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Abstract

Protein phosphatases act as key regulators of multiple important 
cellular processes and are attractive therapeutic targets for various 
diseases. Although extensive effort has been dedicated to phosphatase-
targeted drug discovery, early expeditions for competitive phosphatase 
inhibitors were plagued by druggability issues, leading to the 
stigmatization of phosphatases as difficult targets. Despite challenges, 
persistent efforts have led to the identification of several drug-like, 
non-competitive modulators of some of these enzymes — including SH2 
domain-containing protein tyrosine phosphatase 2, protein tyrosine 
phosphatase 1B, vascular endothelial protein tyrosine phosphatase and 
protein phosphatase 1 — reigniting interest in therapeutic targeting of 
phosphatases. Here, we discuss recent progress in phosphatase drug 
discovery, with emphasis on the development of selective modulators 
that exhibit biological activity. The roles and regulation of protein 
phosphatases in immune cells and their potential as powerful targets 
for immuno-oncology and autoimmunity indications are assessed.
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phosphatase targets have emerged because of new biological 
insights8–14. As a result, a major resurgence in interest in these enzymes 
has occurred. Although most of the recent compounds are allosteric 
inhibitors19–27, other novel modalities are increasingly common (Fig. 1). 
Additionally, despite previous challenges, competitive targeting of the 
phosphatase active site has not been completely abandoned, especially 
in cases where highly potent agents can be obtained or the active site 
contains structurally unique features28–31.

Owing to new emerging biology on the roles of phosphatases in 
autoimmunity and their potential as tumour immunotherapy targets, 
coupled with new strategies to modulate these enzymes, this Review 
focuses on the roles of phosphatases in immune-mediated diseases. 
Examples of novel strategies to tackle these tough yet increasingly 
tractable targets are provided, emphasizing methods that identify 
selective modulators with biological activity.

Protein phosphatase families
The human protein phosphatome consists of 189 genes32, and protein 
phosphatases can be classified on the basis of catalytic mechanism 
into the PTP, PSP and haloacid dehalogenase (HAD) phosphatase 
superfamilies33–36 (Table 1). Multiple enzymes from all superfamilies 
are being investigated as candidate drug targets for immune-mediated 
disorders and other diseases. The distinction between PTPs, PSPs and 
HADs is based on catalytic mechanism; it should be noted that some 
phosphatases in the PTP or PSP superfamily dephosphorylate phospho-
Ser/Thr or phospho-Tyr substrate residues, respectively, and some 
HAD phosphatases dephosphorylate substrates on phospho-Ser/Thr 
or phospho-Tyr residues. Furthermore, other phosphatases, such as 
phosphatase and tensin homologue (PTEN) and RNA guanylyltrans-
ferase and 5′-phosphatase (RNGTT), can dephosphorylate non-protein 
substrates, such as lipids or nucleic acids, respectively.

The PTP superfamily
PTPs are single-unit enzymes, many of which contain domains in addi-
tion to the catalytic domain, determining regulatory mechanisms, 
subcellular localization and substrate specificity33. PTPs consist of 
Cys-based and His-based families classified by the chief catalytic residue 
involved in nucleophilic substrate attack during catalysis.

The majority of PTPs are Cys-based and characterized by a con-
served CX5R motif, in which the catalytic Cys acts as a nucleophile during 
catalysis, and the Arg assists in substrate binding33. Cys-based PTPs can 
be further subdivided into three classes. Class 1 is the largest and includes 
classical phospho-Tyr-specific receptor PTPs (RPTPs), non-receptor PTPs 
and dual-specificity PTPs (DSPs). DSPs can dephosphorylate phospho-
Tyr and phospho-Ser/Thr residues as well as lipids and are subclassified 
as classic MAP kinase phosphatases (MKPs) or atypical DSPs. Class 2 
Cys-based PTPs show homology to some bacterial arsenate reductases 
and consist of low-molecular-weight PTP (LMPTP or LMW-PTP) and sup-
pressor of Sua7-2 (SSu72). Cys-based class 3 contains three cell division 
cycle 25 (CDC25) PTPs, which contain a rhodanese phosphatase domain.

His-based PTPs consist of the two ubiquitin-associated and Src 
homology 3 domain-containing (UBASH3) phosphatases, which are 
part of the histidine phosphatase (HP) superfamily33,37. These enzymes 
contain a catalytic RHG motif and use His as the nucleophile.

The PSP superfamily
PSPs consist of phosphoprotein phosphatase (PPP) and metal- 
dependent protein phosphatase (PPM) families34,35. Both PPPs and 
PPMs require divalent metal cations for catalysis.

Introduction
Phosphorylation of intracellular proteins is a major post-translational 
modification that regulates nearly every biological process1. Protein 
phosphorylation is reversible and dynamic, controlled by the oppos-
ing activities of protein kinases, which catalyse protein phosphoryla-
tion, and protein phosphatases, which remove the phosphate. Of all 
the post-translational modifications that govern protein function, 
phosphorylation is one of the most prevalent and thus has been one 
of the most-studied mechanisms regulating cell signal transduction. 
Phosphorylation is used by the cell to regulate protein function by 
altering protein folding, localization, interactions, stability and activ-
ity. Perturbations in the regulation of protein phosphorylation caused 
by anomalous activities of kinases or phosphatases can have major 
impacts on cellular processes, including survival, growth, migration, 
differentiation and energy metabolism. Consequently, dysregulated 
protein phosphorylation is implicated in numerous human diseases, 
including cancer, diabetes and neurological disorders2,3.

Phosphatases are widely expressed in the immune system and as 
such act as key regulators of signalling in multiple types of immune 
cell. For example, in T cells, phosphatases control signalling at multi-
ple nodes, including early events downstream of T cell receptor (TCR) 
engagement, signalling through inhibitory receptors such as PD1 and 
pathways that control the differentiation and functions of T helper 
cells (TH cells) and regulatory T cells (Treg cells)4,5. Phosphatases regulate 
various aspects of myeloid cell function, such as antigen presentation 
and phagocytosis, inhibitory ‘don’t eat me’ signalling, and differentia-
tion and function of myeloid-derived suppressor cells (MDSCs)6,7. Given 
their expression profiles and key roles in immune cell signalling, this  
enzyme superfamily holds potential as drug targets to treat auto-
immune disease and for cancer immunotherapy; in fact, recent seminal  
papers suggest that modulating the activity of key phosphatases can 
lead to tumour growth control in vivo8–14.

The first drug to target a phosphatase to be FDA approved was 
the calcineurin inhibitor cyclosporine15. Since the initial approval of 
cyclosporine in 1983 for immunosuppression following organ trans-
plantation, additional cyclosporine formulations and the calcineurin 
inhibitors tacrolimus/FK506, pimecrolimus and voclosporin have 
been approved for the prevention of organ transplant rejection and 
as immunosuppressants in rheumatoid arthritis (RA), lupus nephritis, 
psoriasis, atopic dermatitis, keratoconjunctivitis sicca and more15,16. 
Another drug, fingolimod/FTY720, indirectly activates protein phos-
phatase 2A (PP2A) by binding to its negative regulator su(var)3-9, 
enhancer of zeste, trithorax (SET) and was FDA approved for the treat-
ment of multiple sclerosis (MS) in 2010 (refs. 15,16). However, further 
introduction of phosphatase-modulating agents into the clinic was 
severely hampered by historic difficulties in targeting these enzymes17.

Efforts to drug protein tyrosine phosphatases (PTPs), such as 
PTP1B and SH2 domain-containing PTP 2 (SHP2), that were focused 
on orthosteric targeting were confounded by the highly conserved and 
charged PTP active site, which attracts potent inhibitors with limited 
therapeutic potential owing to lack of selectivity, cellular permeability 
and/or bioavailability17. Protein serine/threonine phosphatases (PSPs), 
on the other hand, form multimeric complexes with diverse combina-
tions and require detailed biological knowledge to determine which 
complex to target18. In both cases, a lack of structural information 
on full-length PTPs and PSP holoenzymes has limited the options for 
developing drugs that target these proteins.

More recently, however, phosphatases have been selectively 
targeted pre-clinically with orally bioavailable therapies, and novel 
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There are seven PPP enzymes in humans: PP1, PP2A, PP2B (cal-
cineurin), PP4, PP5, PP6 and PP7. Several members of the PPP family are 
multimeric enzymes34,35. PP1 forms dimeric holoenzymes consisting of a 
catalytic and a regulatory subunit, and PP2A forms mostly trimeric holo-
enzymes with a scaffolding, a catalytic and a regulatory subunit. This 
multimeric nature allows for extensive diversity among holoenzymes 
in post-translational regulation, subcellular localization, substrate 
specificity and ultimately, in their biological roles in signalling.

PPMs contain Mg2+/Mn2+ in the active site and consist primarily of 
the single-unit PP2C enzymes (most PPMs) and heterodimeric pyruvate 
dehydrogenase phosphatases (PDPs)38.

The HAD superfamily
HAD phosphatases use an Asp residue as a catalytic nucleophile and 
Mg2+ as a cofactor and contain a DxDx(V/T) active-site signature 
motif36,38. The four eyes absent (EYA) phosphatases contain a C-terminal 
EYA domain with phospho-Tyr phosphatase activity and also contain an 
N-terminal domain with phospho-Thr phosphatase activity, although 

whether this is intrinsic or mediated through interaction with PP2A 
remains to be clarified39. Other HAD phosphatases — FIIF-associating 
component of RNA polymerase II CTD phosphatase (FCP) and small 
CTD phosphatase (SCP) — dephosphorylate phospho-Ser residues of 
the CTD of RNA polymerase II38.

Phosphatase targets in tumour immunotherapy 
and autoimmune disorders
Phosphatases are targeted using numerous different modalities, and 
many of these agents have been or are being developed as immune 
modifiers (Tables 2–4). Several protein phosphatases in immune cells 
have emerged in the past few years as candidate therapeutic targets for 
autoimmunity and tumour immunotherapy indications. As examples 
discussed below, among the most validated targets are T cell PTP (TC-
PTP) and SHP2, with small-molecule inhibitors currently in clinical trials 
for tumour immunotherapy indications. Activating TC-PTP and SHP1 
may also provide novel strategies for combating autoimmune diseases. 
Biological data suggest that inhibition of PP2A could be a strategy in 
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Fig. 1 | Mechanisms of action of phosphatase-targeted drugs. a,b, Orthosteric 
inhibitors bind to the phosphatase active site. a, Competitive inhibitors compete 
with substrate for binding to the phosphatase. b, Uncompetitive inhibitors bind 
to a phosphatase–substrate complex, preventing completion of catalysis.  
c, Oxidizing protein tyrosine phosphatase (PTP) inhibitors lead to oxidation of 
the PTP catalytic Cys. d, Irreversible inhibitors render the phosphatase inactive 
by covalently modifying the active site. e, Allosteric inhibitors induce or stabilize 
a catalytically unfavourable conformation of the phosphatase. f, Protein–
protein interaction inhibitors disrupt or prevent complex formation between a 
phosphatase and its binding partner. g, Protein serine/threonine phosphatases 
(PSPs) can be inhibited by targeting specific regulatory subunits. h, PSPs can be  

activated by molecules that stabilize specific holoenzyme complexes.  
i, Phosphatases can be targeted by decoy biologics (targeting the extracellular 
region of receptor PTPs (RPTPs) or an intracellular region) or through antibodies. 
j, Proteolysis-targeting chimera (PROTAC) molecules target the phosphatase 
for degradation by bringing it into close proximity with an E3 ubiquitin ligase. 
CDC25, cell division cycle 25; EYA2, eyes absent 2; LMPTP, low-molecular-weight 
PTP; mAb, monoclonal antibody; PRL, phosphatase of regenerating liver;  
SET, su(var)3-9, enhancer of zeste, trithorax; SHP2, SH2 domain-containing PTP 
2; STEP, striatum-enriched PTP; TC-PTP, T cell PTP; VE-PTP, vascular endothelial 
PTP; WIP1, wild-type p53-induced phosphatase 1.
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autoimmunity and for tumour immunotherapy in combination with  
checkpoint inhibition. Evidence is also building for phosphatase  
of regenerating liver 3 (PRL3) as a target for an antibody-dependent 
cell-mediated cytotoxicity approach against tumours (Box 1).

The roles of phosphatases in cancer cell signalling is a mature 
field, and several excellent reviews on drugging cancer phosphatases 
are available18,40–42. Recent studies also point to stromal and glial cell-
expressed phosphatases — especially receptor PTPs and subunits of 
PP1 and PP2A — as potential key players and targets for autoimmune 
diseases and cancer43–58.

In the following sections, we primarily discuss the relevant biology 
of protein phosphatases for which modulating agents are available and 
demonstrate efficacy in vivo as tumour immunotherapeutics or treat-
ments for autoimmunity. For a comprehensive list of phosphatases 
holding potential as targets for autoimmunity or tumour immuno-
therapy — including those for which target validation is in a nascent 
stage — the reader is referred to Boxes 2 and 3, respectively.

TC-PTP: biology and therapeutic implications
TC-PTP is a ubiquitous non-receptor PTP encoded by PTPN2. Alterna-
tive splicing generates a major form, TC45 (45 kDa), as well as TC48 
(48 kDa). TC45 is targeted to the nucleus through a bipartite nuclear 

localization signal and shuttles to the cytoplasm in response to cellular  
stimuli such as insulin, epidermal growth factor, tumour necrosis fac-
tor (TNF) and interferon-γ (IFNγ), where it can access substrates in the 
cytoplasm or at the plasma membrane. TC48 contains a hydrophobic 
C terminus that localizes it to the endoplasmic reticulum, where it has 
more restricted access to substrates59. TC-PTP inhibits signalling down-
stream of numerous pro-inflammatory cytokines, including IL-2, IL-6, 
IL-15 and IFNγ, by dephosphorylating and inhibiting JAKs and STATs. 
TC-PTP also inhibits TCR signalling by dephosphorylating Src family 
kinase (SFK) activation motifs and dephosphorylates growth factor 
receptors such as epidermal, platelet-derived and vascular endothe-
lial growth factor receptors (EGFR, PDGFR and VEGFR)60. TC45 enzy-
matic activity is regulated through auto-inhibition by its disordered 
C-terminal region61,62. Upon adhesion to collagen, the cytoplasmic tail of 
α1 integrin binds to and activates TC45 by displacing its auto-inhibitory 
region62,63. The discovery of this naturally occurring allosteric regula-
tion mechanism suggests potential for allosteric control of TC-PTP 
activity by modulating placement of its disordered C-terminal region.

TC-PTP has reported roles in autoimmune disease, cancer and 
cancer immunosurveillance and is a highly attractive target for 
immune-mediated diseases8,64–80. TC-PTP is an immunological rheo-
stat, modulation of which tips the immune system towards suppres-
sion of autoimmunity and inflammation or activation of antitumour 
responses. As discussed below, TC-PTP activation for autoimmun-
ity would likely attenuate disease severity through multiple mecha-
nisms owing to its autoimmune disease-promoting role in various 
cell types, while inhibiting TC-PTP could be useful for all aspects of  
T cell-mediated immunotherapy, including boosting chimeric antigen 
receptor (CAR) T cell function. Data suggest that inhibition of TC-PTP in 
tumour cells would offer the added benefit of rendering tumours more 
 susceptible to immune cell infiltration and attack by cytotoxic T cells8,77.

TC-PTP in autoimmune disorders
Multiple lines of evidence suggest TC-PTP as a candidate target for 
activation to treat autoimmunity. Certain alleles of PTPN2 are risk fac-
tors for autoimmune diseases including type 1 diabetes mellitus, RA, 
Crohn’s disease and ulcerative colitis (reviewed elsewhere81). Autoim-
mune-associated single-nucleotide polymorphism (SNP) rs1893217 
decreases levels of PTPN2 mRNA by 40% in T cells82, and SNP rs2542151 
reduces TC-PTP protein in colonic lamina propria fibroblasts of patients 
with Crohn’s disease83, suggesting that TC-PTP loss is a risk factor for 
autoimmunity.

TC-PTP deletion enhances autoimmunity in mice. Mice with a genetic 
deletion of Ptpn2 die within 3–4 weeks of birth from inflammatory dis-
ease accompanied by lymphocytic organ infiltration84, and inducible 
haematopoietic TC-PTP deletion in adult mice causes systemic inflam-
mation and autoimmunity64. Evidence from several mouse models 
supports a protective role for TC-PTP in autoimmune diabetes, colitis 
and inflammatory arthritis.

T cell-specific TC-PTP deletion accelerates diabetes onset and 
increases incidence of salivary gland lymphocyte infiltration — a 
characteristic of Sjögren syndrome — and colitis65. In the OT-I–OVA 
mouse system, TC-PTP-deficient OT-I T cell transfer into recipi-
ents bearing ovalbumin (OVA) on pancreatic β-cells results in β-cell 
destruction and diabetes66.

Global heterozygous TC-PTP deletion67, or deletion in T cells68, 
macrophages69,70 or intestinal epithelial cells (IECs)71 enhances experi-
mental colitis67–72. Mice that lack TC-PTP in T cells show enhanced 

Table 1 | The extended family of protein phosphatases

Superfamily Family Class Subclass Example enzyme

PTP Cys-based 1 RPTP VE-PTP and CD45

NRPTP TC-PTP and SHP1

MKP DSP PAC1

Atypical 
DSP

JKAP

2 LMPTP LMPTP

SSu72 SSu72

3 CDC25 CDC25A/CDC25B/CDC25C

His-based HP UBASH3 UBASH3A/UBASH3B

PSP PPP PP1 PP1

PP2A PP2A

PP2B/calcineurin PP2B/calcineurin

PP4 PP4

PP5 PP5

PP6 PP6

PP7 PP7

PPM PPM WIP1

PDP PDP1/PDP2

HAD Asp-based EYA EYA1/EYA2/EYA3/EYA4

FCP/SCP FCP and SCP

CDC25, cell division cycle 25; DSP, dual-specificity phosphatase; EYA, eyes absent; FCP, FIIF-
associating component of RNA polymerase II C-terminal domain phosphatase; HAD, haloacid 
dehalogenase; HP, histidine phosphatase; LMPTP, low-molecular-weight PTP; MKP, MAP 
kinase phosphatase; NRPTP, non-receptor PTP; PDP, pyruvate dehydrogenase phosphatase; 
PPM, metal-dependent protein phosphatase; PPP, phosphoprotein phosphatase; PSP, protein 
serine/threonine phosphatase; PTP, protein tyrosine phosphatase; SCP, small C-terminal 
domain phosphatase; SHP1, SH2 domain-containing PTP 1; SSu72, suppressor of Sua7-2;  
TC-PTP, T cell PTP; UBASH3, ubiquitin-associated and Src homology 3 domain-containing;  
VE-PTP, vascular endothelial PTP; WIP1, wild-type p53-induced phosphatase 1.
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numbers of IFNγ+CD4+ T cells, liver inflammatory infiltration and 
autoantibodies68. Adoptive transfer of TC-PTP-deficient naive CD4+  
T cells leads to greater expansion of IFNγ+ and IFNγ+IL-17+ cells, sug-
gesting that TC-PTP inhibits the expansion of pathogenic T cell subsets 
during intestinal inflammation68. In macrophages, TC-PTP knockout 
(KO) exacerbates colitis through an IL-1β-mediated mechanism69 and  
enhances colon epithelial permeability in mice through an IL-6- 
dependent mechanism69,70. IEC-specific TC-PTP KO mice also exhibit 
exacerbated experimental colitis71.

The evidence that TC-PTP deletion in any of these cell types exacer-
bates disease suggests that they collectively mediate the colitis-
protective role of this phosphatase. This is further supported by 
the enhanced colitis that occurs upon global heterozygous TC-PTP 
deletion67 and suggests that systemic TC-PTP activation may provide 
an effective colitis-treating strategy without the need for specific 
 cell-targeting approaches.

TC-PTP deficiency similarly exacerbates inflammatory arthritis in 
mice. Heterozygous TC-PTP deletion worsens disease severity in the 
SKG model of inflammatory arthritis, by enhancing IL-6-induced STAT3 
phosphorylation in Treg cells, which encourages their conversion into 
pathogenic IL-17-producing ‘exTreg’ cells73. Heterozygous TC-PTP dele-
tion in T cells or Treg cells also enhances arthritis73. Global or inducible 
Treg cell-specific heterozygous TC-PTP deletion in SKG mice similarly 
enhances colitis-induced arthritis, which is accompanied by exTreg 
accumulation in the arthritic joint74. The role of TC-PTP in suppress-
ing both intestinal and joint inflammation might explain the known 
connection between these pathologies in patients with RA, perhaps 
through Treg cell migration from the colon to the joints75. Although 
the action of TC-PTP in arthritis is mediated through Treg cells, global 
heterozygous TC-PTP deletion leads to a similar phenotype, suggesting 
again that specific cell-targeting approaches would not be needed for 
TC-PTP activation in RA.

Table 2 | Selected orthosteric phosphatase modulators

Compound (company/investigator) Target IC50 Stage of 
development

Comments Refs.

Orthosteric competitive inhibitors

AKB-9778/razuprotafib (Aerpio 
Therapeutics)

VE-PTP 17 pM Phase II 
trial in 
patients with 
COVID-19

Monotherapy did not meet the study’s primary endpoint in the 
phase IIb TIME-2b trial for diabetic retinopathy, but showed 
positive results in secondary endpoint measures of kidney 
function and intra-ocular pressure; reverses COVID-19 plasma-
induced prothrombotic state in cultured endothelial cells

28,211,212

Compound 8 (Zhang Laboratory, Indiana 
University)

 TC-PTP 9 nM Tool 
compound

Intracerebroventricular administration has been used to study 
TC-PTP as a regulator of hypothalamic leptin signalling and 
arcuate pro-opiomelanocortin neuron response to insulin

213–215

Compound 13 (Tabernero Laboratory, 
University of Manchester)

Mycobacterium 
tuberculosis
PTP B

3 µM Tool 
compound

Decreases bacterial burden in a guinea pig model of tuberculosis 
infection

216

L-1 (Zhang Laboratory, Purdue University) PTPN22 1.4 µM Tool 
compound

Intraperitoneal or subcutaneous via osmotic pump administration 
in a DMSO–PBS–cremophor-EL formulation leads to significant 
impairment of xenografted tumour growth

14

Compound 28 (Zhang Laboratory, 
Purdue University)

LMPTP 2.1 µM Tool 
compound

Induces a conformational change in the LMPTP active site to induce 
its own fit; enhances insulin signalling in HepG2 hepatocytes

31

Orthosteric uncompetitive inhibitors

Compound 6g (Bottini Laboratory, 
University of California, San Diego and 
SBPMDI CGC)

LMPTP 83 nM Tool 
compound

Oral administration improves glucose tolerance and increases 
liver insulin sensitivity in mice fed a high-fat diet

30

Compound 23 (Bottini Laboratory, 
University of California, San Diego and 
SBPMDI CGC)

LMPTP 800 nM Tool 
compound

Oral administration improves glucose tolerance and increases 
liver insulin sensitivity in mice fed a high-fat diet

29

Oxidative inhibitors

JMS-053 (Lazo (University of Virginia)/
Sharlow (University of Virginia)/Wipf 
(University of Pittsburgh) Laboratories)

PRL1/PRL2/
PRL3

~30 nM Tool 
compound

Intraperitoneal JMS-053 administration to mice bearing HeyA8-
MDR ovarian tumours reduces tumour weight without affecting 
body weight

217–219

UPD-140 (Ferrari Laboratory, University 
of Zurich)

CDC25A/
CDC25B/
CDC25C

Low μM Tool 
compound

Reversible inhibition, likely through catalytic Cys residue 
oxidation; regresses tumours and reduces metastases in 
zebrafish embryo xenograft models

220

Irreversible inhibition

TC-2153 (Lombroso Laboratory,  
Yale University)

STEP 57 nM Tool 
compound

Irreversible inhibition, likely through covalent interaction 
between catalytic Cys472 and TC-2153 sulfur; TC-2153 
administration is efficacious in multiple rodent models  
of cognitive dysfunction

221–225

CDC, cell division cycle; COVID-19, coronavirus disease 2019; IC50, half-maximal inhibitory concentration; LMPTP, low-molecular-weight PTP; PRL, phosphatase of regenerating liver;  
PTP, protein tyrosine phosphatase; SBPMDI CGC, Sanford Burnham Prebys Medical Discovery Institute Chemical Genomics Center; STEP, striatum-enriched PTP; TC-PTP, T cell PTP;  
VE-PTP, vascular endothelial PTP.
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TC-PTP activation ameliorates autoimmunity in mice. Proof-of-
principle evidence of TC-PTP activation as a treatment for autoimmun-
ity was demonstrated using the dietary polyamine spermidine. This 
compound was identified as a TC-PTP activator from high-throughput 
screening of commercial small-molecule libraries for full-length TC45 
agonists85. Spermidine does not bind to the TC-PTP catalytic domain86; 
instead it competes with the α1 integrin cytoplasmic tail for TC45 
binding, suggesting that it may relieve auto-inhibition by the TC45 C 
terminus85. Oral spermidine administration during dextran sodium sul-
fate (DSS) colitis induction protects mice from weight loss and colonic 
inflammation and damage76. Although spermidine is a polypharmaco-
logical molecule unlikely to serve as a clinical candidate, these findings 
provide a key demonstration that targeting TC-PTP regions outside of 
the catalytic domain can provide a means to activate the phosphatase 
using a small molecule and further suggest that TC-PTP activation may 
serve as a strategy for treating autoimmune diseases for which TC-PTP 
has a protective role, such as colitis and RA.

TC-PTP in tumour immunotherapy
Whereas TC-PTP activation could be beneficial in autoimmune condi-
tions, inhibiting this phosphatase could enhance tumour immuno-
therapies by both sensitizing tumours to cytotoxic T cell killing and 
enhancing antitumour responses of T cells. In an in vivo genetic screen 
using CRISPR–Cas9 genome editing in transplanted B16 melanoma 
tumours in mice, TC-PTP deletion increased sensitivity of tumours to 
an immunotherapy that comprises an anti-PD1 antibody and a tumour 
cell vaccine (GVAX)79. TC-PTP-deficient B16 tumours display increased 
levels of surface antigen-loaded major histocompatibility complex 
class I (MHC-I) and more infiltrating immune cells, including CD8+  
T cells expressing granzyme B, IFNγ or TNF. TC-PTP also emerged as a 
target for sensitizing tumour cells to death from CD8+ T cells or IFNγ80. 
TC-PTP knockdown likely sensitizes melanoma cell lines to IFNγ by 
augmenting STAT1, STAT3 and STAT5 phosphorylation and MHC-I, 
MHC-II and PDL1 expression. In the anti-PDL1-resistant YUMM1.1 mouse 
melanoma model, stable TC-PTP knockdown reduces tumour growth 

Table 3 | Selected allosteric phosphatase modulators

Compound (company/investigator) Target IC50 Stage of development Comments Refs.

SHP099 and TNO155 (Novartis) SHP2 71 and 
11 nM

Phase I and I/II clinical 
trials (TNO155)

‘Molecular glue’ compounds; stabilize auto-inhibited state 
of SHP2 by binding to the pocket created by the closed 
conformation of the enzyme

20–22

RMC-4550 and RMC-4630 (Revolution 
Medicines)

SHP2 583 pM 
and NR

Phase I and I/II clinical 
trials (RMC-4630)

Preliminary trial results demonstrate disease control in 
five of seven patients with KRASG12C non-small-cell lung 
cancer

23

IACS-13909 and BBP-398/IACS-15509 (Navire 
Pharma, Inc. and University of Texas MD 
Anderson Cancer Center)

SHP2 15.7 nM 
and NR

Phase I clinical 
trial (BBP-398/
IACS-15509)

24

DPM-1001 (DepYmed) PTP1B 100 nM Preclinical Binds to PTP1B C terminus as a complex with chelated 
copper; oral DPM-1001 administration to mice fed a 
high-fat diet leads to weight loss and improves glucose 
tolerance and insulin sensitivity

19

Chelerythrine (Tonks Laboratory, Cold Spring 
Harbor Laboratory)

PTP1B 5 µM Tool compound Stabilizes reversible PTP1B oxidation; enhances insulin 
signalling in 293T cells and leptin signalling in hepatic 
stellate cells; intraperitoneal chelerythrine administration 
to mice fed a high-fat diet leads to weight loss and 
improves glucose tolerance and insulin sensitivity

210

MSI-1436/trodusquemine (characterized by 
Tonks (Cold Spring Harbor Laboratory) and  
Peti (Brown University) Laboratories)

PTP1B 600 nM Discontinued Intraperitoneal MSI-1436 administration inhibits tumour 
growth and metastasis in mouse models of breast cancer; 
phase I trial was terminated

88

GSK2830371 (GlaxoSmithKline) WIP1 6 nM Preclinical Enhances phosphorylation of WIP1 substrates in multiple 
cancer cell lines and inhibits growth of xenografted 
DOHH2 B cell lymphoma tumours in mice when 
administered orally

27

Compound 1 (Bennett Laboratory,  
Yale University)

MKP5 3.9 µM Tool compound Enhances p38α and JNK phosphorylation in C2C12 
myoblasts and inhibits transforming growth factor β1 
signalling

25

MLS000544460 (Zhao (University of 
Colorado)/Ford (University of Colorado)/
Marugan (NIH NCATS) Laboratories)

EYA2 4.1 µM Tool compound Inhibits migration of MCF10A breast cancer cells 
overexpressing wild-type but not catalytically dead EYA2

226

NCGC00249987 (Zhao (University of 
Colorado)/Ford (University of Colorado)/
Marugan (NIH NCATS) Laboratories)

EYA2 3.0 µM Tool compound Suppresses migration, invadopodia formation and 
invasion of EYA2-overexpressing Calu-6 lung cancer cells

26

SHP2 PROTACs (Wang (University of Michigan)/
Liu (Zhengzhou University)/Zhou (University of 
Chinese Academy of Sciences) Laboratories)

SHP2 NR Tool compounds SHP099-based SHP-D26; SHP099-based SP4; TNO155-
based 11 (ZB-S-29)

227–229

EYA2, eyes absent 2; IC50, half-maximal inhibitory concentration; MKP5, MAP kinase phosphatase 5; NCATS, National Center for Advancing Translational Sciences; PTP, protein tyrosine 
phosphatase; SHP2, SH2 domain-containing PTP 2; WIP1, wild-type p53-induced phosphatase 1.
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Table 4 | Other classes of phosphatase modulator

Compound (company/investigator) Target IC50 Stage of 
development

Comments Refs.

 Protein–protein interaction modulators

Cyclosporine (CsA) (Sandoz (now 
Novartis))

Calcineurin CsA–CypA
Ki = 675 nM

FDA 
approved

Immunosuppressant for prevention of organ transplant 
rejection and treatment of some autoimmune disorders; 
binds to immunophilin CypA; CsA–CypA complex 
competitively inhibits calcineurin

15,230

Tacrolimus/FK506 (Fujisawa 
Pharmaceuticals)

Calcineurin FK506–
FKBP
Ki = 14 nM

FDA 
approved

Immunosuppressant for prevention of organ transplant 
rejection and treatment of atopic dermatitis; binds to 
immunophilin FKBP; FK506–FKBP complex inhibits 
calcineurin competitively

15,230

Pimecrolimus (Novartis) Calcineurin FK506–
FKBP
Ki = 117 nM

FDA 
approved

Topical calcineurin inhibitor for atopic dermatitis; inhibits 
calcineurin as complex with FKBP

15,231

Voclosporin (Isotechnika/Aurinia 
Pharmaceuticals)

Calcineurin NR FDA 
approved

FDA approved in 2021 for lupus nephritis in combination 
with immunosuppressive therapy; CsA analogue

15,16,232

NCGC00378430 (Zhao (University of 
Colorado)/Ford (University of Colorado)/
Marugan (NIH NCATS) Laboratories)

EYA2−SIX1 52 μM Tool 
compound

Inhibits interaction between EYA2 and SIX1; orthotopic 
mammary fat pad NCGC00378430 administration 
decreases tumour metastasis, although some animals 
develop hepatocyte necrosis

233

PSP regulatory subunit inhibitors

Sephin1 (Bertolotti Laboratory, Medical 
Research Council Laboratory of Molecular 
Biology)

PP1–GADD34 NR Tool 
compound

Derivative of guanabenz, with reduced α2-adrenergic 
agonist effects; efficacious in mouse models of MS

55,234,235

Raphin1 (Bertolotti Laboratory, Medical 
Research Council Laboratory of Molecular 
Biology)

PP1–R15B NR Tool 
compound

Orally administered raphin1 crosses the blood–brain-
barrier without adverse effects on mouse weight, 
liver function, pancreatic function or memory, and reduces 
huntingtin protein aggregates in a model of Huntington 
disease

236

PSP holoenzyme activatiors

Fingolimod/FTY720, CC11 and CM-1231
(Novartis (FTY720), Trentin Laboratory 
(CC11; Venetian Institute of Molecular 
Medicine, Centro di Eccellenza per 
la Ricerca Biomedica Avanzata and 
University of Padua) and Odero Laboratory 
(CM-1231; University of Navarra))

B56γ-
containing PP2A 
heterotrimer

NR FDA 
approved 
(fingolimod/
FTY720)

Sphingosine analogues with PP2A-mediated antitumour 
activity; FTY720 is an anti-inflammatory drug FDA 
approved in 2010 for MS; phosphorylation of FTY720  
by sphingosine kinase mediates most anti-inflammatory 
effects; non-phosphorylated FTY720 binds SET and 
activates B56γ-containing PP2A by inhibiting SET’s 
association with PP2A-C; C11 and CM-1231 are  
non-phosphorylatable analogues

151,152, 

237–242

DT-061 (Narla (University of Michigan) and 
Ohlmeyer (Mount Sinai) Laboratories)

PPP2R1A, 
PPP2CA and 
PPP2R5A/B56α-
containing PP2A 
heterotrimer

NR Tool 
compound

Oral DT-061 administration in mice inhibits growth of 
xenografted H358 KRAS mutant lung adenocarcinoma  
and transgenic KRAS-LA2 lung tumours

154,155,243

Biologics

PRL3-zumab (Zeng Laboratory, National 
University of Singapore)

PRL3 NR Phase II trial Targets PRL3 expressed on the outer surface of tumours; 
suppresses PRL3+ but not PRL3− gastric and liver tumours 
in orthotopic mouse models

244,245

ARP-1536 (Aerpio Therapeutics) VE-PTP NR Preclinical Binds to the VE-PTP extracellular domain; exhibits 
biological activity similar to VE-PTP inhibitor AKB-9778 in 
preclinical experiments when administered intravitreally

28

RPTPσ decoy protein (Bottini Laboratory, 
La Jolla Institute for Allergy and 
Immunology)

RPTPσ NR Preclinical Activates RPTPσ by releasing it from binding to 
extracellular matrix proteoglycans; intravenous 
administration attenuates arthritis in mice

56,57

Intracellular RPTPσ-targeting peptide 
(Silver Laboratory, Case Western Reserve 
University)

RPTPσ NR Tool 
compound

Mimics intracellular juxtamembrane ‘wedge’ motif; pro-
motes innervation and functional restoration in mice follow-
ing spinal cord injury and cardiac innervation in myocardial 
infarction model; enhances remyelination in MS models

246–248

CypA, cyclophilin A; EYA, eyes absent; FKBP, FK506-binding protein; IC50, half-maximal inhibitory concentration; Ki, inhibition constant; MS, multiple sclerosis; NR, not reported; PRL3, 
phosphatase of regenerating liver 3; PSP, protein serine/threonine phosphatase; RPTP, receptor PTP; SET, su(var)3-9, enhancer of zeste, trithorax; SIX1, sine oculis homeobox homologue 1;  
VE-PTP, vascular endothelial PTP.
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and renders tumours sensitive to inhibition by an anti-PDL1 antibody; 
this sensitivity depends on the presence of T cells87.

TC-PTP deletion enhances antitumour immunity in mice. TC-PTP-
deficient CD8+ T cells display enhanced antitumour immunity com-
pared with wild-type cells when transferred into multiple tumour 
xenograft models77. These cells exhibit a type of ‘terminal’ exhaustion 
still capable of killing tumour cells owing to retention of cytolytic 
capabilities77. Mice that lack TC-PTP in haematopoietic cells com-
pletely clear MC38 tumours and B16 tumours and are more responsive 
to GVAX–anti-PD1 immunotherapy77. TC-PTP in CD8+ T cells may be  
particularly important, as depletion of CD8+ T cells, but not CD4+  
T cells, abolishes the capacity of TC-PTP-deficient T cells to control 
MC38 tumour growth and render tumours responsive to anti-PD1 
immunotherapy78.

TC-PTP deletion in T cells also protects aged Tp53+/− mice against 
tumour development and suppresses growth of implanted mammary 
carcinomas, increasing numbers of tumour-activated CD4+ and CD8+ 
effector/memory cells8. Tumour Treg cells are also increased, although 

this is not sufficient to overcome the antitumour effects of Ptpn2-
deficient effector/memory T cells. TC-PTP inhibition likely enhances 
Treg cell destabilization and conversion to a non-immunosuppressive 
phenotype, although this has not yet been tested in a tumour setting8. 
Adoptively transferred TC-PTP-deficient T cells block tumour growth 
in mice and show decreased levels of classic exhaustion markers PD1 
and LAG3, and increased levels of CD44. Although terminal exhaustion 
was not assessed in this study, these and the findings discussed above 
suggest that lack of TC-PTP in CD8+ T cells enhances their cytolytic 
function.

TC-PTP deletion or inhibition enhances CAR T cell function. TC-PTP 
deficiency or inhibition enhances CAR T cell immunotherapy, promot-
ing the generation, antigen-specific activation and cytotoxicity of 
CD8+ HER2 CAR T cells ex vivo and repressing HER2+ E0771 mammary 
tumour growth and CD8+ T cell infiltration8. In mice that receive TC-
PTP-deficient CAR T cells, tumours are controlled in the absence of 
autoimmunity and overt morbidity up to 70 days after transfer.

Experiments with the highly selective (+)-methoxyacetic acid-
based TC-PTP inhibitor compound 8 demonstrate boosted CAR T cell 
function upon TC-PTP inhibition8. Compound 8 increases antigen-
specific cytotoxic potential of murine CD8+ HER2 CAR T cells to that 
of TC-PTP-deficient CAR T cells, but does not affect TC-PTP-deficient 
CAR T cells8. Treatment of human CAR T cells that target the Lewis Y (LY) 
antigen — which is overexpressed in many cancers — with compound 8 
enhances IFNγ and TNF expression in response to CAR crosslinking or 
exposure to LY-expressing ovarian carcinoma cells8.

TC-PTP inhibitors for tumour immunotherapy. In support of TC-
PTP as an immunotherapy target, two orally bioavailable TC-PTP 
inhibitors developed by Calico and AbbVie, ABBV-CLS-579 and ABBV-
CLS-484 (patent publication WO/2019/246513), are currently undergo-
ing phase I clinical trials for locally advanced or metastatic tumours 
(NCT04777994 and NCT04417465).

However, owing to high conservation between TC-PTP and PTP1B, 
identification of TC-PTP-selective molecules with favourable pharma-
cological profiles has historically been challenging. Structural studies 
indicate that these two enzymes are regulated allosterically through 
their C termini by different mechanisms62,88 — suggesting potential 
for selective targeting by approaching regions outside the catalytic 
domain. T cell PTP1B deficiency or pharmacological PTP1B inhibition 
has recently been reported to inhibit growth of mammary, melanoma 
and colorectal tumours, suggesting that, similarly to TC-PTP, PTP1B 
deficiency can enhance T cell-mediated antitumour responses89. Fur-
thermore, the dual PTP1B–TC-PTP inhibitor developed by Merck Frosst 
Canada, called 1B/TC90, enhances monocyte-derived dendritic cell 
(moDC) maturation. Administration of moDCs treated with 1B/TC 
to tumour-bearing mice suppressed tumour growth, and treatment 
of moDCs derived from patients with pancreatic cancer with IB/TC 
enhances IFNγ+ co-cultured autologous T cells91. Therefore, although 
selective targeting is usually desired in drug discovery efforts, in the 
case of TC-PTP for tumour immunotherapy, a stringent requirement 
for selectivity over PTP1B may not be necessary, and, in fact, limited 
selectivity may even boost therapeutic efficacy.

SHP2: biology and therapeutic implications
SHP2 is encoded by the PTPN11 gene, is ubiquitously expressed and, 
like its homologue SHP1, comprises tandem SH2 domains (N-SH2 and 
C-SH2), a PTP domain and a disordered C-terminal tail that contains 

Box 1

PRL3 as a target for tumour 
immunotherapy
The phosphatase of regenerating liver 3 (PRL3) dual-specificity phos-
phatase (DSP), encoded by PTP4A3, is primarily expressed in heart 
and muscle, with low levels found in other tissues249. PRL3 acts as an 
oncogene, the expression of which is upregulated in multiple cancers, 
including leukaemia and breast, gastric, ovarian and liver can-
cer249,250. PRL3 expression correlates with metastatic potential and 
poor prognosis in cancer, thus PRL3 has been considered as a drug 
target for cancer. Several studies have also suggested a role for PRL3 
in promoting tumour angiogenesis through enhancement of vas-
cular endothelial growth factor (VEGF) expression and signalling251. 
PRL3 shares high sequence homology with closely related PRL1 
and PRL2 DSPs250, thus, development of selective small-molecule 
inhibitors of this phosphatase is challenging. PRL3 is a small enzyme 
(~20 kDa) containing a C-terminal prenylation motif and is primarily 
localized to the plasma membrane and early endosomes.

Unexpectedly, this normally intracellular phosphatase has also 
been found to be expressed on the surface of some tumour cells 
and is emerging as a target for tumour immunotherapy via antibody-
dependent cell-mediated cytotoxicity244. Administration of anti-
PRL3 monoclonal antibodies reduces growth of PRL3-expressing 
ovarian and acute myeloid leukaemia (AML) cancer cell lines and of 
PRL3+ tumours in mouse models of colon, melanoma, gastric and 
liver cancer252,253 and causes tumour enrichment of B cells, natural 
killer (NK) cells and macrophages244. These antitumour effects are 
blocked by removal of PRL3-zumab’s Fc region or treating mice with 
Fc receptor-blocking antibody, suggesting a requirement for inter-
action with host FcγII/III receptors244. An open-label phase II study of 
PRL3-zumab in patients with advanced cancers is currently ongoing 
in Singapore and the USA (NCT04118114 and NCT04452955).
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Tyr phosphorylation sites. SHP2 is regulated by an intramolecular 
auto-inhibited conformation in which residues of N-SH2 insert into 
the PTP domain catalytic cleft92,93 (Fig. 2a). Binding of SHP2 SH2 
domains to phospho-Tyr residues of interacting proteins shifts the 
enzyme to an open, active conformation94. Additionally, Tyr phos-
phorylation in the tail provides docking sites for interacting proteins 
or its C-SH2, which also enhance SHP2 activation94. SHP2 can also 
exist in a partially open state in which the N-SH2 allows access to the  
active site95.

SHP2 promotes RAS–RAF–MAPK signalling downstream of recep-
tor tyrosine kinases (RTKs)40,96. Proposed mechanisms include Tyr 
dephosphorylation of negative regulators of this pathway — such 
as RAS–GAP, RAS–GAP binding sites of RTKs, CSK binding sites of 
paxillin and PAG/CBP, and the Grb2/SOS binding site of Sprouty — and 
direct dephosphorylation of RAS, inhibiting its binding to RAF40,96. 
SHP2 also promotes other signalling pathways including PI3K–AKT, 
JAK–STAT and nuclear factor-κB (NF-κB)40,96. PTPN11 is considered 
an oncogene, as gain-of-function mutations lead to neoplasms and 
Noonan syndrome97. These mutations activate SHP2 by destabilizing 

interactions between the PTP and N-SH2 domains, promoting the open 
conformation of SHP2.

SHP2 has long been considered a drug target for cancer (reviewed 
elsewhere18,40,98). Below, we focus on the potential for SHP2 in 
autoimmunity and its recent emergence as a tumour immunotherapy 
target.

SHP2 inhibition in autoimmune disorders
So far, a small number of studies have suggested a role for SHP2 in 
autoimmunity and potential for SHP2 as an autoimmunity target99–101.

PTPN11, which encodes SHP2, is located within a linkage disequilib-
rium block that is associated with RA99. Inducible heterozygous SHP2 
deletion in myeloid cells reduces inflammatory arthritis in mice, sug-
gesting an arthritis-promoting action of SHP2 in myeloid cells100. Fur-
thermore, treatment with the bidentate SHP2 inhibitor 11a-1, derived 
from a precursor that interacts with the SHP2 active site and nearby 
β5−β6 loop, attenuates inflammatory arthritis in mice100,101. Addition-
ally, SHP2 activity is increased in peripheral blood mononuclear cells 
(PBMCs) and spleen isolates from systemic lupus erythematosus 

Box 2

Evidence for targeting phosphatases in autoimmune diseases
Activation
T cell protein tyrosine phosphatase (TC-PTP, encoded by PTPN2): 
loss-of-function single-nucleotide polymorphisms (SNPs) are 
associated with human autoimmune diseases81; knockout (KO) and 
inducible deletion in immune cells causes systemic inflammation  
and autoimmunity64,84; KO in T cells promotes autoimmune diabetes 
in non-obsese diabetic and OT-I/RIP-mOVA mouse models65,66;  
KO in T cells enhances colitis in dextran sodium sulfate (DSS) and 
CD4+ T cell transfer mouse models67–72; KO in macrophages enhances 
colitis in DSS and IL-10 KO mouse models and colon epithelial 
permeability in mice69,70; KO in intestinal epithelial cells enhances 
DSS-induced colitis in mice71,72; global, T cell or regulatory T cell 
haploinsufficiency in mice enhances arthritis in the SKG model73,74; 
activation with spermidine attenuates DSS-induced colitis in mice76.

SH2 domain-containing PTP 1 (SHP1, encoded by PTPN6): reduced 
expression in peripheral blood mononuclear cells and peripheral 
monocyte-derived macrophages123,124 of patients with multiple 
sclerosis; global KO or KO in B cells, dendritic cells and neutrophils 
promotes autoimmunity in mice121,130–134,154; overexpression or 
activation with regorafenib decreases arthritis in the PGIA  
mouse model135.

JKAP (DUSP22): levels are decreased in humans with rheumatoid 
arthritis, juvenile inflammatory arthritis, systemic lupus erythematosus 
(SLE) or inflammatory bowel disease254–258; KO enhances experimental 
autoimmune encephalitis (EAE) in mice259; T cell catalytic inactivation 
induces autoimmune nephritis in mice254.

STS1/STS2 (UBASH3B/UBASH3A): SNPs in UBASH3A are associated 
with human autoimmune diseases260; an SNP in UBASH3B associates 

with Behçet disease260; STS1 expression is enhanced in B cells  
of patients with SLE261; double KO enhances EAE in mice262; STS1  
or STS2 KO enhances colitis in the 2,4,6-trinitrobenzenesulfonic 
acid and CD4+ T cell transfer mouse models263; STS2 KO enhances 
collagen-induced arthritis in mice264.

MKP6 (DUSP14): KO enhances EAE in mice265.

Inhibition
SHP2 (PTPN11): enhanced expression in fibroblast-like synoviocytes 
of patients with rheumatoid arthritis220; inhibition with 11a-1 attenuates 
disease in K/BxN arthritis221 and MRL-lpr lupus101 mouse models.

MKP2 (DUSP4): enhanced expression in CD4+ T cells of patients with 
juvenile-onset SLE266; KO attenuates EAE in mice267,268.

PP2A-C (PPP2CA): SNPs are associated with SLE168; expression 
increased in T cells and B cells of patients with SLE158,167,169; 
overexpression promotes glomerulonephritis in mice163; deletion  
in T cells attenuates EAE in mice165; inhibition with cantharidin 
attenuates EAE in mice165.

PP2A-A (PPP2R1A): deletion in B cells attenuates pristane-induced 
lupus in mice167.

PP2A-B, G5PR (PPP2R3C): overexpression in lymphoid cells 
promotes autoantibodies and autoimmunity in aged female mice171.

PP2A-Bα (PPP2R2A): expression increased in T cells from patients 
with SLE170; deletion in T cells attenuates EAE in mice170.
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(SLE)-susceptible MRL-lpr mice, and 11a-1 treatment reduces disease 
in these mice101.

These findings suggest that further exploration of the role of SHP2 
in RA, SLE and potentially other autoimmune diseases is warranted.

SHP2 in tumour immunotherapy
SHP2 inhibition has been considered a strategy for enhancing tumour 
immunity owing to the proposed roles of SHP2 as an effector of inhibi-
tory PD1 signalling in T cells102 and colony-stimulating factor 1 receptor 
(CSF1R) signalling in myeloid cells103; the latter can promote tumour 
growth by reprogramming tumour-associated macrophages (TAMs) 
to an immunosuppressive M2 state104.

SHP2 in T cell PD1 signalling. SHP2 is considered a positive regula-
tor of T cell activation by dephosphorylating inhibitory sites of TCR 
signalling mediators and activating sites of negative regulators105. 

However, SHP2 is also considered a key mediator of PD1 inhibitory  
receptor signalling in T cells following docking to the phospho- 
Tyr-containing immunoreceptor tyrosine-based inhibitory motif (ITIM) 
and immunoreceptor tyrosine-based switch motif (ITSM) in the PD1 
cytoplasmic region. As PD1 expression is induced by T cell activation, 
a possible explanation for this dual role in T cell signalling is that SHP2 
initially promotes T cell activation upon TCR ligand engagement and 
later dampens signalling by complexing with PD1. Multiple studies 
have described a PD1–SHP2 interaction106–108, yet there is no consensus 
model for the precise nature of the complex or the functional necessity 
of SHP2 in PD1 signalling.

SHP2 emerged as the most abundant PD1 interactor in studies of 
cell-free reconstitution systems mimicking the T cell plasma mem-
brane and MS-based quantitative proteomics of pervanadate-treated 
T cells106,107. Mutation of the phosphorylation site in either the ITIM 
(Tyr223Phe) or ITSM (Tyr248Phe) reduced the PD1–SHP2 interaction 

Box 3

Evidence for targeting phosphatases in tumour immunotherapy
T cell protein tyrosine phosphatase (TC-PTP, encoded by PTPN2): 
knockout (KO)/knockdown (KD) in tumour cells reduces tumour 
growth in mice and sensitizes tumours to immunotherapy79,80; KO in 
adoptively transferred OT-I T cells enhances control of ovalbumin 
(OVA)-expressing tumours in mice77; KO in T cells or dendritic cells 
in mice reduces tumour burden in multiple tumour models8,78; KO in 
immune cells enhances control of MC38 tumours and GVAX/anti-
PD1 immunotherapy efficacy against B16 tumours in mice77; KO, KD 
or inhibition with compound 8 enhances chimeric antigen receptor 
(CAR) T cell function8.

PTPH1 (PTPN3): KD in adoptively transferred human lymphocytes 
enhances control of SUIT-2 tumours or patient ovarian cancer cells  
in mice269.

SH2 domain-containing PTP 1 (SHP1, encoded by PTPN6):  
KO in tumour-specific adoptively transferred CD8+ T cells enhances 
control of disseminated leukaemia, prevents B16-F10 melanoma 
metastasis and sensitizes B16-F10 tumours to checkpoint blockade 
immunotherapy in mice141,142,270; inducible KO inhibits growth of 
immune-rich E0771 and MC38 tumours144; inhibition with TPI-1 or  
TPI-1a4 in mice reduces growth of multiple tumour models in 
mice145,146; KD or inhibition with TPI-1 enhances hypoxic natural killer 
(NK) cell cytotoxicity147.

SHP2 (PTPN11): KO in myeloid cells reduces B16 tumour growth 
in mice115; inhibition with SHP099 in mice reduces growth of 
multiple tumour models, enhances anti-PD1 efficacy and enhances 
radiation + anti-PDL1 efficacy9,10,116; inhibition with SHP099 in 
combination with KRAS-G12C inhibitor ARS enhances efficacy of ARS 
against KRASG12C-carrying tumours in mice11; inhibition with TNO155 
in mice reduces MC38 tumour growth and reduces CT26 tumour 
growth in combination with anti-PD1 (ref. 9); inhibition with RMC-4550 
in mice inhibits growth of multiple tumour models and is additive 

with anti-PD1, anti-CTLA4 or anti-colony-stimulating factor 1 receptor 
(CSF1R) against CT26 tumours103.

PTPN22 (PTPN22): KO in adoptively transferred OT-I T cells enhances 
control of EL4-OVA and ID8-OVA tumour growth and antitumour 
efficacy of anti-transforming growth factor-β in mice205,206; KO inhibits 
Hepa1-6.x1, E.G7-OVA and AT3-OVA tumour growth and enhances 
efficacy of anti-PDL1 against MC38 and CT26 tumours in mice14,207,208; 
catalytic inactivation inhibits Hepa1-6.x1 tumour growth in mice14,208.

PAC1 (DUSP2): enhanced expression in colon cancer tumour-
infiltrating lymphocytes and high levels in cancer patients associated 
with poor survival271; KO in mice reduces tumour burden in AOM–
dextran sodium sulfate (DSS), PyMT and B16-F10 melanoma mouse 
models, reduces metastasis of intravenous B16-F10 tumour cells  
and enhances efficacy of adoptively transferred OT-I T cells against 
LLC-OVA tumours271.

Phosphatase of regenerating liver 3 (PRL3) (PTP4A3): anti-PRL3 
monoclonal antibody reduces growth of PRL3+ ovarian, B16-F10  
and JCT116 tumours and acute myeloid leukaemia cells252,253,272;  
PRL3-zumab reduces growth of PRL3+ gastric and liver tumours244,245.

Eyes absent 3 (EYA3): expression correlated with PDL1 expression in 
breast tumours, and high expression associated with reduced CD8+ 
T cell infiltration273; KD in triple-negative breast cancer lines delays 
tumour growth upon cell injection into mouse mammary fat pads273.

PP2A-C (PPP2CA): inhibition with LB-100 enhances efficacy of  
anti-PD1 against CT26, B16 and GL261 tumours in mice12,13.

PP2A-Bδ (PPP2R2D): KD in adoptively transferred OT-I CD8+ or TRP1 
CD4+ T cells enhances control of B16-OVA tumour growth in mice172.
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and strongly reduced the phosphatase activity of SHP2, while double 
mutation of both sites abolishes the interaction106,108. In Jurkat cells 
overexpressing PD1, mutation of either Tyr nearly equally inhibited 
the block in IL-2 or IFNγ production upon Jurkat engagement with 
programmed cell death 1 ligand 2 (ref. 108).

These results support a two-step activation model (Fig. 2b) in 
which before PD1 engagement on T cells, SHP2 resides in the auto-
inhibited conformation. PD1 ligand binding recruits SHP2 to the 
phosphorylated ITSM; however, ITIM phosphorylation is needed to 
unfold SHP2 into its active conformation and propagate inhibitory 
PD1 signalling108. An alternative dimerization model (Fig. 2c) proposes 
SHP2 inducing PD1 dimerization through N-SH2 and C-SH2 binding 
to phospho-ITSM-Tyr248 on two PD1 molecules109. The dimerization 
model is supported by data collected in Jurkat–PD1 and biophysical 
analyses demonstrating that SHP2 can bind to two PD1 molecules solely 
through the pITSM, and that mutation of ITSM-Tyr248 or either SHP2 
SH2 domain, but not mutation of ITIM-Tyr223, disrupts the PD1–SHP2 
interaction109,110. Additionally, SHP2 induces PD1–PD1 interaction that 
is blocked by mutation of ITSM-Tyr248 or either SHP2 SH2 domain, but 
not by ITIM-Tyr223 (ref. 109). The dimerization model is further corrobo-
rated by NMR spectroscopy, which reveals that whereas SHP2 C-SH2 
only binds to pITSM in a pITIM–pITSM peptide, SHP2 N-SH2 binds to 
either phospho-motif111, and pITSM has a higher affinity for either SHP2 
SH2 domain than pITIM110.

Despite convincing data regarding PD1–SHP2 complex forma-
tion, some studies show PD1 signalling can inhibit T cell activation 
in the absence of SHP2 (refs. 107,112). There may be cellular contexts in 
which SHP1 compensates for loss of SHP2 in maintaining PD1 signal-
ling107, or where PD1 can inhibit T cell activation in the absence of both 
phosphatases112.

SHP2 deletion in mouse models of tumour immunity. In mouse 
xenograft models, T cell-specific SHP2 deletion yields varying results. 
In a metastatic melanoma model, T cell SHP2 deficiency has no effect 
on survival and late-stage tumour size, and metastasis is increased113. 

Tumour-bearing mice carrying SHP2 deficiency in T cells display 
higher serum IL-6 levels and increased MDSCs. MDSC accumulation 
and tumour growth in these mice are inhibited by IL-6 blockade. In 
the MC38 colon adenocarcinoma model, tumour growth and tumour-
infiltrating lymphocytes (TILs) are unaffected by lack of SHP2 in  
T cells114. Anti-PD1 antibody treatment improves tumour control irre-
spective of mouse genotype, suggesting that PD1 inhibitory function 
occurs in the absence of SHP2. On the other hand, another report shows 
T cell-specific SHP2 deficiency enhancing control of MC38 tumour 
growth, with tumours displaying increased activated CD8+ T cells9.

Myeloid-specific SHP2 deletion inhibits B16 melanoma growth 
and increases tumour levels of chemoattractant CXCL9, IFNγ-induced 
CXCL9 production by macrophages and CD8+ T cell tumour infiltra-
tion115. Accordingly, CXCL9 or IFNγ neutralization promotes tumour 
growth in myeloid SHP2-deficient mice.

SHP2 inhibitors in tumour immunotherapy. As discussed below, 
several orally bioavailable allosteric SHP2 inhibitors have been devel-
oped and some are undergoing clinical trials for cancers. These com-
pounds act as ‘molecular glue’, stabilizing the auto-inhibited state  
of SHP2 by binding the pocket created by the closed conformation of  
the enzyme20,21 and are highly selective over other phosphatases and 
kinases. SHP099 (refs. 20,21) was developed following a screening for full-
length SHP2 inhibition in the presence of bis-phosphorylated IRS1 pep-
tide to open the enzyme. Pyrazine derivative TNO155 lacks the hERG2 
binding and phototoxicity problems of SHP099 (ref. 22) and is being 
tested in phase I and I/II clinical trials (NCT03114319, NCT04000529, 
NCT04330664, NCT04294160, NCT04292119, NCT04185883 and 
NCT04699188).

SHP099 administration to mice has shown promising results in 
tumour models. Oral or intraperitoneal SHP099 administration to 
mice bearing CT26 or MC38 colon carcinomas or 4T1 breast tumours 
decreases tumour growth9,10,116. The antitumour effects of SHP099 
are likely due to immune cells, as, first, MC38 and CT26 cells carry 
PTPN11 variants insensitive to SHP099; second, SHP2 KO in 4T1 cells 
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Fig. 2 | Regulation of SHP2 in tumour immunotherapy. a, SH2 domain-
containing PTP 2 (SHP2) is regulated by an auto-inhibited intramolecular 
mechanism. In the open conformation, the catalytic domain of SHP2 remains 
accessible for interaction with substrate. In the closed or inactive conformation, 
the N-SH2 domain blocks access to the catalytic site, rendering SHP2 inactive. 
SHP1 undergoes a similar regulation mechanism. b,c, Models for the PD1–SHP2 
interaction. b, Two-step activation model. Before PD1 engagement on T cells, 

SHP2 resides in the auto-inhibited closed conformation. PDL1 binding  
recruits SHP2 to the phosphorylated immunoreceptor tyrosine-based  
switch motif (ITSM). Phosphorylation of the immunoreceptor tyrosine-based  
inhibitory motif (ITIM) unfolds SHP2 into its active conformation. c, Dimerization 
model. SHP2 induces PD1 dimerization through N-SH2 and C-SH2 binding to the 
phospho-ITSM on two distinct PD1 molecules. TCR, T cell receptor.
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slows tumour growth, but less than SHP099 administration; and third, 
SHP099 efficacy is impaired in immunocompromised mice9,10. Com-
bining SHP099 with anti-PD1 inhibits MC38 tumour growth more 
than either monotherapy alone9. Oral TNO155 administration inhibits 
growth of MC38 tumours as a monotherapy and CT26 tumours in 
combination with anti-PD1 (ref. 10).

In combination with anti-PD1, SHP099 or TNO155 treatment tends 
to enhance activation and tumour infiltration of CD8+ T cells9,10 yet 
reduce overall CD45+ immune cell infiltration and alter TAM composi-
tion10. SHP2 KO in 4T1 cells promotes CD8 T cell tumour infiltration and 
activation similarly to SHP099, but does not affect TAMs, suggesting 
that the effects on CD8+ TILs are due to SHP2 loss or inhibition in the 
tumour, whereas the effects on TAMs are due to SHP2 inhibition in mye-
loid or other non-tumoural cells10. Together with the above-described 
findings using myeloid-specific SHP2 deletion115, these data suggest 
that CD8+ T cell tumour infiltration can be influenced by SHP2 loss or 
inhibition in the tumour or myeloid cells, depending on the model used.

In addition, oral SHP099 administration combined with radiation 
plus anti-PDL1 enhances control of anti-PD1-resistant 344SQ non-
small-cell lung carcinoma (NSCLC) and PANC-02 pancreatic tumours 
at local and abscopal sites, improves survival compared with radiation 
plus anti-PDL1, and reduces 344SQ lung metastases117. SHP099 does 
not inhibit 344SQ cell viability in culture, and depletion of CD8- or 
F4/80-expressing cells reduces the beneficial effect of triple therapy 
on survival and lung metastasis, confirming that it is largely mediated 
by antitumour immunity.

SHP2 inhibition is also being considered in combination with 
KRAS-G12C inhibitors for enhancing immunity against tumours carry-
ing the KRASG12C mutation. Indeed, SHP099 increases GDP occupancy 
of KRAS, enabling enhanced efficacy of G12C inhibitors that target 
GDP-bound KRAS-G12C11. SHP099 in combination with the KRAS-G12C 
inhibitor ARS1620 (ARS) regresses tumours in a mouse pancreatic 
ductal adenocarcinoma (PDAC) model and increases survival follow-
ing treatment termination. SHP099–ARS therapy in combination with 
anti-PD1 regresses tumours more than SHP099–ARS or either single 
agent plus anti-PD1. SHP099 also enhances ARS antitumour efficacy 
against KRASG12C-carrying patient-derived pancreatic cancer and NSCLC 
models. Tumours of SHP099–ARS combination-treated mice show 
increased T cells and decreased tumour CD11b+ myeloid cells.

The allosteric SHP2 inhibitor RMC-4550 was developed following 
evaluation of Revolution Medicines’ collection of methyl-pyrazine 
compounds23. Derivative RMC-4630 is undergoing phase I and I/II clini-
cal trials (NCT03634982, NCT04916236, NCT03989115, NCT04185883 
and NCT04418661), with preliminary results indicating disease control 
in five of seven patients with KRASG12C NSCLC102.

Oral RMC-4550 administration slows tumour growth in mouse 
colon carcinoma, breast carcinoma and B cell lymphoma models, 
with no effect on colon tumours in RAG2 KO mice or after CD8+ T cell 
depletion, suggesting a T cell-mediated action103. RMC-4550 inhibition 
of CT26 tumours is additive with anti-PD1, anti-CTLA4 or anti-CSF1R 
antibodies, and RMC-4550 in combination with anti-PD1 increases 
time to EMT6 endpoint tumour burden. RMC-4550 treatment also 
alters tumour immune cell composition and increases MHC-I and PDL1 
expression on tumour cells. RMC-4550 has no effect on T cell prolif-
eration or cytokine release but inhibits growth of CSF1-differentiated 
bone marrow-derived cells and primary human monocytes and blocks 
anti-proliferative effects of MDSCs on CD8+ T cells.

Considering that SHP099 or TNO155 and RMC-4550 inhibit SHP2 
through a similar allosteric mechanism103, it remains to be determined 

why the effects of RMC-4550 on TAM composition in colorectal cancer 
tumours103 are observed for SHP099 or TNO155 only when adminis-
tered in combination with anti-PD1 (ref. 10). Moreover, in both breast 
cancer tumours and colorectal cancer tumours, SHP099 adminis-
tration leads to reduced tumour infiltration of CD45+ cells9,10, while 
reduced immune cell infiltration was not reported for RMC-4550 
(ref. 103). Possible explanations for these differences in effects on the 
tumour microenvironment (TME) may be variations in experimental 
models used or selectivity profiles of these compounds. Regardless, 
taken together, they demonstrate that SHP2 inhibition skews the TME 
towards an enhanced cytotoxic T cell and reduced suppressor myeloid 
cell phenotype.

Another SHP2 inhibitor IACS-13909 was identified through col-
laboration between Navire Pharma, Inc. and University of Texas MD 
Anderson Cancer Center by structure-based design24. Derivative BBP-
398 (IACS-15509) is undergoing phase I clinical trials as monotherapy 
and — in partnership with Bristol Meyers Squibb — as combination 
with PD1 and KRAS-G12C inhibitors (NCT04528836, NCT05375084 
and NCT05480865). Jacobio developed SHP2 inhibitors JAB-3068 and  
JAB-3312, which are undergoing phase I/II clinical trials as mono-
therapy and — in partnership with AbbVie — as combination with PD1 
or MEK inhibitors (NCT03518554, NCT03565003, NCT04721223, 
NCT04045496, NCT04121286 and NCT04720976). Another inhibitor, 
RLY-1971, developed by Relay Therapeutics is undergoing phase I trials 
as monotherapy and — in partnership with Genentech — in combination 
with a KRAS-G12C inhibitor (NCT04252339 and NCT05487235).

The prominent cell types that mediate the antitumour efficacy of 
SHP2 inhibitors have not yet been completely clarified. Although there  
is strong evidence for a role of SHP2 in PD1 signalling, tumour immuno-
therapy studies in mice have yielded conflicting results. Myeloid  
cells may play a major part in the tumour-promoting actions of SHP2, 
and the effects of SHP2 inhibition on T cells may in part be second-
ary to the effects on myeloid cells. The above-described reports of 
SHP2 inhibition using SHP2-deleted or inhibitor-insensitive tumour 
cells suggest that tumour cell SHP2 contributes to suppression of  
T cells during cancer. Further biological studies using conditionally 
deleted mice and/or SHP2-modified cells with varying tumour models 
would help to clarify this.

SHP1: biology and therapeutic implications
SHP1 is a non-receptor PTP encoded by PTPN6 and is expressed in hae-
matopoietic cells and, under a different promoter, in epithelial cells 
primarily as a distinctive isoform differing in the first few N-terminal 
amino acids of the protein. Haematopoietic SHP1 is primarily cytosolic 
whereas epithelial SHP1 localizes to the nucleus, suggesting that these 
forms of SHP1 may act on different substrates118.

SHP1 is composed of tandem N-terminal SH2 domains (N-SH2 and 
C-SH2), a PTP catalytic domain and a C-terminal region with Tyr phos-
phorylation sites118,119. Like SHP2, SHP1 is regulated by auto-inhibition 
in which N-SH2 blocks access of substrate to the active site. Interaction 
between N-SH2 and phospho-Tyr peptides relieves this mechanism and 
increases SHP1 enzymatic activity120.

SHP1 is a negative regulator of immune cell activation, as it con-
trols signalling from multiple immune cell surface receptors, including 
the TCR118,121. SHP1 targets in T cells include TCRζ, LCK, FYN, zeta chain-
associated protein of 70 kDa (ZAP70), SH2 domain-containing leuko-
cyte protein of 76 kDa (SLP76), phosphoinositide 3-kinases (PI3Ks) 
and VAV. SHP1 also regulates signalling through cytokine receptors 
by dephosphorylating JAKs and STATs. Owing to its potent role in 
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immune cell signalling, SHP1 is considered a target for autoimmunity 
and tumour immunotherapy.

SHP1 in autoimmune disorders
Several lines of evidence support activation of SHP1 in autoimmune 
diseases. Peripheral T cells from patients with RA show delayed recruit-
ment of SHP1 to the TCR–APC synapse122, and PBMCs and peripheral 
monocyte-derived macrophages from patients with MS have reduced 
SHP1 expression123,124. Treatment of PBMCs of patients with MS with 
IFNβ — a treatment for MS — induces SHP1 activity; SHP1 knockdown 
in PBMCs abolishes the anti-inflammatory effects of IFNβ on these 
cells, suggesting that SHP1 may contribute to the therapeutic effects 
of this cytokine125.

SHP1 deletion causes autoimmunity in mice. In various mouse 
models, SHP1 deficiency leads to autoimmune manifestations. Mice 
homozygous for motheaten (me) or viable motheaten (mev) mutations 
exhibit SHP1 mutant alleles (referred to here as ‘motheaten’), which 
cause aberrant SHP1 splicing, and develop severe autoimmune and 
immunodeficiency syndromes121. Motheaten mice exhibit increased 
peripheral blood monocytes and neutrophils, autoantibodies, 
glomerulonephritis, immunodeficiency, increased Treg cells, severe 
tissue inflammation and damage, early death from interstitial pneu-
monitis and more severe disease in the experimental autoimmune 
encephalomyelitis (EAE) model121,126.

T cell-specific SHP1 deletion enhances TCR-induced proliferation 
of CD8+ T cells127, renders CD4+ T cells resistant to Treg cell-mediated 
suppression128 and promotes accumulation of memory T cells129. Dele-
tion of SHP1 in B cells, dendritic cells and neutrophils leads to various 
manifestations of autoimmunity130–134.

SHP1 activators in autoimmune disease. Given the clear role of SHP1  
as an immunological regulator, interest has arisen in activating  
SHP1 as a potential therapy for autoimmune indications, especially 
as transgenic SHP1 overexpression protects mice from inflammatory 
arthritis in the cartilage proteoglycan-induced arthritis (PGIA) model 
without noticeable adverse effects135. The FDA-approved multi-kinase 
inhibitors sorafenib and regorafenib (approved for some cancers), 
nintedanib (approved for pulmonary fibrosis) and dovitinib (under 
consideration for renal cell carcinoma) activate SHP1 (refs. 136–139). Dele-
tion of the SHP1 N-SH2 domain or D61A point mutation (this residue 
stabilizes the closed conformation) abolishes their activation of SHP1, 
suggesting that these drugs free the protein from its auto-inhibited 
state136–139. In the PGIA model, oral regorafenib administration begin-
ning when disease is not yet evident significantly reduces arthritis 
incidence and severity but leads to weight loss and increased mortal-
ity135. Later administration upon initial signs of arthritis significantly 
decreases arthritis severity without significant weight loss.

SHP1 in tumour immunotherapy
Evidence is building that inhibiting SHP1 may provide a strategy for 
enhancing adoptive T cell immunotherapy. SHP1 phosphatase activity 
is increased in TILs with low lytic activity, and SHP1 activity is required 
for the tumour cell-induced non-lytic phenotype140. In line with this 
observation, several studies show that SHP1 deficiency enhances adop-
tive T cell immunotherapy141,142. As discussed below, the efficacy of 
adoptively transferred SHP1-deficient T cells varies as a monotherapy 
among different tumour models; however, SHP1 inhibition is likely to 
be efficacious in combination with PD1/PDL1 inhibition.

Although the biological role of SHP1 in tumour immunotherapy —  
including the prominent cell type mediating its action — is not com-
pletely clear, global inducible SHP1 deletion and chemical inhibition 
are efficacious against growth of some tumours in mice. However, as 
we discuss below, SHP1 inhibition might be deleterious in the case of 
certain cancers, with direct SHP1 inhibition in the tumour cells oppos-
ing the immunotherapeutic action of SHP1 inhibition in the immune 
system. Additionally, SHP1 inhibition is likely to have significant toxic 
side-effects. Taken together, for immunotherapy, SHP1 may be a target 
best suited to adoptive cell transfer therapies.

SHP1 deletion enhances antitumour immunity in mice. Tumour-
specific SHP1-deficient CD8+ T cells show enhanced in vitro and in 
vivo expansion in response to tumour antigen compared with SHP2-
replete CD8+ T cells141,142. Upon adoptive transfer, tumour-specific 
SHP1-deficient CD8+ T cells improve therapeutic outcome in mice with  
disseminated leukaemia141 and prevent tumour metastasis in mice 
carrying B16-F10 melanoma tumours142. SHP1 knockdown in adop-
tively transferred OT-I T cells does not affect OVA peptide-expressing 
B16-F10 tumour growth; however, in combination with a checkpoint 
blockade immunotherapy cocktail, SHP1 knockdown impairs growth 
of high-affinity antigen-expressing tumours and low-affinity antigen-
expressing tumours that are non-responsive to checkpoint blockade 
alone142. SHP1 knockdown does not increase the number of OT-I cells 
found in tumours, but enhances endogenous CD8+ T cell infiltration 
and CXCR3 and GzmB expression in tumours expressing low-affinity 
antigens, suggesting that SHP1 knockdown boosts immune activation 
in the TME142. Inhibiting SHP1 in combination with checkpoint blockade 
therapy is thus likely useful against tumours expressing low-affinity 
ligands. Tumour antigens are often self-peptides recognized by T cells 
with low affinity, eliciting suboptimal immune responses and limiting 
effectiveness of checkpoint inhibitor therapy143. SHP1 inhibition may 
be especially helpful in the case of tumours expressing low-affinity 
antigens with low or no responsiveness to checkpoint blockade.

Mice with global, inducible SHP1 deletion develop features remi-
niscent of motheaten mice, including splenomegaly and lung inflam-
mation144. Immune-rich E0771 breast adenocarcinoma and MC38 colon 
adenocarcinoma tumours, but not poorly immunogenic B16-F10 mela-
noma tumours, grow poorly in mice with an inducible SHP1 deletion144. 
E0771 tumours from SHP1-deficient mice contain higher percentages 
of activated, antigen-experienced CD4+ and CD8+ T cells and increased 
effector T cell to Treg cell ratio. MC38 tumours from SHP1-deficient mice 
also show increased numbers of CD8+ T cells. The increased control of 
tumour growth is unlikely to be due solely to T cells, as T cell-specific 
SHP1 deletion does not affect MC38 tumour growth. SHP1-deficient 
human and mouse macrophages display increased phagocytosis, 
presumably through loss of phagocytosis-inhibiting SIRPα signals; 
thus, macrophages are a likely candidate cell type for mediation of the 
antitumour action of SHP1 loss at least in part. However, this has not yet 
been demonstrated using conditional SHP1 deletion, as tumour studies 
have been precluded in dendritic cell and neutrophil SHP1-deficient 
strains owing to intense immune activation.

SHP1 inhibitors enhance antitumour immunity in mice. SHP1 inhibi-
tors have been developed and investigated as potential antitumour 
immunotherapies. In cells, the SHP1 inhibitor TPI-1 — identified by 
screening a library against recombinant SHP1 catalytic domain145 —  
shows tenfold selectivity over SHP2, little activity on MKP1, and 
increases phosphorylation of numerous SHP1 targets but not SHP2 
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and CD45 targets. TPI-1 increases the number and percentage of IFNγ+ 
cells in cultured mouse splenocytes and human peripheral blood cells, 
and in mouse spleens in vivo. TPI-1 does not inhibit the growth of B16 
cells in culture, yet slows tumour growth in xenografted mice after 
oral or subcutaneous administration, although not in athymic nude 
mice. A TPI-1 analogue, TPI-1a4, also reduces the growth of xenografted 
melanoma and colon cancer cell lines.

SHP1 binds to the leukocyte-associated immunoglobulin-like 
receptor 1 (LAIR1) and mediates LAIR1-promoted T cell exhaustion 
upon LAIR1 binding to collagen146. Collagen levels are increased in PD1/
PDL1 blockade-resistant 344SQ lung tumours in xenografted mice, and 
TPI-1 administration reduces growth of these tumours, decreasing 
exhausted and increasing activated CD8+ TIL populations. TPI-1 com-
bination with anti-PD1 inhibits lung metastasis and increases primary 
and metastatic CD8+ TILs.

Inhibition of SHP1 could have the added benefit of enhancing 
natural killer (NK) cell antitumour activity147. TME hypoxia reduces 
NK cell cytotoxicity towards tumour cells; however, SHP1 knockdown 
or inhibition with TPI-1 partially restores hypoxic NK cell cytotoxicity.

SHP1 activation for direct treatment of tumour cells. It is noteworthy 
that SHP1 is expressed in some cancers, and increased levels are found 
in ovarian and some high-grade breast tumours119. Consistent with its 
negative regulatory role in cell proliferation and migration and inva-
sion, higher SHP1 mRNA levels are associated with a better survival 
outcome in many carcinomas119; thus, SHP1 is viewed as a tumour sup-
pressor in the context of certain carcinomas, and SHP1 activation has 
been suggested for treatment via direct action on the tumour cells. 
The sorafenib analogues SC-43 and SC-40 show increased potency 
compared with sorafenib148. Oral SC-43 or SC-40 administration in sub-
cutaneous hepatocellular carcinoma tumour-bearing mice increases 
SHP1 phosphatase activity in the tumour and decreases tumour size.

PP2A: biology and therapeutic implications
PP2A is a ubiquitously expressed heterotrimeric enzyme that comprises a 
scaffolding subunit PP2A-A (encoded by PPP2R1A or PPP2R1B), a catalytic 
subunit PP2A-C (PPP2CA or PPP2CB) and a regulatory subunit PP2A-B (one 
of multiple subunits categorized into four subfamilies, B55, B56, PR70/72 
and striatin (STRN)). Holoenzymes consist of A/B/C subunit hetero-
trimers, except for STRN-including STRN-interacting phosphatase and 
kinase (STRIPAK) complexes, which contain additional core units35,149,150. 
The multisubunit nature of PP2A allows for extensive diversity among 
interactors and substrates. PP2A is inhibited by Tyr307 phosphorylation 
and Leu309 demethylation in the PP2A-C C-terminal tail35,149. PP2A is 
also inhibited by interaction with oncogenic proteins such as cancerous 
inhibitor of PP2A (CIP2A), SET and cAMP-regulated phosphoprotein 19 
(ARPP19)35,149. CIP2A and SET selectively inhibit B56-containing PP2A 
complexes, and ARPP19 inhibits B55-containing PP2A complexes35,149. 
Whereas PP2A subunits B55 and B56 display tumour-suppressive roles, 
oncogenic roles have been reported for STRN3 and STRN4 PP2A subunits, 
suggesting that the B subunit is a crucial determinant of the role of the 
heterotrimer in cellular function and cancer35,149.

PP2A regulates numerous cellular processes, including growth, cell 
cycle, mitosis, differentiation and apoptosis35,149. PP2A is considered a 
tumour suppressor through inhibition of oncogenic regulators such as 
MYC, ERK, protein kinase B (AKT) and B cell lymphoma 2 (BCL-2)35,149. PP2A 
inhibition can occur in cancer owing to genetic mutations, phosphoryla-
tion and/or demethylation of the PP2A-C C terminus, or upregulation of 
endogenous PP2A regulators35,149. The non-phosphorylated form of the 

FDA-approved drug fingolimod (also known as FTY720) activates PP2A by 
displacing SET from the PP2A catalytic domain and displays antitumour 
activity18. Recently reported non-phosphorylatable analogues CC11  
(ref. 151) and CM-1231 (ref. 152) also activate PP2A by displacing SET and 
inhibit leukaemic cell growth. PP2A-activating small-molecule deriva-
tives of perphenazine have been developed, such as ‘small-molecule 
activators of PP2A’ (SMAPs)153–155. These compounds stabilize specific 
PP2A heterotrimers and display antitumour action in vivo153,155, although 
doubts have been raised regarding the specificity of their action in vivo156. 
However, PP2A also has roles in DNA damage repair; thus, PP2A inhibition 
is being pursued as a strategy to induce synthetic lethality, sensitizing 
cancer cells to DNA-damaging radiation and chemotherapeutics18,157.

PP2A also has regulatory roles in the immune system; most reports 
on this topic have focused on T cells. Knockdown of the PP2A catalytic 
domain enhances T cell IL-2 production, suggesting that PP2A nega-
tively regulates T cell activation158. Concordantly, loss of CIP2A, the 
negative regulator of PP2A, leads to inhibitory effects on T cells159. CD4+ 
T cells from CIP2A KO mice show reduced CD69 expression following 
TCR stimulation, and after immunization with Listeria monocytogenes, 
CIP2A KO mice display reduced frequency of splenic CD4+ and CD8+  
T cells and reduced ability to control growth of the bacterium159.

PP2A also has regulatory roles in CD4+ T cell subsets. PP2A pro-
motes Treg cell suppressor function by enhancing Treg cell IL-2 receptor 
expression and through inhibition of mTOR complex 1 (mTORC1) 
signalling160–162. Inducible loss of PP2A catalytic activity in Treg cells 
reduces their suppressive capacity160.

Several studies suggest that PP2A promotes TH17 cell differentia-
tion and IL-17 production. T cell transgenic overexpression of PP2A in 
mice promotes CD4+ T cell IL-17 production by facilitating chromatin 
accessibility at the Il17 locus163,164. PP2A-C-deficient CD4+ T cells show 
aberrant RORγt regulation, reduced IL-17A transcription and reduced 
TH17 cell differentiation in vitro, and loss of PP2A-C in mice reduces 
TH17 cells165. Treatment of T cells with PP2A/PP5 inhibitor cantharidin 
inhibits TH17 cell differentiation in vitro but not in PP2A-deficient  
T cells165. In accordance, the PP2A negative regulator CIP2A inhibits TH17 
cell differentiation and IL-17 production166. CIP2A expression is reduced 
in human TH17 cells compared with undifferentiated CD4+ T cells, and 
CIP2A deficiency enhances differentiation of human and mouse TH17 
cells and enhances human CD4+ T cell STAT3-Tyr705 phosphorylation. 
However, this same study showed that in in vitro differentiated human 
TH17 cells, PP2A inhibition by PP2A-A knockdown (preventing forma-
tion of PP2A complexes) or treatment with okadaic acid increases 
IL-17 production, and PP2A activation with SET-targeting fingolimod/
FTY720 inhibits IL-17 production166, suggesting that PP2A regulation of 
TH17 cell function may be complex and finely tuned by differing roles 
of distinct PP2A-B subunit-containing complexes.

PP2A also acts as a promoter of B cell function. Loss of functional 
PP2A in B cells through PPP2R1A deficiency impairs B cell class switch 
recombination, plasmablast differentiation and immunoglobulin 
production in vitro, and in vivo leads to decreased germinal centre 
formation, plasmablast differentiation and serum immunoglobulin 
levels, and poor response to immunization167.

PP2A inhibition is being explored for sensitization of cells to can-
cer treatments, immunotherapy and for the treatment of autoimmune 
disease, and PP2A-activating strategies are sought to enhance the 
tumour suppressor functions of PP2A. When designing strategies 
to chemically target PP2A, its multimeric nature makes modulator 
development more difficult; however, it also provides opportunities 
for development of selective agents. Selectivity could potentially be 
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conferred by targeting specific heterotrimers or skewing the balance 
between different heterotrimers by stabilizing or disrupting particular 
complexes. Deeper characterization of the biological roles of individual 
heterotrimers in immuno-oncology and autoimmunity will help to 
clarify the validation of PP2A as a target for specific immune indications 
and help to develop efficacious modulating strategies.

Below, we focus on the potential of PP2A as an immunological 
target for autoimmune disease and tumour immunotherapy. Excel-
lent reviews18,157 are available on the non-immunological aspects of 
drugging PP2A for cancer.

PP2A in autoimmune disorders
Studies suggest that PP2A inhibition could be beneficial in SLE through 
actions on B cells and T cells or against TH17 cell-driven diseases such as 
MS or psoriatic arthritis. In humans, polymorphisms in the PPP2CA gene 
associate with SLE168 and PP2A-C expression is increased in T cells158,169 
and B cells167 from patients with SLE . PP2A-C knockdown restores defec-
tive IL-2 production by T cells from patients with SLE158. Additionally, 
PP2A regulatory B55α subunit (PPP2R2A) expression is increased in  
T cells from patients with SLE170.

PP2A overexpression enhances autoimmunity in mice. PP2A overex-
pression in mice leads to autoimmune manifestations through actions 
on T cells and B cells. Transgenic mice carrying T cell PP2A-C overex-
pression produce excessive IL-17 and develop glomerulonephritis 
abrogated by IL-17 neutralization163. B cells from lupus-prone mice and  
activated B cells show increased PP2A-A and PP2A-C expression  
and increased PP2A catalytic activity167. Transgenic overexpression of 
PP2A-B regulatory subunit G5PR (PPP2R3C) in lymphoid cells leads to 
IgM and IgG anti-double-stranded DNA (dsDNA) autoantibodies and 
autoimmunity in aged female mice171.

PP2A deletion attenuates autoimmunity in mice. Loss of PP2A in  
T cells or B cells in mice attenuates autoimmunity. Deletion of PP2A-C 
(PPP2CA) in T cells or PP2A inhibition with cantharidin protects against 
EAE165. These mice show reduced TH17 but not TH1 or Treg cells, and CD4+ 
T cells from these mice show reduced IL-17A expression and impaired 
ability to differentiate into TH17 cells165. Additionally, T cell B55α subunit  
(PPP2R2A) deficiency protects against EAE and reduces TH17 cell 
differentiation in vitro and in vivo, but also reduces TH1 cell numbers170.

The autoimmune-protective effects of PP2A loss in T cells are 
unlikely to be mediated through Treg cells, as PP2A promotes Treg cell 
suppressor function160–162. Inducible Treg cell-specific loss of PP2A 
catalytic activity reduces Treg cell suppressive function and causes 
spontaneous multi-organ autoimmunity160. The success of PP2A inhi-
bition in autoimmunity may depend in part on the predominance 
of Treg versus non-Treg immune cell subpopulations in the context of  
particular autoimmune diseases.

In the B cell compartment, mice that lack functional B cell PP2A 
through PPP2R1A deficiency develop attenuated lupus-like manifes-
tations following disease induction, including reduced anti-nucleus 
IgG titres and decreased kidney IgG deposition. These mice show 
impairment of germinal centre formation and plasmablast–plasma 
cell differentiation and reduced serum IgM, IgG, IgG1 and IgA levels167.

PP2A in tumour immunotherapy
PP2A is emerging as a target for enhancing antitumour responses of  
T cells. Silencing of PPP2R2D (which encodes the PP2A regulatory sub-
unit) in OT-I T cells or in TRP1 CD4+ T cells causes their accumulation in 

B16-OVA tumours, inhibits apoptosis and enhances their proliferation 
and production of IFNγ, IL-2 and granulocyte–macrophage colony-
stimulating factor (GM-CSF)172. PPP2R2D silencing in either CD4+ or 
CD8+ cells enhances their antitumour activity when adoptively trans-
ferred into tumour-bearing mice. Furthermore, PP2A phosphatase 
activity mediates suppression of T cells caused by elevation of extracel-
lular potassium concentrations ([K+]e), which can occur when necrotic 
tumours release potassium into the TME extracellular fluid173. PP2A 
knockdown, overexpression of dominant negative PP2A or PP2A inhi-
bition with okadaic acid restores CD8+ T cell IFNγ production in the 
presence of enhanced [K+]e173.

PP2A inhibition enhances antitumour immunity in mice. Recent 
studies demonstrate that the PP2A/PP5 inhibitor LB-100 (also known 
as LB-1) enhances effectiveness of checkpoint inhibitor therapy in mice, 
further suggesting PP2A inhibition as a potential tumour immuno-
therapy strategy12,13,174. LB-100 is a derivative of norcantharidin, a 
demethylated analogue of a natural compound, cantharidin, which 
was isolated from beetles and used traditionally in China and ancient 
Europe for medicinal purposes175,176. LB-100 was identified as a tumour 
radio- and chemo-sensitizing agent, and completed a phase I clinical 
trial for treatment of solid tumours in combination with docetaxel 
(NCT01837667). The compound is also undergoing a phase II trial in 
recurrent glioblastoma (NCT03027388), a phase I/II trial in myelodys-
plastic syndromes (NCT03886662) and a phase Ib trial in combina-
tion with three standard chemotherapeutic agents in extensive-stage  
small-cell lung cancer (NCT04560972).

LB-100 administration in combination with an anti-PD1 blocking 
antibody to CT26 colorectal carcinoma tumour-bearing mice slows 
tumour growth and extends survival, in contrast to single-agent ther-
apy12. Combination therapy enhances CD8+ T cell activation and tumour 
infiltration. Tumour rejection does not occur in combination-treated 
immunocompromised NSG mice or CD8+ T cell-depleted mice, confirm-
ing the importance of T cells in its therapeutic action. As combination-
treated, completely regressed mice do not develop re-implanted CT26 
tumours, this suggests secondary antigen-specific tumour memory12. 
Combination therapy with anti-PD1 is also beneficial against growth 
of B16 melanoma12 and striatum-implanted GL261 glioblastoma13 
tumours; ablation of CD4+ or CD8+ T cells abrogates glioblastoma rejec-
tion in combination therapy-treated mice13. In co-culture experiments, 
LB-100 enhances IFNγ production by CD8+ T cells, leading to upregula-
tion of PDL1 expression on co-cultured glioblastoma cells, providing a 
possible explanation of why combination with PD1 blockade is needed 
for LB-100 immunotherapeutic efficacy in vivo.

At present, it is unclear whether inhibiting PP2A for immuno-
therapy would require combination with checkpoint inhibitor therapy. 
The studies with LB-100 suggest that its immunotherapeutic functions 
require combination with anti-PD1; however, whether this is owing 
to features of LB-100 or the mechanism of action of PP2A is not yet 
elucidated.

PTPN22: biology and therapeutic implications
PTPN22 is a non-receptor PTP expressed in haematopoietic cells. PTPN22 
contains an N-terminal PTP domain, an inter-domain and a CTD that 
includes four proline‐rich sequence motifs, the first of which binds to 
the SH3 domain of C‐terminal Src family kinase (CSK)177.

PTPN22 inhibits TCR signalling by dephosphorylating early signal-
ling mediators such as SFKs, ZAP70, TCRζ, Vav and valosin-containing 
protein178. Other regulatory roles for PTPN22 have emerged, including 
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inhibiting Treg cell immunosuppressive functions, B cell IL-6R signal-
ling, myeloid cell NOD2 signalling, dendritic cell dectin 1 signalling 
and IFNα receptor signalling, promoting type 1 interferon response 
downstream pattern recognition receptors in myeloid cells, inflamma-
some activation by dephosphorylating myeloid cell NLR family pyrin 
domain-containing 3 (NLRP3), neutrophil effector functions and mast 
cell IgE receptor signalling.

The structure of only the catalytic domain is known; thus, although 
PTPN22 contains extensive regions outside the catalytic domain, cur-
rent lack of structural knowledge regarding these regions makes it 
difficult to design an approach to target them.

The roles of PTPN22 in immune cell signalling, including what is 
understood about the mechanisms that regulate its functions, have 
been extensively reviewed elsewhere. The interested reader is referred 
to several excellent reviews on this topic178–184.

PTPN22 in autoimmune disorders
The PTPN22C1858T SNP — which encodes a missense substitution of 
Arg for Trp at position 620 (R620W), disrupting the interaction with 
CSK178,185 — is a major shared autoimmunity locus and the most signifi-
cant risk factor for RA outside the MHC locus in individuals of European 
descent186. PTPN22C1858T is also associated with type 1 diabetes mellitus, 
SLE, anti-neutrophil cytoplasmic antibody-associated vasculitis, psori-
atic arthritis and other autoimmune diseases. Although its pathogenic 
mechanism of action is still the subject of much investigation, carriers of  
this variant have altered T and B cell functions and higher frequencies 
of autoreactive B cell receptor repertoires187–190. It is currently unknown 
whether a PTPN22 inhibitor would treat autoimmune disease in carriers 
of the variant. Interestingly, carriers of another PTPN22 variant with 
reduced phosphatase activity, PTPN22G788A, encoding Arg263Glu in the 
catalytic domain, are at reduced risk of developing RA191 and SLE192, 
suggesting that reduced PTPN22 catalytic activity is indeed protective 
against some autoimmune diseases.

Unlike deletion of some of the other phosphatases mentioned 
in this Review, mice that lack PTPN22 appear to be healthy in normal 
conditions. These mice exhibit accumulation of effector memory  
T cells in aged animals, increased CD4+ T cell help to B cells, expanded 
follicular helper T cells and germinal centres, and expanded Treg cells 
with enhanced suppressive and adhesive functions193–195. PTPN22-
deficient mice display reduced severity of TH17-dependent auto-
immune arthritis196, EAE194 and anaphylaxis197, yet develop more 
severe DSS-induced colitis198–200 and increased diabetes frequency 
on the non-obese diabetic background201. In lupus models, PTPN22- 
deficient mice display accelerated IFNα-induced lupus-like disease202 and 
increased autoantibody production in females in the BXSB model of SLE203.

Although several PTPN22 inhibitors have been reported, few are 
suitable for in vivo use; thus, studies of PTPN22 inhibition in autoim-
munity models are lacking. The PTPN22 inhibitor LTV-1 (ref. 204), which 
appears to interact with the phosphate-binding loop of the active 
site of PTPN22 and a nearby hydrophobic pocket204, does reduce the 
frequency of autoreactive B cells in a mouse model of impaired B cell 
tolerance190. LTV-1 exhibits a mostly competitive mechanism of action 
and high selectivity for PTPN22 over SHP1, CD45 and PTP-PEST, but only 
threefold selectivity over PTP1B and TC-PTP.

However, for autoimmunity, PTPN22 target validation remains 
tenuous. There is extensive genetic evidence associating PTPN22 
with disease pathogenesis, yet there is currently a lack of substantial 
preclinical evidence for PTPN22 inhibition attenuating established 
autoimmunity.

PTPN22 in tumour immunotherapy
Owing to its inhibitory role in early TCR signalling and T cell activation, 
PTPN22 has been considered a target for augmenting T cell-mediated 
tumour immunity, especially after findings that adoptively transferred 
PTPN22-deficient OT-I T cells are more effective at controlling growth of 
OVA peptide-expressing xenografted lymphoma and ovarian carcinoma 
tumours205,206. Transfer of PTPN22-deficient OT-I T cells also augments 
efficacy of a transforming growth factor-β (TGFβ)-blocking antibody205. 
However, a more recent study found that PTPN22 deficiency does not 
affect the efficiency of adoptively transferred OT-I T cells against OVA 
peptide-expressing AT3 mammary or MC38 tumours and importantly 
does not improve the efficacy of human or mouse CAR T cells against 
solid tumours in vivo, suggesting that PTPN22 is an unlikely target for 
adoptive T cell therapies207.

Despite this, global PTPN22 deletion augments the growth- 
inhibitory effects of anti-PDL1 on MC38 and CT26 tumours and enhances 
effects of anti-PDL1 on MC38 tumour CD8+ T cell infiltration and CD8+  
T cell to Treg cell ratio14,208. PTPN22-deficient mice suppress MC38 tumour 
growth even in the absence of checkpoint inhibitor administration, 
with increased CD4+ and CD8+ T cell, macrophage and NK cell tumour 
infiltration14. PTPN22-deficient mice also inhibit AT3-OVA murine mam-
mary tumours207 and reject Hepa1-6.x1 mouse hepatoma and E.G7-OVA 
thymic lymphoma tumours14,208. The remission of Hepa1-6.x1 mouse 
tumours is completely reversed by anti-CD4 depleting antibody and 
nearly blocked by an anti-CD8 antibody — indicating a major role of  
T cells — and partially reversed by an anti-IFNAR antibody208.

In humans, the autoimmune-associated PTPN22-R620W variant 
confers protection from non-melanoma skin cancer208, melanoma and 
gastrointestinal and central nervous system cancers14, and confers 
enhanced response to checkpoint inhibitor immunotherapy14,208. Mice 
carrying homozygous R619W knock-in alteration (homologous to the 
human autoimmune-associated R620W alteration) display enhanced 
control of xenografted Hepa1-6.x1 tumour growth compared with wild-
type mice, although are less effective at controlling tumour growth 
than mice that lack PTPN22 (refs. 208,209). PTPN22-R619W-mutant mice 
also show significantly greater control of xenografted immunogenic 
B16-OVA tumours — but not mice that lack adaptive immunity — and 
immunogenic MC38 tumours, with enhanced tumour immune cell infil-
tration in both models209. B16-OVA tumours of PTPN22-R619W-mutant 
mice display enhanced expression of markers of T cell and myeloid cell 
activation and enhanced infiltration of type 1 conventional dendritic 
cells209. However, no significant differences were observed between 
PTPN22-R619W-mutant and wild-type mice in the control of poorly 
immunogenic LLC and B16-F10 tumour growth209.

PTPN22 inhibition in tumour immunotherapy. As proof of concept 
of PTPN22 inhibition, catalytically inactive PTPN22-C227S knock-in 
mice are equally effective at inhibiting Hepa1-6.x1 tumour growth as  
PTPN22-deficient mice, suggesting that the tumour-promoting action  
of PRPN22 is dependent on its catalytic activity208. Moreover, treatment of  
mice carrying MC38 or CT26 tumours with the newly developed 
PTPN22 inhibitor L-1 significantly reduces tumour growth14 — and more 
so in combination with anti-PDL1 — and enhances tumour macrophages 
and CD8+ and CD4+ T cells14. L-1, a quinolone derivative, was identified 
by screening a small library of drug-like molecules for inhibition of 
PTPN22 (ref. 14). L-1 contains the quinolone derivative core with an 
l-alanine linker and biphenyl carboxylic group and inhibits PTPN22 
competitively and shows sevenfold to tenfold selectivity over other 
PTPs. Importantly, L-1 treatment has no effect on MC38 tumour growth 
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in PTPN22-deficient mice, suggesting that its therapeutic effects are 
mediated through host-expressed PTPN22. Partial depletion of tumour 
F4/80+ macrophages in L-1-treated mice diminished the efficacy of L-1, 
suggesting that its antitumour effects are mediated at least in part 
through macrophages.

Concluding remarks and future perspectives
The phosphatase field is undergoing explosive growth in the develop-
ment of phosphatase-modulating agents. These advances coupled 
with increasing insights into biological functions of phosphatases indi-
cate that enzymes once deemed undruggable may in fact be tractable  
targets for various human diseases.

Among the most impactful series of events stimulating the explo-
sion in efforts to drug phosphatases have been the discovery of allos-
teric phosphatase modulators, the discovery of additional phosphatase 
modulators with unique mechanisms of action and the advancement 
of phosphatase inhibitors to clinical trials.

The discovery of allosteric phosphatase modulators coupled with 
structural data revealing their mechanisms of action has been instru-
mental in establishing that, although these enzymes lack a shared allos-
teric mechanism as found in kinases, allosteric targeting is still possible 
enzyme by enzyme. Key developments in this area were the discovery 
of trodusquemine as an allosteric PTP1B inhibitor, demonstrating that 
the phosphatase activity of PTP1B can be selectively modulated by 

targeting a non-catalytic disordered region and the importance of alter-
native structural methods such as NMR when co-crystallization is not 
possible25; the discovery of the allosteric WIP1 inhibitor GSK2830371, 
along with the use of photoaffinity labelling mass spectrometry to 
localize its binding to a unique ‘flap’ subdomain that confers selective 
inhibition of WIP1 (ref. 27); and the discovery of the allosteric ‘molecular 
glue’ SHP2 inhibitor SHP099 and co-crystallization indicating that 
the inhibitor holds the enzyme in a naturally occurring catalytically 
unfavourable conformation used within the cell as an intramolecular 
regulation mechanism20,21.

In addition to allosterics, the discovery of other phosphatase 
modulators with unique mechanisms of action has shown that alter-
native targeting strategies are possible taking the enzyme target into 
account. The oxidation-stabilizing PTP1B inhibitor chelerythrine210 
takes advantage of an intracellular physiological mechanism to control 
phosphatase activity, and the competitive ‘induced fit’ LMPTP inhibitor 
compound 28 (ref. 31) and the uncompetitive ‘molecular cork’ LMPTP 
inhibitor compounds 23 (ref. 29) and 6g30 demonstrate that orthosteric 
targeting is a viable approach for phosphatases with active sites that 
contain structurally unique features.

The advancement of phosphatase inhibitors to clinical trials has 
tremendously boosted global interest in re-examining enzymes within 
this extended family and even traditional drugging approaches that 
were deemed unlikely to work until recently. Key examples include 
clinical trials with the competitive picomolar VE-PTP inhibitor AKB-
9778, also demonstrating that competitive orthosteric drugging is a 
viable option if sufficient potency can be obtained; the allosteric SHP2 
inhibitor TNO155; and the PP2A/PP5 inhibitor LB-100.

Among current targets for immune-mediated diseases, TC-PTP 
and SHP2 have the most compelling evidence for a tumour immuno-
therapy indication. Substantial preclinical validation data from  
multiple immuno-oncology angles has been collected for TC-PTP 
using genetically modified mouse models, and its biological mecha-
nisms are well understood. To date, few TC-PTP inhibitors are available, 
but recent advancement of the Calico/AbbVie compounds to phase I 
trials further demonstrates tractability for TC-PTP in this indication. 
Although the mechanism of action of SHP2 in immuno-oncology is not 
yet completely elucidated, convincing preclinical data with multiple 
SHP2 inhibitors with known modes of action have been collected. 
Owing to the long-standing status of SHP2 as a cancer target, multiple 
inhibitors from various sources have been developed, and substantial 
knowledge regarding the structure and regulation of this enzyme is 
available.

Although substantial progress has been made in the validation 
of phosphatase targets for immuno-oncology, validation of these 
enzymes as targets for autoimmune diseases has lagged behind. Com-
pelling data using genetically modified mouse models are building a 
case for PP2A inhibition as a potential therapeutic strategy for SLE and 
TH17-mediated autoimmune diseases and for TC-PTP activation as a 
potential therapy for RA and/or inflammatory bowel disease. However, 
at present, further validation studies using selective targeting agents in 
autoimmune models are still needed. Interesting preliminary studies 
suggest that SHP1 activation and SHP2 inhibition could be beneficial 
against RA and potentially SLE (for SHP2 inhibition); however, these 
early findings need to be further substantiated. Although PTPN22 
has long been of interest for autoimmunity owing to its causal role in 
autoimmune disease pathogenesis, the question of whether inhibi-
tion of PTPN22 would be beneficial against a specific autoimmune 
disease still remains. To address this, there is a need for high-quality 

Glossary

Dimerization model
A model that depicts the interaction 
between SHP2 and PD1, in which 
SHP2 induces PD1 dimerization 
through N-SH2 and C-SH2 binding 
to phosphorylated immunoreceptor 
tyrosine-based switch motifs on two PD1 
molecules.

Nucleophilic substrate attack 
during catalysis
Covalent bond formation resulting 
from attack by an enzyme nucleophile 
on a substrate electrophile. 
Dephosphorylation by PTPs involves 
nucleophilic attack on the substrate 
phosphate by the catalytic Cys or 
His, forming a phospho-enzyme 
intermediate and releasing the 
dephosphorylated substrate. An active-
site Asp serves as an acid, donating a 
proton to the tyrosyl group. The Asp 
(Glu in some PTPs) acts as a base to 
deprotonate a water molecule, which 
acts as a nucleophile to hydrolyse the 
phospho-enzyme intermediate.

Orthosteric targeting
Development of modulators that target 
the enzyme active site.

OT-I T cell
CD8+ T cell that carries a transgenic  
T cell receptor that recognizes 
ovalbumin peptide residues 257–264.

OT-I–OVA mouse system
The OT-I mouse model bears a 
transgenic T cell receptor expressed 
on CD8+ T cells designed to recognize 
MHC class I-restricted ovalbumin 
(OVA) peptide residues 257–264. 
Transplantation of T cells from the OT-I 
mouse into mice bearing this fragment 
of OVA results in immune destruction of 
these cells.

Two-step activation model
A model that depicts the activation of 
SHP2 by binding to PD1, in which T cell 
PD1 ligand binding recruits SHP2 to 
phosphorylated PD1 immunoreceptor 
tyrosine-based switch motif, and 
further PD1 phosphorylation on the 
immunoreceptor tyrosine-based 
inhibitory motif is needed to unfold 
SHP2 into its active conformation and 
propagate inhibitory PD1 signalling.
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tool compounds and specific cell-targeting mice to study the biological 
role of PTPN22 in specific disease contexts.

Despite advances in the development of modulators of different 
types of phosphatases, increased molecular understanding of the 
target of interest and the development of cell-based assays to confirm 
intracellular target engagement and desired biological effects are 
essential. As these superfamilies of enzymes are not currently amenable 
to a platform-based approach, molecular knowledge of the individual 
enzyme in question is essential for phosphatases, as the strategies to 
target them at this point need to be tailored to each particular enzyme. 
Given past problems that have plagued phosphatase drug discovery, 
cell-based assays are also crucial for early identification of promis-
ing scaffolds. For orthosteric targeting, a key additional barrier that 
remains is achieving selectivity. For allosteric modulator develop-
ment, there is a further need for appropriate high-throughput screen-
ing assays to identify such modulators and for alternative structural 
methods to characterize their modalities when co-crystallization is 
not an option. Furthermore, a critical barrier may be that some tar-
geted  allosteric pockets cannot be bound by small molecules with 
high affinity.

Depending on the indication, a ubiquitous or wide expression 
profile may be a barrier for some phosphatase targets. However, for 
certain indications such as immunotherapy, a wide tissue expression 
profile coupled with convergent mechanisms of action among different 
cell types could prove to be an asset (for example, TC-PTP and SHP2). 
For autoimmune indications, a restricted expression profile, such as 
to immune cells and/or local stromal cells, may reduce the risks of 
 on-target toxicities (for example, SHP1 and PTPN22).

Over the next decade, we anticipate that several phosphatase- 
targeted drugs will attain FDA approval as tumour immunothera-
peutics. Successful drugging of phosphatases for immuno-oncology 
coupled with further preclinical validation studies in autoimmune 
models will likely lead to commencement of clinical trials for phos-
phatase-targeting agents in autoimmune disorders as well. We also 
envision intensified interest in using and developing new methods to 
characterize the structure, catalytic dynamics and biological interac-
tions of phosphatases to more deeply understand how to approach 
this intriguing and untapped family of targets.

Published online: 24 January 2023
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