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Tumor immune evasion represents a core challenge restricting the efficacy of 
cancer treatment, and a deep understanding of its underlying mechanisms is 
crucial for developing novel immunotherapeutic approaches. This article focuses 
on the multidimensional regulatory roles of protein phosphatases in this critical 
biological process, innovatively adopting the “three Cs” framework—camouflage, 
coercion, and cytoprotection—for systematic elaboration, thereby revealing 
phosphatases as core molecular switches within dynamic regulatory networks. 
Our review systematically demonstrates that protein phosphatases serve as 
indispensable “dynamic molecular switches” within the “three Cs” framework 
of tumor immune evasion. Their regulatory networks span the entire continuum 
of tumor cells evading recognition, inhibiting immune cell function, and resisting 
terminal immune attacks. This insight underscores the substantial potential of 
targeting phosphatase regulatory networks, which may overcome the drug 
resistance bottleneck encountered in current immunotherapies. By designing 
novel drug strategies to precisely intervene in key phosphatase nodes—thereby 
achieving “one target, multiple effects” synergistic regulation—this framework 
provides a robust theoretical foundation and promising new avenues for 
developing more efficient, broad-spectrum next-generation tumor 
immunotherapies.
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1 Introduction

Immune evasion in cancer represents one of the core characteristics of tumorigenesis, 
progression, and therapeutic resistance. With the advancement of immunotherapy, a 
profound understanding of immune evasion mechanisms has gained paramount 
importance. The traditional “three Es” model (Elimination, Equilibrium, and Escape), 
proposed by Dunn et al., in 2002, provides a crucial conceptual framework for 
understanding tumor-immune dynamics (Dunn et al., 2002). The Three Es model 
linearly describes how the immune system eliminates malignant cell precursors, 
maintains dynamic equilibrium with microscopic tumors, and how tumor cells 
subsequently acquire genetic or epigenetic alterations to achieve immune evasion. 
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However, this model primarily describes the macroscopic process of 
immunoediting and fails to thoroughly reveal the specific strategies 
employed by tumor cells to execute immune escape at the molecular 
level. Consequently, it is difficult to systematically elucidate how 
tumor cells actively regulate key processes such as immune 
recognition, immune attack, and their own survival.

To make up for the above shortcomings, Claudia Galassi et al. 
innovatively proposed the “three Cs” framework (Camouflage, 
Coercion, Cytoprotection) in 2024 (Galassi et al., 2024). This 
framework provides a comprehensive classification and in-depth 
analysis of tumor cell behavior: Camouflage elucidates how tumor 
cells hide from immune detection; Coercion describes how tumor 
cells actively suppress immune cell function; Cytoprotection focuses 
on how tumor cells resist immune-mediated killing to enhance 
survival. The “three Cs” framework addresses tumor immune 
evasion across three dimensions: spatial (evasion of immune 
recognition), functional (suppression of immune cells), and 
survival (anti-cytotoxicity) - thereby more accurately reflecting 
the dynamic complexity of tumor-immune interactions. 
Therefore, placing molecular mechanisms within the “three Cs” 
framework for systematic integration has significant theoretical 
innovation potential.

Phosphatases, as key regulatory molecules in intracellular signal 
transduction, are widely involved in multiple processes including 
immune recognition, immune cell activity, and tumor cell survival 
by precisely regulating protein phosphorylation status (Song et al., 
2022; Khokhlatchev et al., 1998; Lin et al., 2024). Classified primarily 
by catalytic domains and substrate specificity, phosphatases 
comprise families such as protein tyrosine phosphatases (PTPs), 
serine/threonine phosphatases (PPPs, e.g., PP1, PP2A), and dual- 
specificity phosphatases (DUSPs) (Tonks, 2006; Caunt and Keyse, 
2013; Janssens and Goris, 2001; Cohen, 1989). PTP affects tumor cell 
immune escape by regulating processes such as antigen presentation 
and tumor microenvironment (Linghu et al., 2025; Qu et al., 2023). 
PPPs maintain genomic stability through dephosphorylation of 
cyclin-dependent kinases (CDKs) or apoptotic regulators (e.g., 
BAD) (Chiang et al., 2001; Ambjørn et al., 2021; Wei et al., 
2013). DUSPs negatively regulate MAPK pathways (e.g., ERK, 
p38) via dual-specific dephosphorylation of tyrosine and serine/ 
threonine residues, influencing tumor cell plasticity (Png et al., 2024; 

Ferguson et al., 2019; Ramkissoon et al., 2019). Although multiple 
studies have suggested that phosphatases play a crucial role in 
immune regulation, current research predominantly focuses on 
individual molecules or pathways, lacking a holistic view that 
systematically elucidates how phosphatases coordinate different 
immune evasion modules within a unified framework.

Based on this, this study adopts the “three Cs” model as a 
systemic blueprint to comprehensively map, for the first time, the 
functional network of phosphatases throughout the entire process of 
tumor immune evasion: exploring how they assist tumor cells in 
evading immune recognition during “camouflage”; how they 
participate in suppressing immune cell function under 
“coercion”; and how they enhance tumor cell resistance to 
immune-mediated attacks during “cellular protection”. Through 
this integrated perspective, this study not only addresses the 
mechanistic gaps in the traditional “three Es” model but also 
overcomes the “fragmented and isolated” limitations of previous 
phosphatase research. It provides a novel theoretical foundation for 
developing “single-target, multi-effect” immunotherapy strategies 
targeting phosphatases.

2 Phosphatases in camouflage

2.1 Antigen processing and 
presentation defects

Antigen Processing and Presentation (APP) is a fundamental 
process for the immune system to recognize and eliminate abnormal 
cells. This process is primarily mediated by Major 
Histocompatibility Complex (MHC) molecules: MHC class I 
molecules, ubiquitously expressed on nucleated cell surfaces, 
present endogenous or intracellular peptides for recognition by 
CD8+ (cytotoxic) T cells; MHC class II molecules, predominantly 
expressed on Antigen Presenting Cells (APCs), present exogenous 
antigens to CD4+ T cells (Pishesha et al., 2022; Roche and Furuta, 
2015). APP process defects involving multi-faceted pathways: 
genetic variations, epigenetic modifications, loss of neoantigen 
expression, dysregulation of post-translational modifications, and 
compromised protein stability (Burr et al., 2019). Notably, Defects in 

TABLE 1 Key gaps and future strategies in phosphatase research.

Research gaps Specific challenges Potential strategies and future directions

Insufficient awareness of network 
dynamism

The spatiotemporal regulatory mechanism of phosphatase 
kinase network is unclear

Develop new biosensors that combine live cell imaging and single-cell 
sequencing to track real-time phosphatase activity dynamics; constructing a 
mathematical model of regulatory network using systems biology methods

Dual functions in tumors and 
immune cells

Systemic inhibition may lead to therapeutic effect 
cancellation or immune toxicity

Developing precursor drugs responsive to the tumor microenvironment; 
explore strategies that target specific regulatory subunits (such as the B55 α 
subunit of PP2A) rather than catalytic cores; using nanocarriers to achieve 
local delivery of tumors

The difficulty of target 
conservation and selectivity

The catalytic domain is highly conserved, and the selectivity 
of inhibitors is poor

Shift towards the development of allosteric inhibitors (such as 
SHP2 allosteric inhibitor SHP099); selective degradation of specific 
phosphatases using PROTAC technology; exploring intervention strategies 
for phosphatase substrate interaction interface

Limitations of clinical translation 
models

The existing models cannot reflect the complexity of the 
human tumor immune microenvironment

Establish humanized mouse models and 3D organoid co culture systems to 
better simulate tumor immune interactions; conduct biomarker research 
based on multi omics for patient stratification
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the APP represent a critical strategy by which tumors achieve 
immune “camouflage” and evade immune surveillance, with 
phosphatases precisely regulating this process through various 
molecular mechanisms.

Firstly, phosphatases are involved in regulating the gene 
expression and protein stability of MHC class I (MHC-I). 
Mutations in MHC molecules and their chaperone protein β2- 
microglobulin (B2M) disrupt cell-surface MHC-I expression, 
thereby abolishing the ability of tumor cells to present antigens 
to CD8+ T cells. On one hand, histone methyltransferase EZH2 can 
inhibit MHC-I gene transcription by catalyzing the deposition of 
H3K27me3, leading to epigenetic silencing (Lehmann et al., 2021; 
Romero et al., 2024). During this process, the serine/threonine 
phosphatase PP1 enhances the methyltransferase activity of 
EZH2 through dephosphorylation at the S21 site, thereby 
indirectly suppressing MHC-I expression (Zhang et al., 2022). On 
the other hand, the transcription factor MITF inhibits MHC-I 
translation by directly binding to and repressing the promoter of 
eukaryotic initiation factor 3B (Santasusagna et al., 2023). The 
tyrosine phosphatase SHP2 promotes MITF ubiquitination and 
degradation through dephosphorylation at its S73 site, thereby 
indirectly maintaining MHC-I translation levels (Bhattacharyya 
et al., 2016; Liu X. et al., 2020). The SUSD6-TMEM127- 
WWP2 complex mediates MHC-I ubiquitination and lysosomal 
degradation, a process also indirectly regulated by the phosphatase 
network (Chen X. et al., 2023; Wang et al., 2022).

Secondly, phosphatases participate in interfering with the 
interferon-γ (IFN-γ) signaling pathway. IFN-γ is a key cytokine 
that induces the expression of MHC-I and antigen processing- 
related molecules. The increased activity of phosphatase 
SHP1 inhibits the expression of STAT1-dependent immune 
escape-related molecules by reducing the IFN-γ-mediated 
tyrosine phosphorylation of JAK1/2 and STAT1 (Ye et al., 2023). 
The tyrosine phosphatase PTPN2 directly inhibits IFN-γ signal 
transduction by dephosphorylating JAK1 and STAT1, thereby 
blocking MHC-I upregulation (An et al., 2025). Notably, 
PTPN2 deficiency enhances the therapeutic efficacy of PD-1 
blockade in melanoma (Luo et al., 2018). Additionally, PP2A 
indirectly suppresses MHC-I expression by enhancing 
TCF4 transcriptional activity through indirect degradation of β- 
catenin (Luo et al., 2024; Hoehn et al., 2015).

Finally, phosphatases are involved in coordinating 
compensatory immunosuppressive signals. When MHC-I 
expression is downregulated in tumor cells, other inhibitory 
ligands are simultaneously upregulated to compensate and 
suppress the activity of innate immune cells (Zheng et al., 2023). 
The antitumor cytotoxicity of natural killer (NK) cells is tightly 
regulated by MHC-I-specific inhibitory receptors on their surface 
(Wu et al., 2021). When the inhibitory receptor NKG2A on NK cells 
binds to the non-classical MHC-I molecule HLA-E on tumor cells, 
the immunoreceptor tyrosine-based inhibitory motif (ITIM) in the 
intracellular domain of NKG2A is phosphorylated by Src family 
kinases. This phosphorylation subsequently recruits the tyrosine 
phosphatases SHP-1/2. SHP-1 transmits inhibitory signals by 
dephosphorylating key signaling molecules such as VAV1, 
thereby counteracting the activation state of NK cells and 
suppressing their cytotoxic function (Borst et al., 2020; Motoda 
et al., 2000). Upregulation of tyrosine phosphatase SHP-1 (PTPN6) 

expression and phosphorylation specifically inhibits STAT3 and 
ERK phosphorylation, which partially restores NK cell function 
(Yu et al., 2025). Furthermore, tumor cells highly express CD47, 
which transmits a “do not eat me” signal by binding to SIRPα on 
macrophages (Catalan et al., 2020). The phosphatase SHP2 is 
recruited to the ITIM domain of SIRPα and dephosphorylates it, 
thereby inducing dephosphorylation of myosin IIA and, therefore, 
inhibition of the cytoskeleton rearrangement, ultimately leading to 
impaired phagocytic function of macrophages (Catalan et al., 2020).

2.2 Inhibition of chemotaxis, migration, and 
function of antigen-presenting cells (APCs)

Through the aforementioned processes, tumor cells 
successfully interfere with the expression and function of 
MHC-I molecules, rendering cytotoxic T cells unable to 
effectively recognize them, thereby achieving “invisibility.” 
However, a small amount of antigen leakage still occurs 
during this process. Thus, tumor cells disrupt the 
recruitment and function of APCs, preventing them from 
presenting antigens to T cells and thereby interrupting the 
initiation of adaptive immunity. This process involves the 
disintegration of the chemokine network, the construction of 
an immunosuppressive chemical environment, interference 
with APC phagocytic recognition, and the establishment of 
physical and cellular barriers (Kim and Cho, 2022; Luri-Rey 
et al., 2025; Hsieh et al., 2022). Phosphatases play a central 
regulatory role in this process, collectively constructing a 
defensive line that inhibits immune cell infiltration through 
multiple mechanisms.

Chemokines primarily function by binding to G protein- 
coupled receptors (GPCRs) on the cell surface, activating 
downstream signaling pathways to guide the directional 
migration of immune cells. Tumor cells indirectly regulate the 
production of key chemokines (such as CXCL10 and CCL4) 
through phosphatases, preventing APCs from receiving correct 
“navigation” signals. Specifically, the phosphatase SHP-1 
dephosphorylates STAT1 (Tyr701), blocking the IFN-γ signaling 
pathway and thereby inhibiting the production of its downstream 
key chemokine CXCL10 (Xu et al., 2018; Metwally et al., 2025; Feng 
et al., 2002; Shi et al., 2021). PP2A inhibits NF-κB through the AKT 
pathway, downregulating CXCL10 expression (Liu et al., 2005; Sanz- 
Castillo et al., 2023). Meanwhile, PP1 cooperates with histone 
deacetylase HDAC8 to silence the CCL4 promoter mediated by 
the transcription factor CREB (Gao et al., 2009; Yan et al., 2024). 
These actions collectively result in insufficient secretion of 
chemokines essential for APC recruitment, jointly impairing the 
recruitment of cDC1 and T cells (Yan et al., 2024; Bystry et al., 2001).

In addition, tumor cells actively suppress the migratory function 
of APCs by generating immunosuppressive molecules. The 
triphosphate diphosphohydrolase (NTPDase) CD39/ 
CD73 hydrolyze extracellular ATP into adenosine (Rodríguez- 
Martínez et al., 2025). Adenosine not only acts as an 
immunosuppressive molecule itself but also binds to the A2A 
receptor on APCs, activating serine/threonine protein 
phosphatase activity (Revan et al., 1996). PP2A directly inhibits 
APC motility by dephosphorylating the S239 and S157 sites of the 
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migratory-related protein VASP, forming a migratory inhibition 
loop (Kumm et al., 2020; Estin et al., 2017).

Next, tumor cells evade phagocytosis by APCs through 
bidirectional regulation of phagocytic signals. Endoplasmic 
reticulum (ER) stress is crucial for inducing the membrane 
translocation of calreticulin (CALR), the “eat-me” signal 
(Banuelos et al., 2025). Phosphatases PP1/PP2A block ER stress 
by dephosphorylating eIF2α at S51, thereby inhibiting CALR 
membrane translocation (Santos et al., 2016; Placido et al., 2017; 
Beltrán-Visiedo et al., 2024; Liu P. et al., 2020). Meanwhile, tumor 
cells overexpress CD47, which binds to SIRPα on APCs and recruits 
phosphatases SHP-1/SHP-2 (Oldenborg et al., 2001; Ma et al., 2024). 
These phosphatases block phagocytic synapse formation by 
dephosphorylating phagocytic signal proteins Vav/Syk, the 
“don’t-eat-me” signal (Sohn et al., 2011; Miller et al., 2025). 
Phosphatase PP2A may also promote tumor immune escape by 
inhibiting the cGAS-STING-IFN pathway (Mondal et al., 2023). 
These two processes synergistically achieve dual evasion: defective 
“eat-me” signals and overactive “don’t-eat-me” signals.

Finally, tumor cells isolate APCs by constructing physical and 
cellular barriers (Papadas et al., 2023). The loss of phosphatase 
PPM1A leads to sustained phosphorylation of Smad2/3, promoting 
the activation of cancer-associated fibroblasts (CAFs), and the TGF- 
β1 secreted by CAFs drives collagen deposition and extracellular 
matrix (ECM) remodeling (e.g., DDR1-mediated parallel collagen 
arrangement) (Hong et al., 2021; Liang et al., 2023; Kim et al., 2019). 
DUSP1 inhibits the secretion of matrix metalloproteinases (MMPs) 
by dephosphorylating p38 MAPK, thereby reducing ECM 
degradation and jointly reinforcing the physical barrier (Zhang 
et al., 2018; He T. et al., 2025). PP2A dephosphorylates LATS1/ 
2 kinases, activating the YAP transcriptional program to promote 
dense collagen production and reinforce the physical barrier (Hein 
et al., 2019; Liao et al., 2025; Ribeiro et al., 2010). Phosphatases SHP- 
1 and CD45 maintain the survival and function of tumor-associated 
macrophages (TAMs) and myeloid-derived suppressor cells 
(MDSCs), respectively, by regulating CSF1R and 
STAT3 signaling, thereby forming an immunosuppressive cellular 
barrier (Wei et al., 2024; He J. et al., 2025; Ramesh et al., 2019; Hong 
et al., 2023).

2.3 Summary

2.3.1 Core mechanism
Phosphatases orchestrate a multi-layered, synergistic regulatory 

network spanning molecular (antigen), signaling (chemokine), and 
tissue (physical/cellular barrier) levels, thereby dominating tumor 
immune evasion. The essence lies in achieving simultaneous “self- 
concealment” and “environmental blockade.”

2.3.2 Existing controversies and challenges
The greatest challenge stems from the cellular specificity and 

network complexity of phosphatase functions. The same 
phosphatase (e.g., PP2A, SHP-1) may exert opposing roles in 
tumor cells versus immune cells, while cross-talk among 
phosphatase pathways exacerbates off-target effects in targeted 
therapies. Furthermore, the hierarchical regulation and dynamic 
evolution of distinct evasion mechanisms remain poorly defined.

2.3.3 Therapeutic opportunities
Therapeutic strategies targeting this network should focus on 

“dismantling immune evasion.” Potential approaches include:
Combinatorial targeting, such as pairing PTPN2 inhibition with 

PD-1 blockade to restore MHC-I expression and T-cell 
functionality; Multi-node intervention, such as simultaneously 
targeting CD39/CD73 (to relieve chemical suppression) and 
SHP2 (to alleviate phagocytic and signaling inhibition), which 
may generate synergistic effects to fully reverse the tumor’s 
immunosuppressive microenvironment.

3 Phosphatases in coercion

When the “camouflage” of tumor cells is partially uncovered, 
they will adopt more proactive “coercion” strategies, directly 
suppressing or disrupting the functions of immune effector cells 
while fostering the expansion of immunosuppressive cells, thereby 
functionally dismantling the anti-tumor immune response (Galassi 
et al., 2024; Schreiber et al., 2011). Phosphatases act as key effectors 
in this process by modulating immune checkpoints, innate immune 
signaling pathways, cytokine networks, and metabolic pathways 
(Low and Zhang, 2016; Shi et al., 2016; Yi and Lindner, 2008).

3.1 Manipulating immune checkpoints and 
co-stimulatory signals

Immune checkpoint molecules, such as programmed cell death 
protein 1 (PD-L1), serve as the core weapons employed by tumor 
cells to exert immunosuppressive pressure. The expression level of 
these molecules on the cell membrane surface directly determines 
the intensity of immunosuppression. In regulating immune- 
modulating ligand expression, phosphatases directly dampen 
tumor cell immunogenicity by modulating immune checkpoint 
molecules and antigen presentation-related proteins (Mondal 
et al., 2023; Triolo et al., 2022). PTPN2 can reduce the 
expression abundance of PD-L1, in triple-negative breast cancer, 
PTPN2 deletion increases PD-L1 stability, enhancing T cell 
inhibition (Tang et al., 2023; Goh et al., 2022). This process is 
driven by IL-6/JAK1 signaling, where JAK1 phosphorylates PD-L1 
and PTPN2 counteracts this via dephosphorylation (Chan et al., 
2019; Kleppe et al., 2011).

Simultaneously, phosphatases influence the antigen 
presentation mechanism of tumor cells by participating in the 
regulation of MHC-I gene expression and protein stability. This 
function has been elaborated in detail in the preceding section on 
“camouflage” and will not be reiterated here. Furthermore, 
phosphatases evade anti-tumor immunity by suppressing co- 
stimulation signaling pathways within the immune system, 
thereby inhibiting the activity of immune cells (Baumgartner 
et al., 2023). The immune effector cells involved include, but are 
not limited to, dendritic cells (DCs), NK cells, TH1-polarized CD4+ 

T cells, and CD8+ cytotoxic T lymphocytes (CTLs) (Armitage et al., 
2021; Spalinger et al., 2016). Additionally, phosphatases promote the 
activity of immunosuppressive cells, such as regulatory T (TReg) 
cells, specific TAMs subsets, and MDSCs (Schreiber et al., 2011; 
Moon et al., 2014). For instance, SHP1/SHP2 dephosphorylates the 

Frontiers in Cell and Developmental Biology frontiersin.org04

Zhang et al. 10.3389/fcell.2026.1645868

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868


CD80 molecules on the surface of DCs, consequently reducing the 
intensity of CD80/CD86:CD28 co-stimulation signaling (Xie et al., 
2023; Sharma A. et al., 2017). In melanoma models, DCs 
overexpressing SHP1 exhibit significantly impaired T-cell 
activation capacity (Matous et al., 2025).

3.2 Disrupting the sensing of innate 
immunity and interferon signaling

The interferon signaling pathway, particularly the production 
and response of Type I interferons, serves as a critical bridge linking 
innate immunity with adaptive immunity and is essential for 
initiating an effective anti-tumor immune response (Zannikou 
et al., 2024; Diamond et al., 2011). Phosphatases act as a key tool 
to disrupt this bridge, as tumor cells exploit phosphatases to 
sabotage the immune system’s “alarm” mechanism, thereby 
preventing the initiation of an effective immune response.

In the cGAS-STING-TBK1/IRF3 pathway, the phosphatase 
SHP2 directly binds to the kinase domain of TBK1 through its 
C-terminal domain (residues 273-538, encompassing the PTP 
domain), inhibiting its kinase activity and consequently blocking 
the activation of downstream IRF3 (Decout et al., 2021; Qiao et al., 
2021; Zhao et al., 2019; Gao et al., 2022). Concurrently, studies have 
demonstrated that SHP2 can function as a scaffold to bridge 
DAP12 and TRIM27, mediating the K48 ubiquitination of 
TBK1 by TRIM27 (Zheng et al., 2015). This subsequently leads to 
proteasomal degradation of TBK1, inhibits the phosphorylation of 
IRF3, and ultimately suppresses the production of type I interferons. 
The phosphatase PP2A dephosphorylates Carma1, rendering it 
incapable of recruiting key mediators for T-cell activation, which 
consequently restricts the production of IL-2 and IFN-γ (Eitelhuber 
et al., 2011). The deficiency of PP2A/STRN4 in macrophages reduces 
YAP/TAZ expression and renders tumor-conditioned macrophages 
sensitive to STING activation (Ho et al., 2023). PP2A can also 
dephosphorylate and inactivate the S172 site of TBK1, weakening 
nucleic acid sensing signal transduction and the anti-tumor 
immunity it initiates (Meng et al., 2021). Besides, SHP2 and PP2A 
can also directly dephosphorylate JAK kinases or STAT transcription 
factors downstream of interferon receptors, thereby interrupting the 
signaling of key cytokines such as IFN-γ (Shanker et al., 2013; Courdy 
et al., 2023; Liu et al., 2021). When IFN-γ secreted by T cells fails to 
effectively activate the JAK-STAT pathway in target cells, its 
induction of MHC molecule upregulation and anti-proliferative 
effects are stifled at their inception (Zhou, 2009). Clinical studies 
show PP2A overexpression significantly attenuates the anti-tumor 
effects of cGAMP (a STING agonist) (Pepin and Gantier, 2018). 
Additionally, SHP2 (PTPN11) interferes with ISGF3 complex 
(STAT1-STAT2-IRF9) assembly by dephosphorylating STAT1 at 
Y701, impairing IFN signaling, thereby blocking the transmission 
of type I and type II interferon signals (Luo et al., 2018; Roca-Rivada 
et al., 2025; Nowicka et al., 2023). In KRAS-mutant lung cancer, 
SHP2 inhibitors restore tumor cell IFN responsiveness, confirming 
its critical negative regulatory role in the IFN pathway (Mainardi 
et al., 2018; Christian et al., 2012). The blockade of interferon 
signaling leads to impaired expression of downstream stimulate 
genes, rendering tumor cells and their microenvironment 
“unresponsive” to the activating signals of the immune system.

3.3 Reprogramming the cytokine network

The balance of cytokines within the tumor microenvironment 
determines the direction of the immune response. Phosphatases, by 
remodeling this network, can shift a pro-inflammatory environment 
to an anti-inflammatory one (Yoon and Lee, 2022).

In the TGF-β pathway, phosphatase PPM1A (PP2Cα) promotes 
Smad2/3 nuclear translocation by dephosphorylating their 
C-terminal SXS motif, driving transcription of TGF-β target 
genes like chemokine CCL2 (Wrighton et al., 2006; Lin et al., 
2006). This directly drives the differentiation and function of 
regulatory T cells and promotes epithelial-mesenchymal 
transition, jointly creating a suppressive microenvironment 
(Sheng et al., 2025; Lien et al., 2025; Zhao et al., 2014). Within 
T cells, when inhibitory receptors (such as PD-1) are engaged, their 
ITSM (Immunoreceptor Tyrosine-Based Switch Motif) motifs 
recruit SHP2 (or, in some cases, SHP1) (Kondo et al., 2025; LI 
et al., 2025). Subsequently, SHP2 becomes activated and relocates to 
the vicinity of the T cell receptor (TCR) signaling complex, where it 
dephosphorylates phosphorylated tyrosine residues on key signaling 
molecules such as ZAP70 and the CD3ζ chain (Sheppard et al., 2004; 
Lee et al., 2008). This directly truncates the activation signals in 
T cells, leading to their functional inactivation, cessation of 
proliferation, and even progression toward exhaustion (Hui et al., 
2017). This represents the most direct molecular manifestation of 
tumor cells “coercing” T cells.

In natural immune cells, SHP1 (PTPN6) inhibits macrophage 
secretion of proinflammatory factors (e.g., TNF-α, IL-1β) by 
dephosphorylating p38 MAPK and blocking downstream 
MK2 kinase activation (Yang et al., 2019; He et al., 2020). Studies 
show SHP1 synergizes with IL-10 signaling to amplify the anti- 
inflammatory response (Minter et al., 2000). The dual-specificity 
phosphatase (DUSP) family is responsible for dephosphorylating 
Thr and Tyr residues within the MAPK pathway. For instance, 
DUSP 1 has been shown to be an important negative regulator of 
inflammatory response, affecting the production of pro- 
inflammatory and anti-inflammatory cytokines by modulating the 
p38 and Jun N-terminal protein kinase (JNK) MAP kinase pathways 
(Cornell et al., 2010). However, DUSP4 targets the mechanism of 
ERK inactivation, thereby reducing DUSP1 expression and 
eliminating its negative inhibition on cytokine production 
(Cornell et al., 2010). The role of DUSPs in tumor immunity is 
controversial (Keyse, 2008). DUSP4 can play a role in maintaining 
high ERK1/2 activity by negatively regulating DUSP6, thereby 
contributing to the survival and growth of melanoma cells 
(Kamada et al., 2022). The MAPK pathway not only affects the 
malignancy of tumor cells, but also affects the production and 
functional execution of immune cytokines (such as TNF-α and 
IL-2), thereby affecting the overall strength of the immune response 
(Kar et al., 2010).

3.4 Dominating metabolic reprogramming 
and nutrient deprivation

Tumor cells enhance their survival by altering metabolic 
landscapes, creating a microenvironment that directly suppresses 
effector immune cells while nourishing suppressive cells. 
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Phosphatases serve as a crucial hub through which tumor cells 
orchestrate this metabolic reprogramming and impose “metabolic 
stress” on immune cells.

In tumor cells, SHP2 has been identified as a key node in 
multiple oncogenic signaling pathways (e.g., RAS-MAPK) (Liotti 
et al., 2021). Its activity drives the Warburg effect (aerobic glycolysis) 
in tumor cells, leading to substantial glucose consumption in the 
microenvironment and the production of copious amounts of 
lactate (Dong et al., 2023). For effector T cells, which primarily 
rely on aerobic glycolysis for energy, this results in severe glucose 
deprivation and impaired function (Longo et al., 2025). PTEN is 
typically regarded as a tumor suppressor gene, and its deletion or 
inactivation occurs frequently in various tumor types (Wang Q. 
et al., 2025). As a lipid phosphatase, PTEN’s core function is to 
catalyze the dephosphorylation of PIP3 to PIP2, thereby negatively 
regulating the potent pro-growth and metabolic signaling pathway, 
PI3K-AKT-mTOR (Liu et al., 2022). When PTEN is deleted, the 
PI3K signaling pathway becomes hyperactivated, significantly 
promoting glucose uptake and glycolysis in tumor cells and 
intensifying competition with T cells for glucose (Wang J. et al., 
2025). Concurrently, uncontrolled PI3K signaling also drives 
predatory utilization of other nutrients, such as amino acids, 
collectively creating a metabolic environment unfavorable for 
T cell survival and function (Ramapriyan et al., 2019). ILKAP (a 
PP2C family phosphatase) stabilizes HIF-1α by dephosphorylating 
it, preventing VHL complex-mediated recognition and degradation 
(Liu et al., 2018). This upregulates genes like LDHA and GLUT1, 
promoting lactate production (Jin et al., 2022). A high-lactate 
environment can directly suppress the cytotoxicity and 
proliferation of T cells and NK cells (Ippolito et al., 2019). CD73 
(NT5E), which possesses phosphatase activity, is a key enzyme 
involved in the generation of extracellular adenosine (Jackson 
et al., 2014). It catalyzes AMP hydrolysis to adenosine (Jackson 
et al., 2014; Bin et al., 2018). Adenosine activates T cell A2A 
receptors (ADORA2A), triggering PKA-CREB signaling to inhibit 
TCR signaling and cytokine production, and induce T cell 
dysfunction (Zhang et al., 2023). Targeting CD73 with inhibitors 
restores T cell function (Furriel et al., 2025; Liu et al., 2025). 
Additionally, the phosphatase SHP2 also enhances the enzymatic 
activity of IDO1 by dephosphorylating its Y115 and Y253 residues 
(Albini et al., 2017; Hoffka et al., 2025). This accelerates the 
conversion of tryptophan to kynurenine, leading, on one hand, 
to the depletion of tryptophan, which is essential for T cell 
activation, and, on the other hand, to the accumulation of 
kynurenine that can activate the aryl hydrocarbon receptor, 
directly driving the differentiation of regulatory T cells (Torres- 
Martínez et al., 2025). This dual mechanism exerts a suppressive 
effect on T cell immunity.

3.5 Summary

3.5.1 Core mechanism
Phosphatases systematically impose immune “stress” by 

constructing a three-dimensional regulatory network that spans 
from membrane receptors to nuclear transcription and from 
intercellular communication to the metabolic environment. Their 
core characteristic lies in simultaneously suppressing the function of 

effector cells and fostering the population of suppressive cells, 
thereby establishing a multi-layered immunosuppressive system.

3.5.2 Existing controversies and challenges
The primary challenge lies in the spatiotemporal specificity and 

cell-type specificity of phosphatase functions. For instance, 
SHP2 exhibits opposing regulatory effects in tumor cells and 
immune cells, potentially giving rise to complex network effects. 
Moreover, the synergistic interactions and dynamic evolutionary 
patterns among different stress mechanisms still require in-depth 
exploration.

3.5.3 Therapeutic opportunities
Combination therapy strategies targeting the “stress” network 

demonstrate immense potential. Inhibition of PTPN2 can 
simultaneously enhance antigen presentation and reduce PD-L1 
stability; the combination of SHP2 inhibitors with 
CD73 monoclonal antibodies can reverse multiple metabolic 
suppressions. Integrating these targeted drugs with existing 
immune checkpoint inhibitors holds promise for achieving 
synergistic anti-tumor effects. Currently, 17 related clinical trials 
are underway, offering a new direction to overcome current 
resistance to immunotherapy.

4 Phosphatases in cytoprotection

Cytoprotection constitutes the final defense line for cancers 
against immune attacks. This occurs when cancer cells, having 
been recognized and targeted by immune effector cells (such as 
CTLs or NK cells), resist immune-mediated elimination through 
mechanisms including cancer cell survival, immune exhaustion, and 
clonal evolution (Sharma P. et al., 2017; Kalbasi and Ribas, 2020; 
Mclane et al., 2019; Rosenthal et al., 2019). The phosphatase network 
plays a central role in this process by precisely regulating the 
dephosphorylation of key signaling molecules.

4.1 Reinforce physical barriers

Tumor cells interfere with the function of immunological 
synapses and membrane integrity by altering cytoskeletal 
structures and membrane repair capabilities, thereby physically 
obstructing the delivery of cytotoxic substances.

Phosphatase PP2A promotes actin depolymerization by 
dephosphorylating microtubule-actin crosslinking factor 1 
(MACF1), reducing its stability (Wang et al., 2019). This 
enhances cell membrane flexibility, altering mechanical properties 
and decreasing membrane tension (Sousa and SOusa, 2021). This 
process destabilizes the immunological synapse structure formed by 
CTL/NK cells, effectively preventing the formation of functional 
pores by perforin on the target cell membrane and significantly 
blocking the influx of granzyme B (Wang et al., 2019; Lyubchenko 
et al., 2003). This physical barrier mechanism functionally 
antagonizes the phosphorylation regulation of FLNA by ROCK 
kinase, jointly and precisely regulating the intensity of the 
cytoskeletal response to immune attacks (Peverelli et al., 2018; 
Hong et al., 2024; Pan et al., 2021). Concurrently, the ER- 
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localized tyrosine phosphatase PTP1B can promote the rapid 
recruitment and assembly of CHMP4B, a core component of the 
ESCRT-III membrane repair mechanism, at membrane damage 
sites caused by perforin by activating it (Elias et al., 2023; 
Kamenetsky et al., 2025). This complex actively internalizes and 
seals membrane pores through a budding process, effectively 
preventing the continuous penetration of granzymes (Gros et al., 
2022). This mechanism is particularly prominent in melanoma and 
colorectal cancer, where membrane damage occurs frequently.

4.2 Interception of death signals

Tumor cells employ phosphatases to intervene at multiple nodes 
within death signaling pathways, including multi-tiered inhibition 
from receptors to core apoptotic pathways, thereby systematically 
reducing their sensitivity to immune-mediated apoptosis. On one 
hand, phosphatases participate in the suppression of death receptor 
pathways. The phosphatase SHP-1 disrupts the conformation of the 
death domain by directly dephosphorylating specific tyrosine 
residues in the intracellular domain of the FAS receptor, thereby 
blocking the recruitment of the FADD adapter protein (Koncz et al., 
2008). This mechanism effectively inhibits the formation of the 
CASPASE-8 activation complex, strongly suppressing the 
transmission of extrinsic apoptotic signals even in tumor cells 
with high FAS receptor expression (Futosi et al., 2013; Daigle 
et al., 2002). In some solid tumors with intact FAS signaling 
pathways, this mechanism functionally complements the 
epigenetic silencing of the FAS gene, providing dual protection 
for tumor survival.

On the other hand, phosphatases can interfere with cytokine- 
induced apoptosis. Phosphatases PTPN2 and PTPN1B effectively 
disrupt the JAK-STAT signaling pathway induced by cytokines such 
as IFN-γ by dephosphorylating JAK1 and JAK2 (Bourdeau et al., 
2005; Pike and Tremblay, 2016; Perez-Quintero et al., 2025). This 
not only diminishes the transcriptional activity of STAT1, leading to 
the downregulation of pro-apoptotic genes such as IRF1 and CASP1, 
but also significantly reduces the sensitivity of tumor cells to 
cytokines secreted by immune effector cells (Chen Z. et al., 2023; 
Wang et al., 2020).

Furthermore, within the highly regulated cell death pathway of 
necroptosis, phosphatases form a complex, multi-layered regulatory 
network through the precise localization and dephosphorylation of 
core signaling molecules RIPK1 and RIPK3. This network is 
primarily characterized by inhibitory effects: for instance, the 
PP2A-B56α complex elevates the activation threshold of 
RIPK1 by dephosphorylating “inhibitory sites” on RIPK1 
(Guffens et al., 2023; Saddoughi et al., 2013). Meanwhile, PPM1B 
directly targets RIPK3 by removing critical phosphorylations from 
its kinase domain, thereby inhibiting RIPK3 autophosphorylation 
and its recruitment of downstream MLKL (Chen et al., 2015). 
Additionally, the PP1γ-PPP1R3G holoenzyme plays a unique 
bidirectional regulatory role: it releases the “brakes” on RIPK1 by 
dephosphorylating its inhibitory sites, thereby promoting 
necroptosis during the initial signaling phase; however, during 
the later stages of RIPK1 hyperactivation, the same 
dephosphorylation process exerts negative feedback to limit its 
activity (Du et al., 2021).

4.3 Initiation of compensatory 
survival programs

When fundamental defense mechanisms are partially 
compromised, phosphatases swiftly activate deeper compensatory 
protective programs to ensure cell survival through autophagy, 
protein stabilization, and metabolic adaptation.

Under stressful conditions such as hypoxia, PP2A relieves 
mTORC1-mediated inhibition of the ULK1 complex by 
dephosphorylating its key components, thereby initiating 
protective autophagy (Migliore et al., 2024; Hajdu et al., 
2022). This process not only degrades invading granzyme B 
but also eliminates mitochondria damaged by immune attacks, 
thereby suppressing the mtDNA leakage-activated cGAS-STING 
pathway and avoiding further immune recognition and 
activation (Zhang et al., 2021). Phosphatase PP1 and PP2A 
significantly enhance the stability of X-linked inhibitor of 
apoptosis protein (XIAP) by maintaining its specific 
dephosphorylated state, enabling sustained and effective 
inhibition of CASPASE-3, -7, and -9 activities (Gardai et al., 
2004). This mechanism synergizes with the serine protease 
inhibitor SERPINB9, which effectively neutralizes the protease 
activity of granzyme B, collectively forming a dual inhibitory 
network targeting the core apoptotic execution phase (Teo et al., 
2024). Low-molecular-weight phosphatases promote the 
remodeling of cellular membrane phospholipids by 
dephosphorylating and activating long-chain acyl-CoA 
synthetase 4, enhancing cellular resistance to oxidative stress 
(Alho et al., 2013; Lori et al., 2018). Meanwhile, members of this 
phosphatase family maintain the dephosphorylated state of the 
xCT subunit of the cystine/glutamate antiporter, ensuring 
efficient cystine uptake and collectively sustaining 
intracellular reduced glutathione levels, thereby effectively 
counteracting IFN-γ-induced ferroptosis (Huang et al., 2022).

4.4 Expansion of non-canonical 
protective networks

In addition to classical pathways, phosphatases also extend 
their cellular protective networks through non-canonical 
mechanisms such as transcriptional reprogramming and cell 
cycle arrest. Dephosphorylation of SMAD2/3 mediated by 
phosphatase PP2A promotes its nuclear translocation, 
thereby upregulating the expression of the transcription 
factor SOX4 (Prasad et al., 2024; Ballout et al., 2024; 
Petritsch et al., 2000). SOX4 significantly suppresses CTL- 
induced tumor cell apoptosis by regulating the expression of 
a series of anti-apoptotic genes, providing transcriptional 
support for tumor survival (Batut et al., 2008). Phosphatase 
PP1 maintains the dephosphorylated state of retinoblastoma 
protein (RB) family members, arresting the cell cycle in the 
metabolically less active G0/G1 phase (Verdugo-Sivianes and 
Carnero, 2021). This “dormant” state not only reduces the 
nutritional demands of tumor cells but also significantly 
enhances their survival capacity in harsh microenvironments 
characterized by hypoxia, nutrient deprivation, and 
immune pressure.
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4.5 Summary

4.5.1 Core mechanism
Phosphatases achieve ultimate cellular protection by 

constructing a multi-layered defense system that spans from 
physical barriers and death signal interception to the activation 
of proactive survival programs. This system exhibits a high degree of 
redundancy and adaptability, ensuring that even if some defensive 
lines are breached, cell survival can still be maintained through 
compensatory mechanisms.

4.5.2 Existing controversies and challenges
The core challenge lies in distinguishing the different roles of 

phosphatases in tumor cell protection versus maintaining normal 
tissue homeostasis to achieve therapeutic specificity. Moreover, how 
various protective mechanisms (such as autophagy and apoptosis 
inhibition) are prioritized and dynamically switched through the 
phosphatase network remains an unresolved mystery. Additionally, 
the epigenetic regulatory role of phosphatases in the process by 

which tumor cells memorize and adapt to repeated immune attacks 
(i.e., “clonal evolution”) also requires urgent exploration.

4.5.3 Therapeutic opportunities
For the “cellular protection” network, the most promising 

strategy is “multi-pathway synergistic blockade.” For instance, 
combining PP2A inhibitors (to disrupt physical barriers and 
autophagy) with SHP-1 inhibitors (to restore death receptor 
sensitivity) may generate a potent synergistic effect, completely 
dismantling the tumor’s last line of defense. Meanwhile, the 
combination of targeting phosphatases with ferroptosis inducers 
offers a new direction for overcoming apoptosis resistance.

5 Discussion

Phosphatases construct a highly coordinated multi-Layered 
defense system within the “Camouflage, Coercion, and Cellular 
Protection” (three Cs) framework of tumor Immune evasion 

FIGURE 1 
Phosphatase is a molecular switch in the “three Cs” framework of immune escape. The latest research has proposed a “three Cs” framework for 
immune evasion, wherein tumor cells achieve immune evasion through camouflage, coercion, and cytoprotection. Tumor cells evade immune 
recognition by downregulating antigen presentation and interfering with the chemotaxis and migration of immune cells. Besides affecting signal 
transduction in APCs, phosphatases primarily regulate key molecules involved in antigen recognition and chemokines indirectly, thereby facilitating 
immune “camouflage.” When the camouflage is partially uncovered, tumor cells shift to an active offensive strategy. They disrupt the stability of immune 
checkpoints, suppress innate immune and interferon signaling, reprogram cytokine networks, and orchestrate metabolic reprogramming and nutrient 
deprivation, directly suppressing the function of immune cells. When the immune system successfully recognizes and attacks tumor cells, phosphatases 
construct a final line of defense through multiple mechanisms, including mediating the reconstruction of physical barriers, activating compensatory 
survival signals, triggering protective network activation, and blocking death signals, thereby ensuring the survival and continued evasion of tumor cells. 
Throughout this process, multiple phosphatases are involved in multi-stage and multi-target regulation. Notably, the same phosphatase may exert 
opposing functions at different stages, underscoring the high degree of complexity of the phosphatase network in immune evasion.
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through their spatiotemporally specific dephosphorylation 
(Figure 1). This network initiates with “camouflage”: 
phosphatases achieve initial immune evasion by suppressing 
antigen presentation (e.g., PP2A-mediated autophagic 
degradation of MHC-I), blocking chemotactic signals (e.g., SHP- 
1-induced dephosphorylation of STAT1 inhibiting 
CXCL10 production), and enhancing “do not eat me” signals 
(e.g., SHP-2 regulation in the CD47-SIRPα axis). Transitioning to 
the “coercion” phase, phosphatases actively suppress immune cell 
function by stabilizing immunosuppressive ligands (e.g., 
PTPN2 regulation of PD-L1 degradation), disrupting danger 
signal transduction (e.g., PP2A inhibition of the cGAS-STING 
pathway), and remodeling the metabolic environment (e.g., 
CD73-mediated adenosine production). When confronted with 
direct immune attacks, phosphatases exert their ultimate 
defensive role in the “cellular protection” dimension: 
constructing a robust final line of defense by altering cellular 
mechanical properties (PP2A-mediated cytoskeletal 
reorganization), blocking death receptor signaling (SHP- 
1 inhibition of the FAS pathway), and initiating compensatory 
survival programs (e.g., autophagy activated by the PP2A- 
ULK1 axis).

However, in-depth research in this field faces three core 
challenges:

First, the spatiotemporal specificity and network complexity of 
phosphatase regulation remain far from fully understood. 
Phosphatase activity is finely regulated by subcellular 
localization, regulatory subunit combinations, post-translational 
modifications (e.g., redox sensitivity and acetylation), and 
microenvironmental signals (e.g., hypoxia/metabolic stress), yet 
current research methods struggle to capture such dynamic 
changes. More importantly, studies have predominantly focused 
on the unidirectional regulation of phosphatases, overlooking the 
“phosphorylation-dephosphorylation” dynamic equilibrium 
network they form with complementary kinases (e.g., PP2A- 
AKT, PTP1B-JAK). The global effects of this bidirectional 
dysregulation and its dynamic evolution during immune editing 
remain uncharted territories.

Second, tumor heterogeneity and the dual roles of phosphatase 
functions pose fundamental obstacles to therapeutic targeting. 
Significant differences exist in phosphatase networks across 
tumor types (e.g., highly immunogenic melanoma versus poorly 
immunogenic pancreatic cancer), yet systematic subtype studies are 
currently lacking. More critically, many phosphatases (e.g., SHP2, 
PP2A) play opposing roles in tumor cells and immune cells, making 
systemic targeting potentially suppress antitumor immunity 
simultaneously and leading to therapeutic efficacy offset or 
unintended toxicity.

Finally, the development of targeting strategies faces dual 
biochemical and pharmacological bottlenecks. The high 
conservation of catalytic domains within the phosphatase family 
makes designing highly selective small-molecule inhibitors 
exceedingly challenging, prone to off-target effects (e.g., the 
impact of SHP2 inhibitors on cardiac development) (Stanford 
and Bottini, 2017). Meanwhile, traditional drug development 
approaches have repeatedly failed due to the positively charged 
nature of protein phosphatase active sites and the lack of allosteric 
pockets (Table 1).

Targeting phosphatase activity within the “three Cs” framework 
holds core therapeutic significance in potentially achieving “single- 
target, multi-effect” synergistic therapy. However, this necessitates 
transcending traditional “complete inhibition” paradigms and 
shifting toward more refined “precision modulation.” Future 
breakthrough strategies may include:

Temporal Intervention Strategies: Selecting distinct targets based 
on therapeutic stages—early-stage utilization of PTPN2 inhibitors to 
enhance antigen presentation and reduce PD-L1 expression 
(dismantling camouflage), mid-stage combination of SHP2 and 
CD73 inhibitors to reverse metabolic suppression (alleviating 
coercion), and late-stage application of PP2A or SHP-1 inhibitors 
to dismantle cellular protection mechanisms.

Synergistic Combination Paradigms: Rationally combining 
phosphatase-targeted agents with existing immunotherapies. For 
instance, PTPN2 inhibitors may synergize with anti-PD-1 therapy 
by simultaneously enhancing immune recognition and blocking 
compensatory checkpoints; SHP2 inhibitors could be combined 
with adoptive T-cell therapy to improve T-cell functionality 
within immunosuppressive microenvironments.

Novel Modality Exploration: Developing PROTAC degraders, 
allosteric modulators, or therapies targeting specific regulatory 
subunits of “undruggable” phosphatases to address selectivity challenges.

6 Conclusion

In summary, phosphatases act as “molecular switches” for tumor 
immune evasion within the “three Cs” framework by precisely 
regulating protein dephosphorylation: achieving immune stealth 
during camouflage, executing active suppression in coercion, and 
establishing an ultimate survival defense in cytoprotection. 
Analyzing this multi-dimensional regulatory network not only 
unveils the systemic nature of tumor immune evasion but also 
underscores the pivotal therapeutic value of phosphatases as targets. 
Future research must bridge the knowledge gap from single- 
pathway inhibition to dynamic network reprogramming. By 
integrating systems biology with precision intervention strategies, 
we can overcome current targeted therapy bottlenecks and 
ultimately realize a “one target, multiple effects” immunotherapy 
paradigm based on the phosphatase regulatory network.

Author contributions

CZ: Formal Analysis, Investigation, Validation, 
Writing – original draft, Writing – review and editing. XQ: 
Writing – review and editing, Funding acquisition. WS: 
Writing – review and editing, Funding acquisition. SZ: 
Conceptualization, Formal Analysis, Investigation, Supervision, 
Validation, Writing – review and editing.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. The work was funded by the Health 
Committee of Nantong (QN2024030, QNZ2023053, MS2022055).

Frontiers in Cell and Developmental Biology frontiersin.org09

Zhang et al. 10.3389/fcell.2026.1645868

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868


Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 

intelligence and reasonable efforts have been made to ensure 
accuracy, including review by the authors wherever possible. If 
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References

Albini, E., Rosini, V., Gargaro, M., Mondanelli, G., Belladonna, M. L., Pallotta, M. T., 
et al. (2017). Distinct roles of immunoreceptor tyrosine-based motifs in 
immunosuppressive indoleamine 2,3-dioxygenase 1. J. Cell Mol. Med. 21 (1), 
165–176. doi:10.1111/jcmm.12954

Alho, I., Costa, L., Bicho, M., and Coelho, C. (2013). The role of low-molecular-weight 
protein tyrosine phosphatase (LMW-PTP ACP1) in oncogenesis. Tumour Biol. 34 (4), 
1979–1989. doi:10.1007/s13277-013-0784-1

Ambjørn, S. M., Duxin, J. P., Hertz, E. P. T., Nasa, I., Duro, J., Kruse, T., et al. (2021). A 
complex of BRCA2 and PP2A-B56 is required for DNA repair by homologous 
recombination. Nat. Commun. 12 (1), 5748. doi:10.1038/s41467-021-26079-0

An, Y., Lan, J., Tang, J., and Luo, N. (2025). PTPN2 inhibits TG-induced ERS-initiated 
TNBC apoptosis through the mitochondrial pathway. Sci. Rep. 15 (1), 19896. doi:10. 
1038/s41598-025-04312-w

Armitage, L. H., Wallet, M. A., and Mathews, C. E. (2021). Influence of 
PTPN22 allotypes on innate and adaptive immune function in health and disease. 
Front. Immunol. 12, 636618. doi:10.3389/fimmu.2021.636618

Ballout, F., Lu, H., Bhat, N., Chen, L., Peng, D., Chen, Z., et al. (2024). Targeting 
SMAD3 improves response to oxaliplatin in esophageal adenocarcinoma models by 
impeding DNA repair. Clin. Cancer Res. 30 (10), 2193–2205. doi:10.1158/1078-0432. 
CCR-24-0027

Banuelos, A., Baez, M., Zhang, A., Yılmaz, L., Kasberg, W., Volk, R., et al. (2025). 
Macrophages release neuraminidase and cleaved calreticulin for programmed cell 
removal. Proc. Natl. Acad. Sci. U. S. A. 122 (21), e2426644122. doi:10.1073/pnas. 
2426644122

Batut, J., Schmierer, B., Cao, J., Raftery, L. A., Hill, C. S., and Howell, M. (2008). 
Two highly related regulatory subunits of PP2A exert opposite effects on TGF-beta/ 
Activin/Nodal signalling. Development 135 (17), 2927–2937. doi:10.1242/dev. 
020842

Baumgartner, C. K., Ebrahimi-Nik, H., Iracheta-Vellve, A., Hamel, K. M., Olander, K. 
E., Davis, T. G. R., et al. (2023). The PTPN2/PTPN1 inhibitor ABBV-CLS-484 unleashes 
potent anti-tumour immunity. Nature 622 (7984), 850–862. doi:10.1038/s41586-023- 
06575-7

Beltrán-Visiedo, M., Serrano-Del Valle, A., Jiménez-Aldúan, N., Soler-Agesta, R., 
Naval, J., Galluzzi, L., et al. (2024). Cytofluorometric assessment of calreticulin exposure 
on CD38+ plasma cells from the human bone marrow. Methods Cell Biol. 189, 189–206. 
doi:10.1016/bs.mcb.2024.05.009

Bhattacharyya, S., Feferman, L., and Tobacman, J. K. (2016). Inhibition of phosphatase 
activity follows decline in sulfatase activity and leads to transcriptional effects through 
sustained phosphorylation of transcription factor MITF. PLoS One 11 (4), e0153463. 
doi:10.1371/journal.pone.0153463

Bin, A., Caputi, V., Bistoletti, M., Montopoli, M., Colucci, R., Antonioli, L., et al. 
(2018). The ecto-enzymes CD73 and adenosine deaminase modulate 5’-AMP-derived 
adenosine in myofibroblasts of the rat small intestine. Purinergic Signal 14 (4), 409–421. 
doi:10.1007/s11302-018-9623-6

Borst, L., Van Der Burg, S. H., and Van Hall, T. (2020). The NKG2A-HLA-E axis as a 
novel checkpoint in the tumor microenvironment. Clin. Cancer Res. 26 (21), 5549–5556. 
doi:10.1158/1078-0432.CCR-19-2095

Bourdeau, A., Dube, N., and Tremblay, M. L. (2005). Cytoplasmic protein tyrosine 
phosphatases, regulation and function: the roles of PTP1B and TC-PTP. Curr. Opin. Cell 
Biol. 17 (2), 203–209. doi:10.1016/j.ceb.2005.02.001

Burr, M. L., Sparbier, C. E., Chan, K. L., Chan, Y. C., Kersbergen, A., Lam, E. Y. N., 
et al. (2019). An evolutionarily conserved function of polycomb silences the MHC class I 
antigen presentation pathway and enables immune evasion in cancer. Cancer Cell 36 (4), 
385–401 e8. doi:10.1016/j.ccell.2019.08.008

Bystry, R. S., Aluvihare, V., Welch, K. A., Kallikourdis, M., and Betz, A. G. (2001). 
B cells and professional APCs recruit regulatory T cells via CCL4. Nat. Immunol. 2 (12), 
1126–1132. doi:10.1038/ni735

Catalan, R., Orozco-Morales, M., Hernandez-Pedro, N. Y., Guijosa, A., Colín- 
González, A. L., Ávila-Moreno, F., et al. (2020). CD47-SIRPalpha axis as a 
biomarker and therapeutic target in cancer: current perspectives and future 
challenges in nonsmall cell lung cancer. J. Immunol. Res. 2020, 9435030. doi:10. 
1155/2020/9435030

Caunt, C. J., and Keyse, S. M. (2013). Dual-specificity MAP kinase phosphatases 
(MKPs): shaping the outcome of MAP kinase signalling. FEBS J. 280 (2), 489–504. 
doi:10.1111/j.1742-4658.2012.08716.x

Chan, L. C., Li, C. W., Xia, W., Hsu, J. M., Lee, H. H., Cha, J. H., et al. (2019). IL-6/ 
JAK1 pathway drives PD-L1 Y112 phosphorylation to promote cancer immune evasion. 
J. Clin. Invest 129 (8), 3324–3338. doi:10.1172/JCI126022

Chen, W., Wu, J., Li, L., Zhang, Z., Ren, J., Liang, Y., et al. (2015). Ppm1b negatively 
regulates necroptosis through dephosphorylating Rip3. Nat. Cell Biol. 17 (4), 434–444. 
doi:10.1038/ncb3120

Chen X, X., Lu, Q., Zhou, H., Liu, J., Nadorp, B., Lasry, A., et al. (2023). A membrane- 
associated MHC-I inhibitory axis for cancer immune evasion. Cell 186 (18), 
3903–20 e21. doi:10.1016/j.cell.2023.07.016

Chen, Z., Yao, M. W., Shen, Z. L., Li, S. D., Xing, W., Guo, W., et al. (2023). Interferon- 
gamma and tumor necrosis factor-alpha synergistically enhance the immunosuppressive 
capacity of human umbilical-cord-derived mesenchymal stem cells by increasing PD-L1 
expression. World J. Stem Cells 15 (8), 787–806. doi:10.4252/wjsc.v15.i8.787

Chiang, C. W., Harris, G., Ellig, C., Masters, S. C., Subramanian, R., Shenolikar, S., 
et al. (2001). Protein phosphatase 2A activates the proapoptotic function of BAD in 
interleukin- 3-dependent lymphoid cells by a mechanism requiring 14-3-3 dissociation. 
Blood 97 (5), 1289–1297. doi:10.1182/blood.v97.5.1289

Christian, S. L., Zu, D., Licursi, M., Komatsu, Y., Pongnopparat, T., Codner, D. A., 
et al. (2012). Suppression of IFN-induced transcription underlies IFN defects generated 
by activated Ras/MEK in human cancer cells. PLoS One 7 (9), e44267. doi:10.1371/ 
journal.pone.0044267

Cohen, P. (1989). The structure and regulation of protein phosphatases. Annu. Rev. 
Biochem. 58, 453–508. doi:10.1146/annurev.bi.58.070189.002321

Cornell, T. T., Rodenhouse, P., Cai, Q., Sun, L., and Shanley, T. P. (2010). Mitogen- 
activated protein kinase phosphatase 2 regulates the inflammatory response in sepsis. 
Infect. Immun. 78 (6), 2868–2876. doi:10.1128/IAI.00018-10

Courdy, C., Platteeuw, L., Ducau, C., De Araujo, I., Boet, E., Sahal, A., et al. (2023). 
Targeting PP2A-dependent autophagy enhances sensitivity to ruxolitinib in 
JAK2(V617F) myeloproliferative neoplasms. Blood Cancer J. 13 (1), 106. doi:10.1038/ 
s41408-023-00875-x

Daigle, I., Yousefi, S., Colonna, M., Green, D. R., and Simon, H. U. (2002). Death 
receptors bind SHP-1 and block cytokine-induced anti-apoptotic signaling in 
neutrophils. Nat. Med. 8 (1), 61–67. doi:10.1038/nm0102-61

Decout, A., Katz, J. D., Venkatraman, S., and Ablasser, A. (2021). The cGAS-STING 
pathway as a therapeutic target in inflammatory diseases. Nat. Rev. Immunol. 21 (9), 
548–569. doi:10.1038/s41577-021-00524-z

Diamond, M. S., Kinder, M., Matsushita, H., Mashayekhi, M., Dunn, G. P., 
Archambault, J. M., et al. (2011). Type I interferon is selectively required by 
dendritic cells for immune rejection of tumors. J. Exp. Med. 208 (10), 1989–2003. 
doi:10.1084/jem.20101158

Dong, F., Li, H., Liu, L., Yao, L. L., Wang, J., Xiang, D., et al. (2023). ACE2 negatively 
regulates the Warburg effect and suppresses hepatocellular carcinoma progression via 

Frontiers in Cell and Developmental Biology frontiersin.org10

Zhang et al. 10.3389/fcell.2026.1645868

https://doi.org/10.1111/jcmm.12954
https://doi.org/10.1007/s13277-013-0784-1
https://doi.org/10.1038/s41467-021-26079-0
https://doi.org/10.1038/s41598-025-04312-w
https://doi.org/10.1038/s41598-025-04312-w
https://doi.org/10.3389/fimmu.2021.636618
https://doi.org/10.1158/1078-0432.CCR-24-0027
https://doi.org/10.1158/1078-0432.CCR-24-0027
https://doi.org/10.1073/pnas.2426644122
https://doi.org/10.1073/pnas.2426644122
https://doi.org/10.1242/dev.020842
https://doi.org/10.1242/dev.020842
https://doi.org/10.1038/s41586-023-06575-7
https://doi.org/10.1038/s41586-023-06575-7
https://doi.org/10.1016/bs.mcb.2024.05.009
https://doi.org/10.1371/journal.pone.0153463
https://doi.org/10.1007/s11302-018-9623-6
https://doi.org/10.1158/1078-0432.CCR-19-2095
https://doi.org/10.1016/j.ceb.2005.02.001
https://doi.org/10.1016/j.ccell.2019.08.008
https://doi.org/10.1038/ni735
https://doi.org/10.1155/2020/9435030
https://doi.org/10.1155/2020/9435030
https://doi.org/10.1111/j.1742-4658.2012.08716.x
https://doi.org/10.1172/JCI126022
https://doi.org/10.1038/ncb3120
https://doi.org/10.1016/j.cell.2023.07.016
https://doi.org/10.4252/wjsc.v15.i8.787
https://doi.org/10.1182/blood.v97.5.1289
https://doi.org/10.1371/journal.pone.0044267
https://doi.org/10.1371/journal.pone.0044267
https://doi.org/10.1146/annurev.bi.58.070189.002321
https://doi.org/10.1128/IAI.00018-10
https://doi.org/10.1038/s41408-023-00875-x
https://doi.org/10.1038/s41408-023-00875-x
https://doi.org/10.1038/nm0102-61
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.1084/jem.20101158
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868


reducing ROS-HIF1alpha activity. Int. J. Biol. Sci. 19 (8), 2613–2629. doi:10.7150/ijbs. 
81498

Du, J., Xiang, Y., Liu, H., Liu, S., Kumar, A., Xing, C., et al. (2021). 
RIPK1 dephosphorylation and kinase activation by PPP1R3G/PP1gamma promote 
apoptosis and necroptosis. Nat. Commun. 12 (1), 7067. doi:10.1038/s41467-021-27367-5

Dunn, G. P., Bruce, A. T., Ikeda, H., Old, L. J., and Schreiber, R. D. (2002). Cancer 
immunoediting: from immunosurveillance to tumor escape. Nat. Immunol. 3 (11), 
991–998. doi:10.1038/ni1102-991

Eitelhuber, A. C., Warth, S., Schimmack, G., Düwel, M., Hadian, K., Demski, K., et al. 
(2011). Dephosphorylation of Carma1 by PP2A negatively regulates T-cell activation. 
EMBO J. 30 (3), 594–605. doi:10.1038/emboj.2010.331

Elias, R. D., Zhu, Y., Su, Q., Ghirlando, R., Zhang, J., and Deshmukh, L. (2023). 
Reversible phase separation of ESCRT protein ALIX through tyrosine phosphorylation. 
Sci. Adv. 9 (28), eadg3913. doi:10.1126/sciadv.adg3913

Estin, M. L., Thompson, S. B., Traxinger, B., Fisher, M. H., Friedman, R. S., and 
Jacobelli, J. (2017). Ena/VASP proteins regulate activated T-cell trafficking by promoting 
diapedesis during transendothelial migration. Proc. Natl. Acad. Sci. U. S. A. 114 (14), 
E2901–E2910. doi:10.1073/pnas.1701886114

Feng, X., Petraglia, A. L., Chen, M., Byskosh, P. V., Boos, M. D., and Reder, A. T. 
(2002). Low expression of interferon-stimulated genes in active multiple sclerosis is 
linked to subnormal phosphorylation of STAT1. J. Neuroimmunol. 129 (1-2), 205–215. 
doi:10.1016/s0165-5728(02)00182-0

Ferguson, B. S., Nam, H., and Morrison, R. F. (2019). Dual-specificity phosphatases 
regulate mitogen-activated protein kinase signaling in adipocytes in response to 
inflammatory stress. Cell Signal 53, 234–245. doi:10.1016/j.cellsig.2018.10.011

Furriel, F., Ferreira, H., Sampaio-Ribeiro, G., Pereira, M., Eloy, C., Neves, B., et al. 
(2025). Co-targeting the CD73-adenosinergic axis enhances the anti-tumor efficacy of 
anti-PD-L1 immunotherapy in bladder cancer. Biomed. Pharmacother. 188, 118188. 
doi:10.1016/j.biopha.2025.118188

Futosi, K., Fodor, S., and Mocsai, A. (2013). Reprint of neutrophil cell surface 
receptors and their intracellular signal transduction pathways. Int. 
Immunopharmacol. 17 (4), 1185–1197. doi:10.1016/j.intimp.2013.11.010

Galassi, C., Chan, T. A., Vitale, I., and Galluzzi, L. (2024). The hallmarks of cancer 
immune evasion. Cancer Cell 42 (11), 1825–1863. doi:10.1016/j.ccell.2024.09.010

Gao, J., Siddoway, B., Huang, Q., and Xia, H. (2009). Inactivation of CREB mediated 
gene transcription by HDAC8 bound protein phosphatase. Biochem. Biophys. Res. 
Commun. 379 (1), 1–5. doi:10.1016/j.bbrc.2008.11.135

Gao, J., Wu, Z., Zhao, M., Zhang, R., Li, M., Sun, D., et al. (2022). Allosteric inhibition 
reveals SHP2-mediated tumor immunosuppression in colon cancer by single-cell 
transcriptomics. Acta Pharm. Sin. B 12 (1), 149–166. doi:10.1016/j.apsb.2021.08.006

Gardai, S. J., Whitlock, B. B., Xiao, Y. Q., Bratton, D. B., and Henson, P. M. (2004). 
Oxidants inhibit ERK/MAPK and prevent its ability to delay neutrophil apoptosis 
downstream of mitochondrial changes and at the level of XIAP. J. Biol. Chem. 279 (43), 
44695–44703. doi:10.1074/jbc.M405313200

Goh, P. K., Wiede, F., Zeissig, M. N., Britt, K. L., Liang, S., Molloy, T., et al. (2022). 
PTPN2 elicits cell autonomous and non-cell autonomous effects on antitumor immunity 
in triple-negative breast cancer. Sci. Adv. 8 (8), eabk3338. doi:10.1126/sciadv.abk3338

Gros, M., Segura, E., Rookhuizen, D. C., Baudon, B., Heurtebise-Chrétien, S., 
Burgdorf, N., et al. (2022). Endocytic membrane repair by ESCRT-III controls 
antigen export to the cytosol during antigen cross-presentation. Cell Rep. 40 (7), 
111205. doi:10.1016/j.celrep.2022.111205

Guffens, L., Derua, R., and Janssens, V. (2023). PME-1 sensitizes glioblastoma cells to 
oxidative stress-induced cell death by attenuating PP2A-B55alpha-mediated 
inactivation of MAPKAPK2-RIPK1 signaling. Cell Death Discov. 9 (1), 265. doi:10. 
1038/s41420-023-01572-1

Hajdú, B., Holczer, M., Horváth, G., Szederkényi, G., and Kapuy, O. (2022). Fine- 
tuning of mTORC1-ULK1-PP2A regulatory triangle is crucial for robust autophagic 
response upon cellular stress. Biomolecules 12 (11), 1587. doi:10.3390/biom12111587

He, S., Yang, J., Hong, S., Huang, H., Zhu, Q., Ye, L., et al. (2020). Dioscin promotes 
prostate cancer cell apoptosis and inhibits cell invasion by increasing 
SHP1 phosphorylation and suppressing the subsequent MAPK signaling pathway. 
Front. Pharmacol. 11, 1099. doi:10.3389/fphar.2020.01099

He, T., Xiang, Y., Quan, H., Liu, Y., Guo, C., and Quan, T. (2025). Ursolic acid inhibits 
collagen production and promotes collagen degradation in skin dermal fibroblasts: 
potential antifibrotic effects. Biomolecules 15 (3), 365. doi:10.3390/biom15030365

He, J., Chai, X., Zhang, Q., Wang, Y., Wang, Y., Yang, X., et al. (2025). The lactate 
receptor HCAR1 drives the recruitment of immunosuppressive PMN-MDSCs in 
colorectal cancer. Nat. Immunol. 26 (3), 391–403. doi:10.1038/s41590-024-02068-5

Hein, A. L., Brandquist, N. D., Ouellette, C. Y., Seshacharyulu, P., Enke, C. A., 
Ouellette, M. M., et al. (2019). PR55alpha regulatory subunit of PP2A inhibits the 
MOB1/LATS cascade and activates YAP in pancreatic cancer cells. Oncogenesis 8 (11), 
63. doi:10.1038/s41389-019-0172-9

Ho, W. S., Mondal, I., Xu, B., Das, O., Sun, R., Chiou, P., et al. (2023). PP2Ac/ 
STRN4 negatively regulates STING-type I IFN signaling in tumor-associated 
macrophages. J. Clin. Invest 133 (6), e162139. doi:10.1172/JCI162139

Hoehn, M., Zhang, Y., Xu, J., Gergs, U., Boknik, P., Werdan, K., et al. (2015). 
Overexpression of protein phosphatase 2A in a murine model of chronic myocardial 
infarction leads to increased adverse remodeling but restores the regulation of beta- 
catenin by glycogen synthase kinase 3beta. Int. J. Cardiol. 183, 39–46. doi:10.1016/j. 
ijcard.2015.01.087

Hoffka, G., Hornyak, L., Szekvolgyi, L., and Miskei, M. (2025). Phosphorylation of 
ITIM motifs drives the structural transition of indoleamine 2,3-dioxygenase 1 between 
enzymatic and non-enzymatic states. Protein Sci. 34 (6), e70152. doi:10.1002/pro.70152

Hong, Y., Gong, L., Yu, B., and Dong, Y. (2021). PPM1A suppresses the proliferation 
and invasiveness of RCC cells via Smad2/3 signaling inhibition. J. Recept Signal 
Transduct. Res. 41 (3), 245–254. doi:10.1080/10799893.2020.1806316

Hong, S. Y., Lu, Y. T., Chen, S. Y., Hsu, C. F., Lu, Y. C., Wang, C. Y., et al. (2023). 
Targeting pathogenic macrophages by the application of SHP-1 agonists reduces 
inflammation and alleviates pulmonary fibrosis. Cell Death Dis. 14 (6), 352. doi:10. 
1038/s41419-023-05876-z

Hong, F., Mollica, M. Y., Golla, K., De Silva, E., Sniadecki, N. J., López, J. A., et al. 
(2024). Filamin A regulates platelet shape change and contractile force generation via 
phosphorylation of the myosin light chain. Biochem. J. 481 (20), 1395–1410. doi:10.1042/ 
BCJ20240114

Hsieh, R. C., Krishnan, S., Wu, R. C., Boda, A. R., Liu, A., Winkler, M., et al. (2022). 
ATR-mediated CD47 and PD-L1 up-regulation restricts radiotherapy-induced immune 
priming and abscopal responses in colorectal cancer. Sci. Immunol. 7 (72), eabl9330. 
doi:10.1126/sciimmunol.abl9330

Huang, C. Y., Chen, L. J., Chen, G., Chao, T. I., and Wang, C. Y. (2022). SHP-1/ 
STAT3-Signaling-Axis-Regulated coupling between BECN1 and SLC7A11 contributes 
to Sorafenib-Induced ferroptosis in hepatocellular carcinoma. Int. J. Mol. Sci. 23 (19), 
11092. doi:10.3390/ijms231911092

Hui, E., Cheung, J., Zhu, J., Su, X., Taylor, M. J., Wallweber, H. A., et al. (2017). T cell 
costimulatory receptor CD28 is a primary target for PD-1-mediated inhibition. Science 
355 (6332), 1428–1433. doi:10.1126/science.aaf1292

Ippolito, L., Morandi, A., Giannoni, E., and Chiarugi, P. (2019). Lactate: a metabolic 
driver in the tumour landscape. Trends Biochem. Sci. 44 (2), 153–166. doi:10.1016/j.tibs. 
2018.10.011

Jackson, E. K., Cheng, D., Verrier, J. D., Janesko-Feldman, K., and Kochanek, P. M. 
(2014). Interactive roles of CD73 and tissue nonspecific alkaline phosphatase in the renal 
vascular metabolism of 5’-AMP. Am. J. Physiol. Ren. Physiol. 307 (6), F680–F685. doi:10. 
1152/ajprenal.00312.2014

Janssens, V., and Goris, J. (2001). Protein phosphatase 2A: a highly regulated family of 
serine/threonine phosphatases implicated in cell growth and signalling. Biochem. J. 353 
(Pt 3), 417–439. doi:10.1042/0264-6021:3530417

Jin, X., Kuang, Y., Li, L., Li, H., Zhao, T., He, Y., et al. (2022). A positive feedback 
circuit comprising p21 and HIF-1alpha aggravates hypoxia-induced radioresistance of 
glioblastoma by promoting Glut1/LDHA-mediated glycolysis. FASEB J. 36 (3), e22229. 
doi:10.1096/fj.202101736R

Kalbasi, A., and Ribas, A. (2020). Tumour-intrinsic resistance to immune checkpoint 
blockade. Nat. Rev. Immunol. 20 (1), 25–39. doi:10.1038/s41577-019-0218-4

Kamada, H., Yasuhira, S., Shibazaki, M., Amano, H., and Maesawa, C. (2022). 
DUSP4 inactivation leads to reduced extracellular signal‒regulated kinase activity 
through upregulation of DUSP6 in Melanoma cells. J. Invest Dermatol 142 (9), 
2499–507 e6. doi:10.1016/j.jid.2022.02.007

Kamenetsky, N., Nachmias, D., Khan, S., Avinoam, O., Hazan, I., Upcher, A., et al. 
(2025). Loss of CHMP2A implicates an ordered assembly of ESCRT-III proteins during 
cytokinetic abscission. Mol. Biol. Cell 36 (11), ar143. doi:10.1091/mbc.E25-06-0279

Kar, S., Ukil, A., Sharma, G., and Das, P. K. (2010). MAPK-directed phosphatases 
preferentially regulate pro- and anti-inflammatory cytokines in experimental visceral 
leishmaniasis: involvement of distinct protein kinase C isoforms. J. Leukoc. Biol. 88 (1), 
9–20. doi:10.1189/jlb.0909644

Keyse, S. M. (2008). Dual-specificity MAP kinase phosphatases (MKPs) and cancer. 
Cancer Metastasis Rev. 27 (2), 253–261. doi:10.1007/s10555-008-9123-1

Khokhlatchev, A. V., Canagarajah, B., Wilsbacher, J., Robinson, M., Atkinson, M., 
Goldsmith, E., et al. (1998). Phosphorylation of the MAP kinase ERK2 promotes its 
homodimerization and nuclear translocation. Cell 93 (4), 605–615. doi:10.1016/s0092- 
8674(00)81189-7

Kim, S. K., and Cho, S. W. (2022). The evasion mechanisms of cancer immunity and 
drug intervention in the tumor microenvironment. Front. Pharmacol. 13, 868695. 
doi:10.3389/fphar.2022.868695

Kim, H., Chung, H., Kim, J., Choi, D. H., Shin, Y., Kang, Y. G., et al. (2019). 
Macrophages-triggered sequential remodeling of endothelium-interstitial matrix to 
form pre-metastatic niche in microfluidic tumor microenvironment. Adv. Sci. 
(Weinh) 6 (11), 1900195. doi:10.1002/advs.201900195

Kleppe, M., Soulier, J., Asnafi, V., Mentens, N., Hornakova, T., Knoops, L., et al. 
(2011). PTPN2 negatively regulates oncogenic JAK1 in T-cell acute lymphoblastic 
leukemia. Blood 117 (26), 7090–7098. doi:10.1182/blood-2010-10-314286

Koncz, G., Kerekes, K., Chakrabandhu, K., and Hueber, A. O. (2008). Regulating 
Vav1 phosphorylation by the SHP-1 tyrosine phosphatase is a fine-tuning mechanism 

Frontiers in Cell and Developmental Biology frontiersin.org11

Zhang et al. 10.3389/fcell.2026.1645868

https://doi.org/10.7150/ijbs.81498
https://doi.org/10.7150/ijbs.81498
https://doi.org/10.1038/s41467-021-27367-5
https://doi.org/10.1038/ni1102-991
https://doi.org/10.1038/emboj.2010.331
https://doi.org/10.1126/sciadv.adg3913
https://doi.org/10.1073/pnas.1701886114
https://doi.org/10.1016/s0165-5728(02)00182-0
https://doi.org/10.1016/j.cellsig.2018.10.011
https://doi.org/10.1016/j.biopha.2025.118188
https://doi.org/10.1016/j.intimp.2013.11.010
https://doi.org/10.1016/j.ccell.2024.09.010
https://doi.org/10.1016/j.bbrc.2008.11.135
https://doi.org/10.1016/j.apsb.2021.08.006
https://doi.org/10.1074/jbc.M405313200
https://doi.org/10.1126/sciadv.abk3338
https://doi.org/10.1016/j.celrep.2022.111205
https://doi.org/10.1038/s41420-023-01572-1
https://doi.org/10.1038/s41420-023-01572-1
https://doi.org/10.3390/biom12111587
https://doi.org/10.3389/fphar.2020.01099
https://doi.org/10.3390/biom15030365
https://doi.org/10.1038/s41590-024-02068-5
https://doi.org/10.1038/s41389-019-0172-9
https://doi.org/10.1172/JCI162139
https://doi.org/10.1016/j.ijcard.2015.01.087
https://doi.org/10.1016/j.ijcard.2015.01.087
https://doi.org/10.1002/pro.70152
https://doi.org/10.1080/10799893.2020.1806316
https://doi.org/10.1038/s41419-023-05876-z
https://doi.org/10.1038/s41419-023-05876-z
https://doi.org/10.1042/BCJ20240114
https://doi.org/10.1042/BCJ20240114
https://doi.org/10.1126/sciimmunol.abl9330
https://doi.org/10.3390/ijms231911092
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1016/j.tibs.2018.10.011
https://doi.org/10.1016/j.tibs.2018.10.011
https://doi.org/10.1152/ajprenal.00312.2014
https://doi.org/10.1152/ajprenal.00312.2014
https://doi.org/10.1042/0264-6021:3530417
https://doi.org/10.1096/fj.202101736R
https://doi.org/10.1038/s41577-019-0218-4
https://doi.org/10.1016/j.jid.2022.02.007
https://doi.org/10.1091/mbc.E25-06-0279
https://doi.org/10.1189/jlb.0909644
https://doi.org/10.1007/s10555-008-9123-1
https://doi.org/10.1016/s0092-8674(00)81189-7
https://doi.org/10.1016/s0092-8674(00)81189-7
https://doi.org/10.3389/fphar.2022.868695
https://doi.org/10.1002/advs.201900195
https://doi.org/10.1182/blood-2010-10-314286
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868


for the negative regulation of DISC formation and Fas-mediated cell death signaling. 
Cell Death Differ. 15 (3), 494–503. doi:10.1038/sj.cdd.4402282

Kondo, R., Kondo, K., Nabeshima, K., Nishikimi, A., Ishida, Y., Shigeoka, T., et al. 
(2025). PD-1 is conserved from sharks to humans: new insights into PD-1, PD-L1, PD- 
L2, and SHP-2 evolution. Front. Immunol. 16, 1573492. doi:10.3389/fimmu.2025. 
1573492

Kumm, E. J., Pagel, O., Gambaryan, S., Walter, U., Zahedi, R. P., Smolenski, A., et al. 
(2020). The cell cycle checkpoint System MAST(L)-ENSA/ARPP19-PP2A is targeted by 
cAMP/PKA and cGMP/PKG in anucleate human platelets. Cells 9 (2). doi:10.3390/ 
cells9020472

Lee, H. S., Ostrowski, M. A., and Gray-Owen, S. D. (2008). CEACAM1 dynamics 
during neisseria gonorrhoeae suppression of CD4+ T lymphocyte activation. 
J. Immunol. 180 (10), 6827–6835. doi:10.4049/jimmunol.180.10.6827

Lehmann, B. D., Colaprico, A., Silva, T. C., Chen, J., An, H., Ban, Y., et al. (2021). 
Multi-omics analysis identifies therapeutic vulnerabilities in triple-negative breast 
cancer subtypes. Nat. Commun. 12 (1), 6276. doi:10.1038/s41467-021-26502-6

Li, W., Mei, W., Jiang, H., Wang, J., Li, X., Quan, L., et al. (2025). Blocking the PD-1 
signal transduction by occupying the phosphorylated ITSM recognition site of SHP-2. 
Sci. China Life Sci. 68 (1), 189–203. doi:10.1007/s11427-024-2706-2

Liang, D., Liu, L., Zheng, Q., Zhao, M., Zhang, G., Tang, S., et al. (2023). Chelerythrine 
chloride inhibits the progression of colorectal cancer by targeting cancer-associated 
fibroblasts through intervention with WNT10B/beta-catenin and TGFbeta2/Smad2/ 
3 axis. Phytother. Res. 37 (10), 4674–4689. doi:10.1002/ptr.7934

Liao, C., Wang, P., Zeng, Q., Yan, G., Gao, J., Liu, J., et al. (2025). Piezo1-Mediated 
calcium flux transfers mechanosignal to yes-associated protein to stimulate matrix 
production in keloid. J. Invest Dermatol 145 (11), 2869–81 e9. doi:10.1016/j.jid.2025. 
03.039

Lien, H. C., Li, Y. C., Huang R, Y. U. N.-J. U., Chen, K. C., Chen, T. W. W., Chen, I. C., 
et al. (2025). Carcinomas exhibiting epithelial-mesenchymal transition manifest an 
M2 macrophage-enriched tumor immune microenvironment. Breast Cancer Res. 27 (1), 
177. doi:10.1186/s13058-025-02119-1

Lin, X., Duan, X., Liang, Y. Y., Su, Y., Wrighton, K. H., Long, J., et al. (2006). PPM1A 
functions as a Smad phosphatase to terminate TGFbeta signaling. Cell 125 (5), 915–928. 
doi:10.1016/j.cell.2006.03.044

Lin, Y., Li, L., Yuan, B., Luo, F., Zhang, X., Yang, Y., et al. (2024). Phosphorylation 
determines the glucose metabolism reprogramming and tumor-promoting activity of 
sine oculis homeobox 1. Signal Transduct. Target Ther. 9 (1), 337. doi:10.1038/s41392- 
024-02034-5

Linghu, D., Song, J., Gu, L., Liu, C., Liu, B., Yang, R., et al. (2025). Anti-galectin- 
9 therapy synergizes with EGFR inhibition to reprogram the tumor microenvironment 
and overcome immune evasion. J. Immunother. Cancer 13 (7), e010926. doi:10.1136/jitc- 
2024-010926

Liotti, F., Kumar, N., Prevete, N., Marotta, M., Sorriento, D., Ieranò, C., et al. (2021). 
PD-1 blockade delays tumor growth by inhibiting an intrinsic SHP2/Ras/MAPK 
signalling in thyroid cancer cells. J. Exp. Clin. Cancer Res. 40 (1), 22. doi:10.1186/ 
s13046-020-01818-1

Liu, Q., White, L. R., Clark, S. A., Heffner, D. J., Winston, B. W., Tibbles, L. A., et al. 
(2005). Akt/protein kinase B activation by adenovirus vectors contributes to NFkappaB- 
dependent CXCL10 expression. J. Virol. 79 (23), 14507–14515. doi:10.1128/JVI.79.23. 
14507-14515.2005

Liu, T., Liu, Y., Cao, J., Gao, X., Wang, J., Chen, G., et al. (2018). ILKAP binding to and 
dephosphorylating HIF-1alpha is essential for apoptosis induced by severe hypoxia. Cell 
Physiol. Biochem. 46 (6), 2500–2507. doi:10.1159/000489656

Liu X, X., Li, H., Cong, X., Huo, D., and Wu, G. (2020). Alpha-MSH-PE38KDEL kills 
melanoma cells via modulating Erk1/2/MITF/TYR signaling in an MC1R-Dependent 
manner. Onco Targets Ther. 13, 12457–12469. doi:10.2147/OTT.S268554

Liu, P., Zhao, L., Kepp, O., and Kroemer, G. (2020). Quantitation of calreticulin 
exposure associated with immunogenic cell death. Methods Enzymol. 632, 1–13. doi:10. 
1016/bs.mie.2019.05.011

Liu, M., Gao, S., Elhassan, R. M., Hou, X., and Fang, H. (2021). Strategies to overcome 
drug resistance using SHP2 inhibitors. Acta Pharm. Sin. B 11 (12), 3908–3924. doi:10. 
1016/j.apsb.2021.03.037

Liu, A., Zhu, Y., Chen, W., Merlino, G., and Yu, Y. (2022). PTEN dual Lipid- and 
protein-phosphatase function in tumor progression. Cancers (Basel) 14 (15), 3666. 
doi:10.3390/cancers14153666

Liu, X., Ding, Q., Zhang, H., Zhang, X., Chen, Q., and Weng, S. (2025). The CD39- 
CD73-adenosine axis: master regulator of immune evasion and therapeutic target in 
pancreatic ductal adenocarcinoma. Biochim. Biophys. Acta Rev. Cancer 1880 (5), 189443. 
doi:10.1016/j.bbcan.2025.189443

Longo, J., Watson, M. J., Williams, K. S., Sheldon, R. D., and Jones, R. G. (2025). 
Nutrient allocation fuels T cell-mediated immunity. Cell Metab. 37 (12), 2311–2322. 
doi:10.1016/j.cmet.2025.09.008

Lori, G., Paoli, P., Caselli, A., Cirri, P., Marzocchini, R., Mangoni, M., et al. (2018). 
Targeting LMW-PTP to sensitize melanoma cancer cells toward chemo- and 
radiotherapy. Cancer Med. 7 (5), 1933–1943. doi:10.1002/cam4.1435

Low, H. B., and Zhang, Y. (2016). Regulatory roles of MAPK phosphatases in cancer. 
Immune Netw. 16 (2), 85–98. doi:10.4110/in.2016.16.2.85

Luo, N., Formisano, L., Gonzalez-Ericsson, P. I., Sanchez, V., Dean, P. T., Opalenik, S. 
R., et al. (2018). Melanoma response to anti-PD-L1 immunotherapy requires 
JAK1 signaling, but not JAK2. Oncoimmunology 7 (6), e1438106. doi:10.1080/ 
2162402X.2018.1438106

Luo, H., Hu, B., Gu, X. R., Chen, J., Fan, X. Q., Zhang, W., et al. (2024). The miR-23a/ 
27a/24 - 2 cluster drives immune evasion and resistance to PD-1/PD-L1 blockade in 
non-small cell lung cancer. Mol. Cancer 23 (1), 285. doi:10.1186/s12943-024-02201-w

Luri-Rey, C., Teijeira, A., Wculek, S. K., de Andrea, C., Herrero, C., Lopez-Janeiro, A., 
et al. (2025). Cross-priming in cancer immunology and immunotherapy. Nat. Rev. 
Cancer 25 (4), 249–273. doi:10.1038/s41568-024-00785-5

Lyubchenko, T. A., Wurth, G. A., and Zweifach, A. (2003). The actin cytoskeleton and 
cytotoxic T lymphocytes: evidence for multiple roles that could affect granule exocytosis- 
dependent target cell killing. J. Physiol. 547 (Pt 3), 835–847. doi:10.1113/jphysiol.2002. 
033522

Ma, B., Kamle, S., Sadanaga, T., Lee, C. M., Lee, J. H., Yee, D. C., et al. (2024). Chitinase 
3-like-1 inhibits innate antitumor and tissue remodeling immune responses by 
regulating CD47-SIRPalpha- and CD24-Siglec10-Mediated phagocytosis. J. Immunol. 
213 (9), 1279–1291. doi:10.4049/jimmunol.2400035

Mainardi, S., Mulero-Sanchez, A., Prahallad, A., Germano, G., Bosma, A., 
Krimpenfort, P., et al. (2018). SHP2 is required for growth of KRAS-mutant non- 
small-cell lung cancer in vivo. Nat. Med. 24 (7), 961–967. doi:10.1038/s41591-018- 
0023-9

Matous, J. G., Snook, J. P., Contreras, N. A., Ramstead, A. G., Charley, K. R., Kolawole, 
E. M., et al. (2025). Shp-1 regulates the activity of low-affinity T cells specific to 
endogenous self-antigen during melanoma tumor growth and drives resistance to 
immune checkpoint inhibition. J. Immunother. Cancer 13 (4), e010879. doi:10.1136/ 
jitc-2024-010879

Mclane, L. M., Abdel-Hakeem, M. S., and Wherry, E. J. (2019). CD8 T cell exhaustion 
during chronic viral infection and cancer. Annu. Rev. Immunol. 37, 457–495. doi:10. 
1146/annurev-immunol-041015-055318

Meng, F., Yu, Z., Zhang, D., Chen, S., Guan, H., Zhou, R., et al. (2021). Induced phase 
separation of mutant NF2 imprisons the cGAS-STING machinery to abrogate antitumor 
immunity. Mol. Cell 81 (20), 4147–64 e7. doi:10.1016/j.molcel.2021.07.040

Metwally, H., Elbrashy, M. M., Kayama, H., Okuyama, K., Taniuchi, I., Takeda, K., 
et al. (2025). Threonine phosphorylation of STAT1 safeguards gut epithelial integrity 
and restricts interferon-mediated cytotoxicity. Proc. Natl. Acad. Sci. U. S. A. 122 (30), 
e2511957122. doi:10.1073/pnas.2511957122

Migliore, L., Cianfanelli, V., Zevolini, F., Gesualdo, M., Marzuoli, L., Patrussi, L., et al. 
(2024). An AMBRA1, ULK1 and PP2A regulatory network regulates cytotoxic T cell 
differentiation via TFEB activation. Sci. Rep. 14 (1), 31838. doi:10.1038/s41598-024- 
82957-9

Miller, W. D., Mishra, A. K., Sheedy, C. J., Bond, A., Gardner, B. M., Montell, D. J., 
et al. (2025). CD47 prevents rac-mediated phagocytosis through 
Vav1 dephosphorylation. bioRxiv. 2025.02.11.637707. doi:10.1101/2025.02.11.637707

Minter, R. M., Rectenwald, J. E., Fukuzuka, K., Tannahill, C. L., La Face, D., Tsai, V., 
et al. (2000). TNF-alpha receptor signaling and IL-10 gene therapy regulate the innate 
and humoral immune responses to recombinant adenovirus in the lung. J. Immunol. 164 
(1), 443–451. doi:10.4049/jimmunol.164.1.443

Mondal, I., Das, O., Sun, R., Gao, J., Yu, B., Diaz, A., et al. (2023). PP2Ac deficiency 
enhances tumor immunogenicity by activating STING-type I interferon signaling in 
glioblastoma. Cancer Res. 83 (15), 2527–2542. doi:10.1158/0008-5472.CAN-22-3382

Moon, S. J., Lim, M. A., Park, J. S., Byun, J. K., Kim, S. M., Park, M. K., et al. (2014). 
Dual-specificity phosphatase 5 attenuates autoimmune arthritis in mice via reciprocal 
regulation of the Th17/Treg cell balance and inhibition of osteoclastogenesis. Arthritis 
Rheumatol. 66 (11), 3083–3095. doi:10.1002/art.38787

Motoda, K., Takata, M., Kiura, K., Nakamura, I., and Harada, M. (2000). SHP-1/ 
immunoreceptor tyrosine-based inhibition motif-independent inhibitory signalling 
through murine natural killer cell receptor Ly-49A in a transfected B-cell line. 
Immunology 100 (3), 370–377. doi:10.1046/j.1365-2567.2000.00046.x

Nowicka, H., Sekrecka, A., Blaszczyk, K., Kluzek, K., Chang, C. Y., Wesoly, J., et al. 
(2023). ISGF3 and STAT2/IRF9 control basal and IFN-induced transcription through 
genome-wide binding of phosphorylated and unphosphorylated complexes to common 
ISRE-containing ISGs. Int. J. Mol. Sci. 24 (24), 17635. doi:10.3390/ijms242417635

Oldenborg, P. A., Gresham, H. D., and Lindberg, F. P. (2001). CD47-signal regulatory 
protein alpha (SIRPalpha) regulates Fcgamma and complement receptor-mediated 
phagocytosis. J. Exp. Med. 193 (7), 855–862. doi:10.1084/jem.193.7.855

Pan, W., Nagpal, K., Suarez-Fueyo, A., Ferretti, A., Yoshida, N., Tsokos, M. G., et al. 
(2021). The regulatory subunit PPP2R2A of PP2A enhances Th1 and 
Th17 differentiation through activation of the GEF-H1/RhoA/ROCK signaling 
pathway. J. Immunol. 206 (8), 1719–1728. doi:10.4049/jimmunol.2001266

Papadas, A., Huang, Y., Cicala, A., Dou, Y., Fields, M., Gibbons, A., et al. (2023). 
Emerging roles for tumor stroma in antigen presentation and anti-cancer immunity. 
Biochem. Soc. Trans. 51 (6), 2017–2028. doi:10.1042/BST20221083

Frontiers in Cell and Developmental Biology frontiersin.org12

Zhang et al. 10.3389/fcell.2026.1645868

https://doi.org/10.1038/sj.cdd.4402282
https://doi.org/10.3389/fimmu.2025.1573492
https://doi.org/10.3389/fimmu.2025.1573492
https://doi.org/10.3390/cells9020472
https://doi.org/10.3390/cells9020472
https://doi.org/10.4049/jimmunol.180.10.6827
https://doi.org/10.1038/s41467-021-26502-6
https://doi.org/10.1007/s11427-024-2706-2
https://doi.org/10.1002/ptr.7934
https://doi.org/10.1016/j.jid.2025.03.039
https://doi.org/10.1016/j.jid.2025.03.039
https://doi.org/10.1186/s13058-025-02119-1
https://doi.org/10.1016/j.cell.2006.03.044
https://doi.org/10.1038/s41392-024-02034-5
https://doi.org/10.1038/s41392-024-02034-5
https://doi.org/10.1136/jitc-2024-010926
https://doi.org/10.1136/jitc-2024-010926
https://doi.org/10.1186/s13046-020-01818-1
https://doi.org/10.1186/s13046-020-01818-1
https://doi.org/10.1128/JVI.79.23.14507-14515.2005
https://doi.org/10.1128/JVI.79.23.14507-14515.2005
https://doi.org/10.1159/000489656
https://doi.org/10.2147/OTT.S268554
https://doi.org/10.1016/bs.mie.2019.05.011
https://doi.org/10.1016/bs.mie.2019.05.011
https://doi.org/10.1016/j.apsb.2021.03.037
https://doi.org/10.1016/j.apsb.2021.03.037
https://doi.org/10.3390/cancers14153666
https://doi.org/10.1016/j.bbcan.2025.189443
https://doi.org/10.1016/j.cmet.2025.09.008
https://doi.org/10.1002/cam4.1435
https://doi.org/10.4110/in.2016.16.2.85
https://doi.org/10.1080/2162402X.2018.1438106
https://doi.org/10.1080/2162402X.2018.1438106
https://doi.org/10.1186/s12943-024-02201-w
https://doi.org/10.1038/s41568-024-00785-5
https://doi.org/10.1113/jphysiol.2002.033522
https://doi.org/10.1113/jphysiol.2002.033522
https://doi.org/10.4049/jimmunol.2400035
https://doi.org/10.1038/s41591-018-0023-9
https://doi.org/10.1038/s41591-018-0023-9
https://doi.org/10.1136/jitc-2024-010879
https://doi.org/10.1136/jitc-2024-010879
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1016/j.molcel.2021.07.040
https://doi.org/10.1073/pnas.2511957122
https://doi.org/10.1038/s41598-024-82957-9
https://doi.org/10.1038/s41598-024-82957-9
https://doi.org/10.1101/2025.02.11.637707
https://doi.org/10.4049/jimmunol.164.1.443
https://doi.org/10.1158/0008-5472.CAN-22-3382
https://doi.org/10.1002/art.38787
https://doi.org/10.1046/j.1365-2567.2000.00046.x
https://doi.org/10.3390/ijms242417635
https://doi.org/10.1084/jem.193.7.855
https://doi.org/10.4049/jimmunol.2001266
https://doi.org/10.1042/BST20221083
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868


Pepin, G., and Gantier, M. P. (2018). Assessing the cGAS-cGAMP-STING activity of 
cancer cells. Methods Mol. Biol. 1725, 257–266. doi:10.1007/978-1-4939-7568-6_20

Perez-Quintero, L. A., Poirier, A. J., Feng, C. H., Martinez-Cordova, Z., Aubry, I., 
Carli, C., et al. (2025). Uncovering the individual immunotherapeutic roles of 
PTPN1 and PTPN2 in T cells during dual inhibition. iScience 28 (10), 113610. 
doi:10.1016/j.isci.2025.113610

Petritsch, C., Beug, H., Balmain, A., and Oft, M. (2000). TGF-beta inhibits 
p70 S6 kinase via protein phosphatase 2A to induce G(1) arrest. Genes Dev. 14 (24), 
3093–3101. doi:10.1101/gad.854200

Peverelli, E., Giardino, E., Treppiedi, D., Catalano, R., Mangili, F., Locatelli, M., et al. 
(2018). A novel pathway activated by somatostatin receptor type 2 (SST2): inhibition of 
pituitary tumor cell migration and invasion through cytoskeleton protein recruitment. 
Int. J. Cancer 142 (9), 1842–1852. doi:10.1002/ijc.31205

Pike, K. A., and Tremblay, M. L. (2016). TC-PTP and PTP1B: regulating JAK-STAT 
signaling, controlling lymphoid malignancies. Cytokine 82, 52–57. doi:10.1016/j.cyto. 
2015.12.025

Pishesha, N., Harmand, T. J., and Ploegh, H. L. (2022). A guide to antigen processing 
and presentation. Nat. Rev. Immunol. 22 (12), 751–764. doi:10.1038/s41577-022- 
00707-2

Placido, A. I., Pereira, C. M. F., Correira, S. C., Carvalho, C., Oliveira, C. R., and 
Moreira, P. I. (2017). Phosphatase 2A inhibition affects endoplasmic reticulum and 
mitochondria homeostasis Via cytoskeletal alterations in brain endothelial cells. Mol. 
Neurobiol. 54 (1), 154–168. doi:10.1007/s12035-015-9640-1

Png, C. W., Weerasooriya, M., Li, H., Hou, X., Teo, F. Y., Huang, S., et al. (2024). 
DUSP6 regulates Notch1 signalling in colorectal cancer. Nat. Commun. 15 (1), 10087. 
doi:10.1038/s41467-024-54383-y

Prasad, K., Bhattacharya, D., Shams, S. G. E., Izarraras, K., Hart, T., Mayfield, B., et al. 
(2024). Kisspeptin alleviates human hepatic fibrogenesis by inhibiting TGFβ signaling in 
hepatic stellate cells. Cells 13 (19). 1651. doi:10.3390/cells13191651

Qiao, X., Zong, Y., Liu, Z., Wu, Z., Li, Y., Wang, L., et al. (2021). The cGAS/STING- 
TBK1-IRF regulatory axis orchestrates a primitive interferon-like antiviral mechanism 
in oyster. Front. Immunol. 12, 689783. doi:10.3389/fimmu.2021.689783

Qu, Z., Dong, J., and Zhang, Z. Y. (2023). Protein tyrosine phosphatases as emerging 
targets for cancer immunotherapy. Br. J. Pharmacol. doi:10.1111/bph.16304

Ramapriyan, R., Caetano, M. S., Barsoumian, H. B., Mafra, A. C. P., Zambalde, E. P., 
Menon, H., et al. (2019). Altered cancer metabolism in mechanisms of immunotherapy 
resistance. Pharmacol. Ther. 195, 162–171. doi:10.1016/j.pharmthera.2018.11.004

Ramesh, A., Kumar, S., Nandi, D., and Kulkarni, A. (2019). CSF1R- and SHP2- 
Inhibitor-Loaded nanoparticles enhance cytotoxic activity and phagocytosis in tumor- 
associated macrophages. Adv. Mater 31 (51), e1904364. doi:10.1002/adma.201904364

Ramkissoon, A., Chaney, K. E., Milewski, D., Williams, K. B., Williams, R. L., Choi, K., 
et al. (2019). Targeted inhibition of the dual specificity phosphatases DUSP1 and 
DUSP6 suppress MPNST growth via JNK. Clin. Cancer Res. 25 (13), 4117–4127. doi:10. 
1158/1078-0432.CCR-18-3224

Revan, S., Montesinos, M. C., Naime, D., Landau, S., and Cronstein, B. N. (1996). 
Adenosine A2 receptor occupancy regulates stimulated neutrophil function via 
activation of a serine/threonine protein phosphatase. J. Biol. Chem. 271 (29), 
17114–17118. doi:10.1074/jbc.271.29.17114

Ribeiro, P. S., Josue, F., Wepf, A., Wehr, M. C., Rinner, O., Kelly, G., et al. (2010). 
Combined functional genomic and proteomic approaches identify a PP2A complex as a 
negative regulator of hippo signaling. Mol. Cell 39 (4), 521–534. doi:10.1016/j.molcel. 
2010.08.002

Roca-Rivada, A., Oliveira, J. G., Martin-Vazquez, E., Coomans de Brachène, A., Yi, X., 
Costa-Júnior, J. M., et al. (2025). The type 1 diabetes candidate genes PTPN2 and 
BACH2 regulate the IFN-α-induced crosstalk between JAK/STAT and MAPKs 
pathways in human beta cells. EBioMedicine 120, 105932. doi:10.1016/j.ebiom.2025. 
105932

Roche, P. A., and Furuta, K. (2015). The ins and outs of MHC class II-mediated 
antigen processing and presentation. Nat. Rev. Immunol. 15 (4), 203–216. doi:10.1038/ 
nri3818

Rodríguez-Martínez, A., Torrejón-Escribano, B., Eritja, N., Dorca-Arévalo, J., 
Gabaldón, C., Sévigny, J., et al. (2025). Endometrial epithelial cell organoids as tools 
for studying the CD39 family of enzymes and for validating enzyme inhibitors. Histol. 
Histopathol. 40 (2), 171–182. doi:10.14670/HH-18-782

Romero, P., Richart, L., Aflaki, S., Petitalot, A., Burton, M., Michaud, A., et al. (2024). 
EZH2 mutations in follicular lymphoma distort H3K27me3 profiles and alter 
transcriptional responses to PRC2 inhibition. Nat. Commun. 15 (1), 3452. doi:10. 
1038/s41467-024-47701-x

Rosenthal, R., Cadieux, E. L., Salgado, R., Bakir, M. A., Moore, D. A., Hiley, C. T., et al. 
(2019). Neoantigen-directed immune escape in lung cancer evolution. Nature 567 
(7749), 479–485. doi:10.1038/s41586-019-1032-7

Saddoughi, S. A., Gencer, S., Peterson, Y. K., Ward, K. E., Mukhopadhyay, A., Oaks, J., 
et al. (2013). Sphingosine analogue drug FTY720 targets I2PP2A/SET and mediates lung 
tumour suppression via activation of PP2A-RIPK1-dependent necroptosis. EMBO Mol. 
Med. 5 (1), 105–121. doi:10.1002/emmm.201201283

Santasusagna, S., Zhu, S., Jawalagatti, V., Carceles-Cordon, M., Ertel, A., Garcia- 
Longarte, S., et al. (2023). Master transcription factor reprogramming unleashes 
selective translation promoting castration resistance and immune evasion in lethal 
prostate cancer. Cancer Discov. 13 (12), 2584–2609. doi:10.1158/2159-8290.CD-23- 
0306

Santos, C. X., Hafstad, A. D., Beretta, M., Zhang, M., Molenaar, C., Kopec, J., et al. 
(2016). Targeted redox inhibition of protein phosphatase 1 by Nox4 regulates eIF2alpha- 
mediated stress signaling. EMBO J. 35 (3), 319–334. doi:10.15252/embj.201592394

Sanz-Castillo, B., Hurtado, B., Vara-Ciruelos, D., El Bakkali, A., Hermida, D., 
Salvador-Barbero, B., et al. (2023). The MASTL/PP2A cell cycle kinase-phosphatase 
module restrains PI3K-Akt activity in an mTORC1-dependent manner. EMBO J. 42 (2), 
e110833. doi:10.15252/embj.2022110833

Schreiber, R. D., Old, L. J., and Smyth, M. J. (2011). Cancer immunoediting: 
integrating immunity’s roles in cancer suppression and promotion. Science 331 
(6024), 1565–1570. doi:10.1126/science.1203486

Shanker, V., Trincucci, G., Heim, H. M., and Duong, H. T. F. (2013). Protein 
phosphatase 2A impairs IFNalpha-induced antiviral activity against the hepatitis C 
virus through the inhibition of STAT1 tyrosine phosphorylation. J. Viral Hepat. 20 (9), 
612–621. doi:10.1111/jvh.12083

Sharma, A., Sharma, P., Vishwakarma, A. L., and Srivastava, M. (2017). Functional 
impairment of murine dendritic cell subsets following infection with infective larval 
stage 3 of Brugia malayi. Infect. Immun. 85 (1). doi:10.1128/IAI.00818-16

Sharma, P., Hu-Lieskovan, S., Wargo, J. A., and Ribas, A. (2017). Primary, adaptive, 
and acquired resistance to cancer immunotherapy. Cell 168 (4), 707–723. doi:10.1016/j. 
cell.2017.01.017

Sheng, T., Sundar, R., Srivastava, S., Ong, X., Tay, S. T., Ma, H., et al. (2025). Spatial 
profiling of patient-matched HER2 positive gastric cancer reveals resistance 
mechanisms to targeted therapy. Gut. doi:10.1136/gutjnl-2024-334667

Sheppard, K. A., Fitz, L. J., Lee, J. M., Benander, C., George, J. A., Wooters, J., et al. 
(2004). PD-1 inhibits T-cell receptor induced phosphorylation of the ZAP70/CD3zeta 
signalosome and downstream signaling to PKCtheta. FEBS Lett. 574 (1-3), 37–41. doi:10. 
1016/j.febslet.2004.07.083

Shi, Z., Jiao, S., and Zhou, Z. (2016). STRIPAK complexes in cell signaling and cancer. 
Oncogene 35 (35), 4549–4557. doi:10.1038/onc.2016.9

Shi, L., Bian, Z., Kidder, K., Liang, H., and Liu, Y. (2021). Non-lyn src family kinases 
activate SIRPalpha-SHP-1 to inhibit PI3K-Akt2 and dampen proinflammatory 
macrophage polarization. J. Immunol. 207 (5), 1419–1427. doi:10.4049/jimmunol. 
2100266

Sohn, H. W., Krueger, P. D., Davis, R. S., and Pierce, S. K. (2011). FcRL4 acts as an 
adaptive to innate molecular switch dampening BCR signaling and enhancing TLR 
signaling. Blood 118 (24), 6332–6341. doi:10.1182/blood-2011-05-353102

Song, J., Lan, J., Tang, J., and Luo, N. (2022). PTPN2 in the immunity and tumor 
immunotherapy: a concise review. Int. J. Mol. Sci. 23 (17), 10025. doi:10.3390/ 
ijms231710025

Sousa, S. C., and Sousa, M. M. (2021). The cytoskeleton as a modulator of tension 
driven axon elongation. Dev. Neurobiol. 81 (3), 300–309. doi:10.1002/dneu.22747

Spalinger, M. R., Mccole, D. F., Rogler, G., and Scharl, M. (2016). Protein tyrosine 
phosphatase non-receptor type 2 and inflammatory bowel disease. World 
J. Gastroenterol. 22 (3), 1034–1044. doi:10.3748/wjg.v22.i3.1034

Stanford, S. M., and Bottini, N. (2017). Targeting tyrosine phosphatases: time to 
end the stigma. Trends Pharmacol. Sci. 38 (6), 524–540. doi:10.1016/j.tips.2017. 
03.004

Tang, X., Sui, X., and Liu, Y. (2023). Immune checkpoint PTPN2 predicts prognosis 
and immunotherapy response in human cancers. Heliyon 9 (1), e12873. doi:10.1016/j. 
heliyon.2023.e12873

Teo, P. Y., Jung, Y., Quach, D. H., Koh, J., Ong, R. W., Goh, A., et al. (2024). 
Overexpression of an engineered SERPINB9 enhances allogeneic T-cell persistence and 
efficacy. Cancer Immunol. Res. 12 (8), 1108–1122. doi:10.1158/2326-6066.CIR-23-1001

Tonks, N. K. (2006). Protein tyrosine phosphatases: from genes, to function, to 
disease. Nat. Rev. Mol. Cell Biol. 7 (11), 833–846. doi:10.1038/nrm2039

Torres-Martínez, L., Morales-Primo, A. U., and Zamora-Chimal, J. (2025). 
Indoleamine 2,3-Dioxygenase and tryptophan catabolism: key players in 
immunosuppression and intracellular parasite survival mechanisms. Immunol. Invest. 
54 (7), 909–934. doi:10.1080/08820139.2025.2511079

Triolo, T. M., Matuschek, J. Q., Castro-Gutierrez, R., Shilleh, A. H., Williams, S. P. M., 
Hansen, M. S., et al. (2022). Stem-cell-derived beta-like cells with a functional 
PTPN2 knockout display increased immunogenicity. Cells 11 (23), 3845. doi:10. 
3390/cells11233845

Verdugo-Sivianes, E. M., and Carnero, A. (2021). Role of the holoenzyme PP1-SPN in 
the dephosphorylation of the RB family of tumor suppressors during cell cycle. Cancers 
(Basel) 13 (9), 2226. doi:10.3390/cancers13092226

Wang, X., Qi, Y., Zhou, X., Zhang, G., and Fu, C. (2019). Alteration of scaffold: 
possible role of MACF1 in Alzheimer’s disease pathogenesis. Med. Hypotheses 130, 
109259. doi:10.1016/j.mehy.2019.109259

Frontiers in Cell and Developmental Biology frontiersin.org13

Zhang et al. 10.3389/fcell.2026.1645868

https://doi.org/10.1007/978-1-4939-7568-6_20
https://doi.org/10.1016/j.isci.2025.113610
https://doi.org/10.1101/gad.854200
https://doi.org/10.1002/ijc.31205
https://doi.org/10.1016/j.cyto.2015.12.025
https://doi.org/10.1016/j.cyto.2015.12.025
https://doi.org/10.1038/s41577-022-00707-2
https://doi.org/10.1038/s41577-022-00707-2
https://doi.org/10.1007/s12035-015-9640-1
https://doi.org/10.1038/s41467-024-54383-y
https://doi.org/10.3390/cells13191651
https://doi.org/10.3389/fimmu.2021.689783
https://doi.org/10.1111/bph.16304
https://doi.org/10.1016/j.pharmthera.2018.11.004
https://doi.org/10.1002/adma.201904364
https://doi.org/10.1158/1078-0432.CCR-18-3224
https://doi.org/10.1158/1078-0432.CCR-18-3224
https://doi.org/10.1074/jbc.271.29.17114
https://doi.org/10.1016/j.molcel.2010.08.002
https://doi.org/10.1016/j.molcel.2010.08.002
https://doi.org/10.1016/j.ebiom.2025.105932
https://doi.org/10.1016/j.ebiom.2025.105932
https://doi.org/10.1038/nri3818
https://doi.org/10.1038/nri3818
https://doi.org/10.14670/HH-18-782
https://doi.org/10.1038/s41467-024-47701-x
https://doi.org/10.1038/s41467-024-47701-x
https://doi.org/10.1038/s41586-019-1032-7
https://doi.org/10.1002/emmm.201201283
https://doi.org/10.1158/2159-8290.CD-23-0306
https://doi.org/10.1158/2159-8290.CD-23-0306
https://doi.org/10.15252/embj.201592394
https://doi.org/10.15252/embj.2022110833
https://doi.org/10.1126/science.1203486
https://doi.org/10.1111/jvh.12083
https://doi.org/10.1128/IAI.00818-16
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1136/gutjnl-2024-334667
https://doi.org/10.1016/j.febslet.2004.07.083
https://doi.org/10.1016/j.febslet.2004.07.083
https://doi.org/10.1038/onc.2016.9
https://doi.org/10.4049/jimmunol.2100266
https://doi.org/10.4049/jimmunol.2100266
https://doi.org/10.1182/blood-2011-05-353102
https://doi.org/10.3390/ijms231710025
https://doi.org/10.3390/ijms231710025
https://doi.org/10.1002/dneu.22747
https://doi.org/10.3748/wjg.v22.i3.1034
https://doi.org/10.1016/j.tips.2017.03.004
https://doi.org/10.1016/j.tips.2017.03.004
https://doi.org/10.1016/j.heliyon.2023.e12873
https://doi.org/10.1016/j.heliyon.2023.e12873
https://doi.org/10.1158/2326-6066.CIR-23-1001
https://doi.org/10.1038/nrm2039
https://doi.org/10.1080/08820139.2025.2511079
https://doi.org/10.3390/cells11233845
https://doi.org/10.3390/cells11233845
https://doi.org/10.3390/cancers13092226
https://doi.org/10.1016/j.mehy.2019.109259
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868


Wang, J., Li, H., Xue, B., Deng, R., Huang, X., Xu, Y., et al. (2020). IRF1 promotes the 
innate immune response to viral infection by enhancing the activation of IRF3. J. Virol. 
94 (22). doi:10.1128/JVI.01231-20

Wang, Y., Liu, J., Akatsu, C., Zhang, R., Zhang, H., Zhu, H., et al. (2022). 
LAPTM5 mediates immature B cell apoptosis and B cell tolerance by regulating the 
WWP2-PTEN-AKT pathway. Proc. Natl. Acad. Sci. U. S. A. 119 (36), e2205629119. 
doi:10.1073/pnas.2205629119

Wang Q, Q., Kong, X., Song, H., Wang, L., Li, L., Hou, X., et al. (2025). Proteomic 
analysis of PTEN-deficient cells reveals src-mediated upregulation of EphA2 and 
therapeutic potential of dual inhibition. Mol. Cell Proteomics 24, 101316. doi:10. 
1016/j.mcpro.2025.101316

Wang, J., Shi, J., Mi, L., Zhao, M., Han, G., and Yin, F. (2025). Aberrant activation of 
the PI3K/AKT/HIF-1α pathway promotes glycolysis and lenvatinib resistance in liver 
cancer. Mol. Med. Rep. 32 (5), 301. doi:10.3892/mmr.2025.13666

Wei, D., Parsels, L. A., Karnak, D., Davis, M. A., Parsels, J. D., Marsh, A. C., et al. 
(2013). Inhibition of protein phosphatase 2A radiosensitizes pancreatic cancers by 
modulating CDC25C/CDK1 and homologous recombination repair. Clin. Cancer Res. 
19 (16), 4422–4432. doi:10.1158/1078-0432.CCR-13-0788

Wei, Q., Luo, S., and He, G. (2024). Mechanism study of tyrosine phosphatase shp-1 in 
inhibiting hepatocellular carcinoma progression by regulating the SHP2/GM-CSF 
pathway in TAMs. Sci. Rep. 14 (1), 9128. doi:10.1038/s41598-024-59725-w

Wrighton, K. H., Willis, D., Long, J., Liu, F., Lin, X., and Feng, X. H. (2006). Small 
C-terminal domain phosphatases dephosphorylate the regulatory linker regions of 
Smad2 and Smad3 to enhance transforming growth factor-beta signaling. J. Biol. 
Chem. 281 (50), 38365–38375. doi:10.1074/jbc.M607246200

Wu, Z., Park, S., Lau, C. M., Zhong, Y., Sheppard, S., Sun, J. C., et al. (2021). Dynamic 
variability in SHP-1 abundance determines natural killer cell responsiveness. Sci. Signal 
14 (708), eabe5380. doi:10.1126/scisignal.abe5380

Xie, D., Feng, Z., Yang, W., Wang, Y., Li, R., Zhang, S., et al. (2023). A mAb to 
SIRPalpha downregulates the priming of naive CD4 + T cell in primary immune 
thrombocytopenia. Cell Immunol. 391-392, 104757. doi:10.1016/j.cellimm.2023.104757

Xu, M., Min, Z., and Wei, Y. (2018). Glycyrrhizin inhibits IFN-γ-induced CXCL10 by 
suppressing the JAK/STAT1 signal pathway in HaCaT cells. Xi Bao Yu Fen Zi Mian Yi 
Xue Za Zhi 34 (8), 708–713.

Yan, M., Chen, X., Li, X., Liu, Q., Yu, B., Cen, Y., et al. (2024). Transferrin receptor- 
targeted immunostimulant for photodynamic immunotherapy against metastatic 
tumors through beta-catenin/CREB interruption. Acta Pharm. Sin. B 14 (9), 
4118–4133. doi:10.1016/j.apsb.2024.05.030

Yang, Q., Zhang, Q., Zhang, X., You, L., Wang, W., Liu, W., et al. (2019). 
HoxA10 facilitates SHP-1-Catalyzed dephosphorylation of p38 MAPK/STAT3 to 
repress hepatitis B virus replication by a feedback regulatory mechanism. J. Virol. 93 
(7). doi:10.1128/JVI.01607-18

Ye, F., Cai, Z., Wang, B., Zeng, C., Xi, Y., Hu, S., et al. (2023). TGFbeta antagonizes 
IFNgamma-Mediated adaptive immune evasion via activation of the AKT-Smad3-SHP1 axis in 
lung adenocarcinoma. Cancer Res. 83 (13), 2262–2277. doi:10.1158/0008-5472.CAN-22-3009

Yi, T., and Lindner, D. (2008). The role and target potential of protein tyrosine 
phosphatases in cancer. Curr. Oncol. Rep. 10 (2), 114–121. doi:10.1007/s11912-008- 
0019-6

Yoon, J. S., and Lee, C. W. (2022). Protein phosphatases regulate the liver 
microenvironment in the development of hepatocellular carcinoma. Exp. Mol. Med. 
54 (11), 1799–1813. doi:10.1038/s12276-022-00883-0

Yu, K., Liu, X., Wu, G., An, Z., Wang, X., Liu, Y., et al. (2025). Targeting SHP-1- 
mediated inhibition of STAT3 and ERK signalling pathways rescues the 
hyporesponsiveness of MHC-I-Deficient NK-92MI. Cell Prolif. 58 (9), e70035. 
doi:10.1111/cpr.70035

Zannikou, M., Fish, E. N., and Platanias, L. C. (2024). Signaling by type I interferons in 
immune cells: disease consequences. Cancers (Basel) 16 (8), 1600. doi:10.3390/ 
cancers16081600

Zhang, B., Li, S. L., Xie, H. L., Fan, J. W., Gu, C. W., Kang, C., et al. (2018). Effects 
of silencing the DUSP1 gene using lentiviral vector-mediated siRNA on the release 
of proinflammatory cytokines through regulation of the MAPK signaling pathway in 
mice with acute pancreatitis. Int. J. Mol. Med. 41 (4), 2213–2224. doi:10.3892/ijmm. 
2018.3429

Zhang, K., Wang, S., Gou, H., Zhang, J., and Li, C. (2021). Crosstalk between 
autophagy and the cGAS-STING signaling pathway in type I interferon production. 
Front. Cell Dev. Biol. 9, 748485. doi:10.3389/fcell.2021.748485

Zhang, L., Wang, L., Hu, X. B., Hou, M., Xiao, Y., Xiang, J. W., et al. (2022). MYPT1/ 
PP1-Mediated EZH2 dephosphorylation at S21 promotes epithelial-mesenchymal 
transition in fibrosis through control of multiple families of genes. Adv. Sci. (Weinh) 
9 (14), e2105539. doi:10.1002/advs.202105539

Zhang, C., Wang, K., and Wang, H. (2023). Adenosine in cancer immunotherapy: 
taking off on a new plane. Biochim. Biophys. Acta Rev. Cancer 1878 (6), 189005. doi:10. 
1016/j.bbcan.2023.189005

Zhao, Y., Xiao, M., Sun, B., Zhang, Z., Shen, T., Duan, X., et al. (2014). C-terminal 
domain (CTD) small phosphatase-like 2 modulates the canonical bone 
morphogenetic protein (BMP) signaling and mesenchymal differentiation via 
smad dephosphorylation. J. Biol. Chem. 289 (38), 26441–26450. doi:10.1074/jbc. 
M114.568964

Zhao, B., Du, F., Xu, P., Shu, C., Sankaran, B., Bell, S. L., et al. (2019). A conserved 
PLPLRT/SD motif of STING mediates the recruitment and activation of TBK1. Nature 
569 (7758), 718–722. doi:10.1038/s41586-019-1228-x

Zheng, Q., Hou, J., Zhou, Y., Yang, Y., Xie, B., and Cao, X. (2015). Siglec1 suppresses 
antiviral innate immune response by inducing TBK1 degradation via the ubiquitin ligase 
TRIM27. Cell Res. 25 (10), 1121–1136. doi:10.1038/cr.2015.108

Zheng, X., Hou, Z., Qian, Y., Zhang, Y., Cui, Q., Wang, X., et al. (2023). Tumors evade 
immune cytotoxicity by altering the surface topology of NK cells. Nat. Immunol. 24 (5), 
802–813. doi:10.1038/s41590-023-01462-9

Zhou, F. (2009). Molecular mechanisms of IFN-gamma to up-regulate MHC class I 
antigen processing and presentation. Int. Rev. Immunol. 28 (3-4), 239–260. doi:10.1080/ 
08830180902978120

Frontiers in Cell and Developmental Biology frontiersin.org14

Zhang et al. 10.3389/fcell.2026.1645868

https://doi.org/10.1128/JVI.01231-20
https://doi.org/10.1073/pnas.2205629119
https://doi.org/10.1016/j.mcpro.2025.101316
https://doi.org/10.1016/j.mcpro.2025.101316
https://doi.org/10.3892/mmr.2025.13666
https://doi.org/10.1158/1078-0432.CCR-13-0788
https://doi.org/10.1038/s41598-024-59725-w
https://doi.org/10.1074/jbc.M607246200
https://doi.org/10.1126/scisignal.abe5380
https://doi.org/10.1016/j.cellimm.2023.104757
https://doi.org/10.1016/j.apsb.2024.05.030
https://doi.org/10.1128/JVI.01607-18
https://doi.org/10.1158/0008-5472.CAN-22-3009
https://doi.org/10.1007/s11912-008-0019-6
https://doi.org/10.1007/s11912-008-0019-6
https://doi.org/10.1038/s12276-022-00883-0
https://doi.org/10.1111/cpr.70035
https://doi.org/10.3390/cancers16081600
https://doi.org/10.3390/cancers16081600
https://doi.org/10.3892/ijmm.2018.3429
https://doi.org/10.3892/ijmm.2018.3429
https://doi.org/10.3389/fcell.2021.748485
https://doi.org/10.1002/advs.202105539
https://doi.org/10.1016/j.bbcan.2023.189005
https://doi.org/10.1016/j.bbcan.2023.189005
https://doi.org/10.1074/jbc.M114.568964
https://doi.org/10.1074/jbc.M114.568964
https://doi.org/10.1038/s41586-019-1228-x
https://doi.org/10.1038/cr.2015.108
https://doi.org/10.1038/s41590-023-01462-9
https://doi.org/10.1080/08830180902978120
https://doi.org/10.1080/08830180902978120
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2026.1645868

	Phosphatases in tumor cell immune escape: a perspective based on the camouflage, coercion, cytoprotection
	1 Introduction
	2 Phosphatases in camouflage
	2.1 Antigen processing and presentation defects
	2.2 Inhibition of chemotaxis, migration, and function of antigen-presenting cells (APCs)
	2.3 Summary
	2.3.1 Core mechanism
	2.3.2 Existing controversies and challenges
	2.3.3 Therapeutic opportunities


	3 Phosphatases in coercion
	3.1 Manipulating immune checkpoints and co-stimulatory signals
	3.2 Disrupting the sensing of innate immunity and interferon signaling
	3.3 Reprogramming the cytokine network
	3.4 Dominating metabolic reprogramming and nutrient deprivation
	3.5 Summary
	3.5.1 Core mechanism
	3.5.2 Existing controversies and challenges
	3.5.3 Therapeutic opportunities


	4 Phosphatases in cytoprotection
	4.1 Reinforce physical barriers
	4.2 Interception of death signals
	4.3 Initiation of compensatory survival programs
	4.4 Expansion of non-canonical protective networks
	4.5 Summary
	4.5.1 Core mechanism
	4.5.2 Existing controversies and challenges
	4.5.3 Therapeutic opportunities


	5 Discussion
	6 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


