]

72. Liu, M.; Zhang, L.; Zhong, M.; Long, Y.; Yang, W.; Liu, T.; Huang, X.; Ma, X. CRISPR/Cas9-mediated knockout of intracellular
molecule SHP-1 enhances tumor-killing ability of CD133-targeted CAR T cells in vitro. Exp. Hematol. Oncol. 2023, 12, 88.
[CrossRef] [PubMed]

https://doi.org/10.1158/2159-8290.CD-23-0361
https://www.ncbi.nlm.nih.gov/pubmed/37269335
https://doi.org/10.1016/bs.acr.2021.07.002
https://www.ncbi.nlm.nih.gov/pubmed/35101231
https://doi.org/10.1016/j.cbpa.2020.11.007
https://doi.org/10.1158/0008-5472.CAN-19-3038
https://www.ncbi.nlm.nih.gov/pubmed/32350067
https://doi.org/10.1158/2159-8290.CD-21-0369
https://www.ncbi.nlm.nih.gov/pubmed/34353854
https://doi.org/10.1038/s41590-022-01385-x
https://www.ncbi.nlm.nih.gov/pubmed/36581713
https://doi.org/10.1016/j.celrep.2018.03.026
https://www.ncbi.nlm.nih.gov/pubmed/29617671
https://www.ncbi.nlm.nih.gov/pubmed/12438221
https://doi.org/10.1182/blood-2003-06-2007
https://www.ncbi.nlm.nih.gov/pubmed/14976049
https://doi.org/10.1038/sj.leu.2403216
https://doi.org/10.3389/fonc.2020.00935
https://doi.org/10.1158/0008-5472.CAN-17-3896
https://doi.org/10.1038/onc.2014.445
https://www.ncbi.nlm.nih.gov/pubmed/25619838
https://doi.org/10.4049/jimmunol.173.2.945
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1158/0008-5472.CAN-14-1215
https://doi.org/10.15252/emmm.201911571
https://doi.org/10.3389/fimmu.2019.02468
https://www.ncbi.nlm.nih.gov/pubmed/31708921
https://doi.org/10.15252/embr.202255399
https://www.ncbi.nlm.nih.gov/pubmed/36194675
https://doi.org/10.4049/jimmunol.2300462
https://doi.org/10.4049/jimmunol.1602171
https://doi.org/10.1158/2326-6066.CIR-19-0690
https://doi.org/10.1038/icb.2016.45
https://www.ncbi.nlm.nih.gov/pubmed/27430370
https://doi.org/10.1186/s40164-023-00450-x
https://www.ncbi.nlm.nih.gov/pubmed/37803455


Cells 2024, 13, 231 14 of 16

73. Moon, E.K.; Wang, L.C.; Dolfi, D.V.; Wilson, C.B.; Ranganathan, R.; Sun, J.; Kapoor, V.; Scholler, J.; Pure, E.; Milone, M.C.; et al.
Multifactorial T-cell hypofunction that is reversible can limit the efficacy of chimeric antigen receptor-transduced human T cells
in solid tumors. Clin. Cancer Res. 2014, 20, 4262–4273. [CrossRef]

74. Velasco Cardenas, R.M.; Brandl, S.M.; Melendez, A.V.; Schlaak, A.E.; Buschky, A.; Peters, T.; Beier, F.; Serrels, B.; Taromi, S.;
Raute, K.; et al. Harnessing CD3 diversity to optimize CAR T cells. Nat. Immunol. 2023, 24, 2135–2149. [CrossRef]

75. Sun, C.; Shou, P.; Du, H.; Hirabayashi, K.; Chen, Y.; Herring, L.E.; Ahn, S.; Xu, Y.; Suzuki, K.; Li, G.; et al. THEMIS-SHP1
Recruitment by 4-1BB Tunes LCK-Mediated Priming of Chimeric Antigen Receptor-Redirected T Cells. Cancer Cell 2020, 37,
216–225.e216. [CrossRef] [PubMed]

76. Cloutier, J.F.; Veillette, A. Association of inhibitory tyrosine protein kinase p50csk with protein tyrosine phosphatase PEP in T
cells and other hemopoietic cells. EMBO J. 1996, 15, 4909–4918. [CrossRef]

77. Begovich, A.B.; Carlton, V.E.; Honigberg, L.A.; Schrodi, S.J.; Chokkalingam, A.P.; Alexander, H.C.; Ardlie, K.G.; Huang, Q.;
Smith, A.M.; Spoerke, J.M.; et al. A missense single-nucleotide polymorphism in a gene encoding a protein tyrosine phosphatase
(PTPN22) is associated with rheumatoid arthritis. Am. J. Hum. Genet. 2004, 75, 330–337. [CrossRef]

78. Bottini, N.; Musumeci, L.; Alonso, A.; Rahmouni, S.; Nika, K.; Rostamkhani, M.; MacMurray, J.; Meloni, G.F.; Lucarelli, P.;
Pellecchia, M.; et al. A functional variant of lymphoid tyrosine phosphatase is associated with type I diabetes. Nat. Genet. 2004,
36, 337–338. [CrossRef]

79. Kyogoku, C.; Langefeld, C.D.; Ortmann, W.A.; Lee, A.; Selby, S.; Carlton, V.E.; Chang, M.; Ramos, P.; Baechler, E.C.; Batliwalla, F.M.; et al.
Genetic association of the R620W polymorphism of protein tyrosine phosphatase PTPN22 with human SLE. Am. J. Hum. Genet.
2004, 75, 504–507. [CrossRef]

80. Bottini, N.; Peterson, E.J. Tyrosine phosphatase PTPN22: Multifunctional regulator of immune signaling, development, and
disease. Annu. Rev. Immunol. 2014, 32, 83–119. [CrossRef]

81. Brownlie, R.J.; Zamoyska, R.; Salmond, R.J. Regulation of autoimmune and anti-tumour T-cell responses by PTPN22. Immunology
2018, 154, 377–382. [CrossRef]

82. Salmond, R.J.; Brownlie, R.J.; Zamoyska, R. Multifunctional roles of the autoimmune disease-associated tyrosine phosphatase
PTPN22 in regulating T cell homeostasis. Cell Cycle 2015, 14, 705–711. [CrossRef]

83. Brownlie, R.J.; Miosge, L.A.; Vassilakos, D.; Svensson, L.M.; Cope, A.; Zamoyska, R. Lack of the phosphatase PTPN22 increases
adhesion of murine regulatory T cells to improve their immunosuppressive function. Sci. Signal 2012, 5, ra87. [CrossRef]

84. Hasegawa, K.; Martin, F.; Huang, G.; Tumas, D.; Diehl, L.; Chan, A.C. PEST domain-enriched tyrosine phosphatase (PEP)
regulation of effector/memory T cells. Science 2004, 303, 685–689. [CrossRef] [PubMed]

85. Salmond, R.J.; Brownlie, R.J.; Morrison, V.L.; Zamoyska, R. The tyrosine phosphatase PTPN22 discriminates weak self peptides
from strong agonist TCR signals. Nat. Immunol. 2014, 15, 875–883. [CrossRef]

86. Anderson, W.; Barahmand-Pour-Whitman, F.; Linsley, P.S.; Cerosaletti, K.; Buckner, J.H.; Rawlings, D.J. PTPN22 R620W gene
editing in T cells enhances low-avidity TCR responses. Elife 2023, 12, e81577. [CrossRef]

87. Bray, C.; Wright, D.; Haupt, S.; Thomas, S.; Stauss, H.; Zamoyska, R. Crispr/Cas Mediated Deletion of PTPN22 in Jurkat T Cells
Enhances TCR Signaling and Production of IL-2. Front. Immunol. 2018, 9, 2595. [CrossRef]

88. Brownlie, R.J.; Garcia, C.; Ravasz, M.; Zehn, D.; Salmond, R.J.; Zamoyska, R. Resistance to TGFbeta suppression and improved
anti-tumor responses in CD8(+) T cells lacking PTPN22. Nat. Commun. 2017, 8, 1343. [CrossRef] [PubMed]

89. Cubas, R.; Khan, Z.; Gong, Q.; Moskalenko, M.; Xiong, H.; Ou, Q.; Pai, C.; Rodriguez, R.; Cheung, J.; Chan, A.C. Autoimmunity
linked protein phosphatase PTPN22 as a target for cancer immunotherapy. J. Immunother. Cancer 2020, 8, e001439. [CrossRef]
[PubMed]

90. Ho, W.J.; Croessmann, S.; Lin, J.; Phyo, Z.H.; Charmsaz, S.; Danilova, L.; Mohan, A.A.; Gross, N.E.; Chen, F.; Dong, J.; et al.
Systemic inhibition of PTPN22 augments anticancer immunity. J. Clin. Investig. 2021, 131, e127847. [CrossRef] [PubMed]

91. Orozco, R.C.; Marquardt, K.; Mowen, K.; Sherman, L.A. Proautoimmune Allele of Tyrosine Phosphatase, PTPN22, Enhances
Tumor Immunity. J. Immunol. 2021, 207, 1662–1671. [CrossRef] [PubMed]

92. Du, X.; Darcy, P.K.; Wiede, F.; Tiganis, T. Targeting Protein Tyrosine Phosphatase 22 Does Not Enhance the Efficacy of Chimeric
Antigen Receptor T Cells in Solid Tumors. Mol. Cell Biol. 2022, 42, e0044921. [CrossRef]

93. Brownlie, R.J.; Wright, D.; Zamoyska, R.; Salmond, R.J. Deletion of PTPN22 improves effector and memory CD8+ T cell responses
to tumors. JCI Insight 2019, 5, e127847. [CrossRef] [PubMed]

94. Teagle, A.R.; Castro-Sanchez, P.; Brownlie, R.J.; Logan, N.; Kapoor, S.S.; Wright, D.; Salmond, R.J.; Zamoyska, R. Deletion of the
protein tyrosine phosphatase PTPN22 for adoptive T cell therapy facilitates CTL effector function but promotes T cell exhaustion.
J. Immunother. Cancer 2023, 11, e007614. [CrossRef] [PubMed]

95. Liang, X.; Zhao, H.; Du, J.; Li, X.; Li, K.; Zhao, Z.; Bi, W.; Zhang, X.; Yu, D.; Zhang, J.; et al. Discovery of benzofuran-2-carboxylic
acid derivatives as lymphoid tyrosine phosphatase (LYP) inhibitors for cancer immunotherapy. Eur. J. Med. Chem. 2023,
258, 115599. [CrossRef] [PubMed]

96. Bauler, T.J.; Hughes, E.D.; Arimura, Y.; Mustelin, T.; Saunders, T.L.; King, P.D. Normal TCR signal transduction in mice that lack
catalytically active PTPN3 protein tyrosine phosphatase. J. Immunol. 2007, 178, 3680–3687. [CrossRef] [PubMed]

97. Bauler, T.J.; Hendriks, W.J.; King, P.D. The FERM and PDZ domain-containing protein tyrosine phosphatases, PTPN4 and PTPN3,
are both dispensable for T cell receptor signal transduction. PLoS ONE 2008, 3, e4014. [CrossRef]

https://doi.org/10.1158/1078-0432.CCR-13-2627
https://doi.org/10.1038/s41590-023-01658-z
https://doi.org/10.1016/j.ccell.2019.12.014
https://www.ncbi.nlm.nih.gov/pubmed/32004441
https://doi.org/10.1002/j.1460-2075.1996.tb00871.x
https://doi.org/10.1086/422827
https://doi.org/10.1038/ng1323
https://doi.org/10.1086/423790
https://doi.org/10.1146/annurev-immunol-032713-120249
https://doi.org/10.1111/imm.12919
https://doi.org/10.1080/15384101.2015.1007018
https://doi.org/10.1126/scisignal.2003365
https://doi.org/10.1126/science.1092138
https://www.ncbi.nlm.nih.gov/pubmed/14752163
https://doi.org/10.1038/ni.2958
https://doi.org/10.7554/eLife.81577
https://doi.org/10.3389/fimmu.2018.02595
https://doi.org/10.1038/s41467-017-01427-1
https://www.ncbi.nlm.nih.gov/pubmed/29116089
https://doi.org/10.1136/jitc-2020-001439
https://www.ncbi.nlm.nih.gov/pubmed/33127657
https://doi.org/10.1172/JCI146950
https://www.ncbi.nlm.nih.gov/pubmed/34283806
https://doi.org/10.4049/jimmunol.2100304
https://www.ncbi.nlm.nih.gov/pubmed/34417261
https://doi.org/10.1128/mcb.00449-21
https://doi.org/10.1172/jci.insight.127847
https://www.ncbi.nlm.nih.gov/pubmed/31335326
https://doi.org/10.1136/jitc-2023-007614
https://www.ncbi.nlm.nih.gov/pubmed/38056892
https://doi.org/10.1016/j.ejmech.2023.115599
https://www.ncbi.nlm.nih.gov/pubmed/37399712
https://doi.org/10.4049/jimmunol.178.6.3680
https://www.ncbi.nlm.nih.gov/pubmed/17339465
https://doi.org/10.1371/journal.pone.0004014


Cells 2024, 13, 231 15 of 16

98. Young, J.A.; Becker, A.M.; Medeiros, J.J.; Shapiro, V.S.; Wang, A.; Farrar, J.D.; Quill, T.A.; Hooft van Huijsduijnen, R.; van Oers, N.S.
The protein tyrosine phosphatase PTPN4/PTP-MEG1, an enzyme capable of dephosphorylating the TCR ITAMs and regulating
NF-kappaB, is dispensable for T cell development and/or T cell effector functions. Mol. Immunol. 2008, 45, 3756–3766. [CrossRef]

99. Fujimura, A.; Nakayama, K.; Imaizumi, A.; Kawamoto, M.; Oyama, Y.; Ichimiya, S.; Umebayashi, M.; Koya, N.; Morisaki, T.;
Nakagawa, T.; et al. PTPN3 expressed in activated T lymphocytes is a candidate for a non-antibody-type immune checkpoint
inhibitor. Cancer Immunol. Immunother. 2019, 68, 1649–1660. [CrossRef]

100. Koga, S.; Onishi, H.; Masuda, S.; Fujimura, A.; Ichimiya, S.; Nakayama, K.; Imaizumi, A.; Nishiyama, K.; Kojima, M.; Miyoshi, K.; et al.
PTPN3 is a potential target for a new cancer immunotherapy that has a dual effect of T cell activation and direct cancer inhibition
in lung neuroendocrine tumor. Transl. Oncol. 2021, 14, 101152. [CrossRef]

101. Iwamoto, N.; Onishi, H.; Masuda, S.; Imaizumi, A.; Sakanashi, K.; Morisaki, S.; Nagao, S.; Koga, S.; Ozono, K.; Umebayashi, M.; et al.
PTPN3 inhibition contributes to the activation of the dendritic cell function to be a promising new immunotherapy target.
J. Cancer Res. Clin. Oncol. 2023, 149, 14619–14630. [CrossRef] [PubMed]

102. Yuan, B.; Liu, J.; Cao, J.; Yu, Y.; Zhang, H.; Wang, F.; Zhu, Y.; Xiao, M.; Liu, S.; Ye, Y.; et al. PTPN3 acts as a tumor suppressor and
boosts TGF-beta signaling independent of its phosphatase activity. EMBO J. 2019, 38, e99945. [CrossRef] [PubMed]

103. Kuchay, S.; Duan, S.; Schenkein, E.; Peschiaroli, A.; Saraf, A.; Florens, L.; Washburn, M.P.; Pagano, M. FBXL2- and PTPL1-mediated
degradation of p110-free p85beta regulatory subunit controls the PI(3)K signalling cascade. Nat. Cell Biol. 2013, 15, 472–480.
[CrossRef] [PubMed]

104. Sharma, S.; Carmona, A.; Skowronek, A.; Yu, F.; Collins, M.O.; Naik, S.; Murzeau, C.M.; Tseng, P.L.; Erdmann, K.S. Apoptotic
signalling targets the post-endocytic sorting machinery of the death receptor Fas/CD95. Nat. Commun. 2019, 10, 3105. [CrossRef]
[PubMed]

105. McHeik, S.; Aptecar, L.; Coopman, P.; D’Hondt, V.; Freiss, G. Dual Role of the PTPN13 Tyrosine Phosphatase in Cancer.
Biomolecules 2020, 10, 1659. [CrossRef] [PubMed]

106. Glondu-Lassis, M.; Dromard, M.; Lacroix-Triki, M.; Nirde, P.; Puech, C.; Knani, D.; Chalbos, D.; Freiss, G. PTPL1/PTPN13
regulates breast cancer cell aggressiveness through direct inactivation of Src kinase. Cancer Res. 2010, 70, 5116–5126. [CrossRef]

107. Scrima, M.; De Marco, C.; De Vita, F.; Fabiani, F.; Franco, R.; Pirozzi, G.; Rocco, G.; Malanga, D.; Viglietto, G. The nonreceptor-type
tyrosine phosphatase PTPN13 is a tumor suppressor gene in non-small cell lung cancer. Am. J. Pathol. 2012, 180, 1202–1214.
[CrossRef]

108. Moshiri, H.; Cabrera Riofrio, D.A.; Lim, Y.J.; Lauhasurayotin, S.; Manisterski, M.; Elhasid, R.; Bonilla, F.A.; Dhanraj, S.; Armstrong, R.N.;
Li, H.; et al. Germline PTPN13 mutations in patients with bone marrow failure and acute lymphoblastic leukemia. Leukemia 2022,
36, 2132–2135. [CrossRef]

109. Nakahira, M.; Tanaka, T.; Robson, B.E.; Mizgerd, J.P.; Grusby, M.J. Regulation of signal transducer and activator of transcription
signaling by the tyrosine phosphatase PTP-BL. Immunity 2007, 26, 163–176. [CrossRef]

110. Li, J.; Davidson, D.; Martins Souza, C.; Zhong, M.C.; Wu, N.; Park, M.; Muller, W.J.; Veillette, A. Loss of PTPN12 Stimulates
Progression of ErbB2-Dependent Breast Cancer by Enhancing Cell Survival, Migration, and Epithelial-to-Mesenchymal Transition.
Mol. Cell Biol. 2015, 35, 4069–4082. [CrossRef]

111. Nair, A.; Chung, H.C.; Sun, T.; Tyagi, S.; Dobrolecki, L.E.; Dominguez-Vidana, R.; Kurley, S.J.; Orellana, M.; Renwick, A.;
Henke, D.M.; et al. Combinatorial inhibition of PTPN12-regulated receptors leads to a broadly effective therapeutic strategy in
triple-negative breast cancer. Nat. Med. 2018, 24, 505–511. [CrossRef] [PubMed]

112. Sun, T.; Aceto, N.; Meerbrey, K.L.; Kessler, J.D.; Zhou, C.; Migliaccio, I.; Nguyen, D.X.; Pavlova, N.N.; Botero, M.; Huang, J.; et al.
Activation of multiple proto-oncogenic tyrosine kinases in breast cancer via loss of the PTPN12 phosphatase. Cell 2011, 144,
703–718. [CrossRef] [PubMed]

113. Xu, Y.; Taylor, P.; Andrade, J.; Ueberheide, B.; Shuch, B.; Glazer, P.M.; Bindra, R.S.; Moran, M.F.; Linehan, W.M.; Neel, B.G.
Pathologic Oxidation of PTPN12 Underlies ABL1 Phosphorylation in Hereditary Leiomyomatosis and Renal Cell Carcinoma.
Cancer Res. 2018, 78, 6539–6548. [CrossRef]

114. Davidson, D.; Veillette, A. PTP-PEST, a scaffold protein tyrosine phosphatase, negatively regulates lymphocyte activation by
targeting a unique set of substrates. EMBO J. 2001, 20, 3414–3426. [CrossRef] [PubMed]

115. Davidson, D.; Shi, X.; Zhong, M.C.; Rhee, I.; Veillette, A. The phosphatase PTP-PEST promotes secondary T cell responses by
dephosphorylating the protein tyrosine kinase Pyk2. Immunity 2010, 33, 167–180. [CrossRef]

116. Rheinlander, A.; Schraven, B.; Bommhardt, U. CD45 in human physiology and clinical medicine. Immunol. Lett. 2018, 196, 22–32.
[CrossRef] [PubMed]

117. Baker, M.; Gamble, J.; Tooze, R.; Higgins, D.; Yang, F.T.; O’Brien, P.C.; Coleman, N.; Pingel, S.; Turner, M.; Alexander, D.R.
Development of T-leukaemias in CD45 tyrosine phosphatase-deficient mutant lck mice. EMBO J. 2000, 19, 4644–4654. [CrossRef]

118. Kresinsky, A.; Schnoder, T.M.; Jacobsen, I.D.; Rauner, M.; Hofbauer, L.C.; Ast, V.; Konig, R.; Hoffmann, B.; Svensson, C.M.;
Figge, M.T.; et al. Lack of CD45 in FLT3-ITD mice results in a myeloproliferative phenotype, cortical porosity, and ectopic bone
formation. Oncogene 2019, 38, 4773–4787. [CrossRef]

119. Porcu, M.; Kleppe, M.; Gianfelici, V.; Geerdens, E.; De Keersmaecker, K.; Tartaglia, M.; Foa, R.; Soulier, J.; Cauwelier, B.;
Uyttebroeck, A.; et al. Mutation of the receptor tyrosine phosphatase PTPRC (CD45) in T-cell acute lymphoblastic leukemia. Blood
2012, 119, 4476–4479. [CrossRef]

https://doi.org/10.1016/j.molimm.2008.05.023
https://doi.org/10.1007/s00262-019-02403-y
https://doi.org/10.1016/j.tranon.2021.101152
https://doi.org/10.1007/s00432-023-05250-8
https://www.ncbi.nlm.nih.gov/pubmed/37584709
https://doi.org/10.15252/embj.201899945
https://www.ncbi.nlm.nih.gov/pubmed/31304624
https://doi.org/10.1038/ncb2731
https://www.ncbi.nlm.nih.gov/pubmed/23604317
https://doi.org/10.1038/s41467-019-11025-y
https://www.ncbi.nlm.nih.gov/pubmed/31308371
https://doi.org/10.3390/biom10121659
https://www.ncbi.nlm.nih.gov/pubmed/33322542
https://doi.org/10.1158/0008-5472.CAN-09-4368
https://doi.org/10.1016/j.ajpath.2011.11.038
https://doi.org/10.1038/s41375-022-01610-4
https://doi.org/10.1016/j.immuni.2007.01.010
https://doi.org/10.1128/MCB.00741-15
https://doi.org/10.1038/nm.4507
https://www.ncbi.nlm.nih.gov/pubmed/29578538
https://doi.org/10.1016/j.cell.2011.02.003
https://www.ncbi.nlm.nih.gov/pubmed/21376233
https://doi.org/10.1158/0008-5472.CAN-18-0901
https://doi.org/10.1093/emboj/20.13.3414
https://www.ncbi.nlm.nih.gov/pubmed/11432829
https://doi.org/10.1016/j.immuni.2010.08.001
https://doi.org/10.1016/j.imlet.2018.01.009
https://www.ncbi.nlm.nih.gov/pubmed/29366662
https://doi.org/10.1093/emboj/19.17.4644
https://doi.org/10.1038/s41388-019-0757-y
https://doi.org/10.1182/blood-2011-09-379958


Cells 2024, 13, 231 16 of 16

120. Chang, V.T.; Fernandes, R.A.; Ganzinger, K.A.; Lee, S.F.; Siebold, C.; McColl, J.; Jonsson, P.; Palayret, M.; Harlos, K.; Coles, C.H.; et al.
Initiation of T cell signaling by CD45 segregation at ‘close contacts’. Nat. Immunol. 2016, 17, 574–582. [CrossRef]

121. Courtney, A.H.; Shvets, A.A.; Lu, W.; Griffante, G.; Mollenauer, M.; Horkova, V.; Lo, W.L.; Yu, S.; Stepanek, O.; Chakraborty, A.K.; et al.
CD45 functions as a signaling gatekeeper in T cells. Sci. Signal 2019, 12, eaaw8151. [CrossRef]

122. D’Oro, U.; Ashwell, J.D. Cutting edge: The CD45 tyrosine phosphatase is an inhibitor of Lck activity in thymocytes. J. Immunol.
1999, 162, 1879–1883. [CrossRef] [PubMed]

123. McNeill, L.; Salmond, R.J.; Cooper, J.C.; Carret, C.K.; Cassady-Cain, R.L.; Roche-Molina, M.; Tandon, P.; Holmes, N.; Alexander, D.R.
The differential regulation of Lck kinase phosphorylation sites by CD45 is critical for T cell receptor signaling responses. Immunity
2007, 27, 425–437. [CrossRef]

124. Zikherman, J.; Jenne, C.; Watson, S.; Doan, K.; Raschke, W.; Goodnow, C.C.; Weiss, A. CD45-Csk phosphatase-kinase titration
uncouples basal and inducible T cell receptor signaling during thymic development. Immunity 2010, 32, 342–354. [CrossRef]
[PubMed]

125. Xiao, Q.; Zhang, X.; Tu, L.; Cao, J.; Hinrichs, C.S.; Su, X. Size-dependent activation of CAR-T cells. Sci. Immunol. 2022, 7, eabl3995.
[CrossRef] [PubMed]

126. Brana, I.; Shapiro, G.; Johnson, M.L.; Yu, H.A.; Robbrecht, D.; Tan, D.S.W.; Siu, L.L.; Minami, H.; Steeghs, N.; Hengelage, T.; et al.
Initial results from a dose finding study of TNO155, a SHP2 inhibitor, in adults with advanced solid tumors. J. Clin. Oncol. 2021,
39, 3005. [CrossRef]

127. Liu, R.; Mathieu, C.; Berthelet, J.; Zhang, W.; Dupret, J.M.; Rodrigues Lima, F. Human Protein Tyrosine Phosphatase 1B (PTP1B):
From structure to clinical inhibitor perspectives. Int. J. Mol. Sci. 2022, 23, 7027. [CrossRef]

128. Liu, Z.; Gao, H.; Zhao, Z.; Huang, M.; Zhan, J. Status of research on natural protein tyrosine phosphatase 1B inhibitors as potential
antidiabetic agents: Update. Biomed. Pharmacother. 2023, 157, 113990. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/ni.3392
https://doi.org/10.1126/scisignal.aaw8151
https://doi.org/10.4049/jimmunol.162.4.1879
https://www.ncbi.nlm.nih.gov/pubmed/9973453
https://doi.org/10.1016/j.immuni.2007.07.015
https://doi.org/10.1016/j.immuni.2010.03.006
https://www.ncbi.nlm.nih.gov/pubmed/20346773
https://doi.org/10.1126/sciimmunol.abl3995
https://www.ncbi.nlm.nih.gov/pubmed/35930653
https://doi.org/10.1200/JCO.2021.39.15_suppl.3005
https://doi.org/10.3390/ijms23137027
https://doi.org/10.1016/j.biopha.2022.113990

	Introduction 
	PTPN1 and PTPN2 
	Roles of PTPN1 and PTPN2 in Cell Signalling 
	PTPN1 and PTPN2 as Regulators of Cancer Cell Biology 
	PTPN1 and PTPN2 as Targets in T Cell Cancer Immunotherapies 
	Dual PTPN1-PTPN2 Inhibitors as Cancer Therapeutics 

	PTPN6 and PTPN11 
	Roles of PTPN6 and PTPN11 in Cell Signalling 
	PTPN11 Is an Oncogenic Phosphatase 
	PTPN6 Acts as Tumour Suppressor 
	Role of PTPN6 and PTPN11 in PD-1 Signalling and Function 
	Targeting PTPN6 to Enhance T Cell Immune Responses to Cancer 

	PTPN22 
	Roles of PTPN22 in T Cell Signalling 
	Deletion of PTPN22 Improves T Cell Responses to Cancer 
	PTPN22 Is a Druggable Target 

	Roles for Other Tyrosine Phosphatases in Cancer Biology and Tumour Immunity 
	PTPN3, PTPN4 and PTPN13 
	PTPN12 
	CD45 

	Concluding Remarks 
	References

