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Early TCR signaling is dependent on rapid phosphorylation and dephosphorylation of
multiple signaling and adaptor proteins, leading to T cell activation. This process is
tightly regulated by an intricate web of interactions between kinases and phosphatases.
A number of tyrosine phosphatases have been shown to modulate T cell responses
and thus alter T cell fate by negatively regulating early TCR signaling. Mutations in
some of these enzymes are associated with enhanced predisposition to autoimmunity
in humans, and mouse models deficient in orthologous genes often show T cell hyper-
activation. Therefore, phosphatases are emerging as potential targets in situations where
it is desirable to enhance T cell responses, such as immune responses to tumors. In this
review, we summarize the current knowledge about tyrosine phosphatases that regulate
early TCR signaling and discuss their involvement in autoimmunity and their potential as
targets for tumor immunotherapy.
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INTRODUCTION

Effective T cell responses require naïve T cell activation, proliferation and differentiation into
effector and memory cells. Naïve T cells are activated when their T cell receptors (TCR) interact
with a specific antigen presented by the major histocompatibility complex (MHC) on an antigen
presenting cell (APC). In this process the extracellular engagement sensed by the TCR must be
transmitted to the inside of the cell, whereupon signaling must propagate rapidly and alter gene
expression to induce a lasting cellular response. After the response has been triggered, signaling
must be turned off. Therefore, TCR signal propagation must be fast and reversible. These qualities
are provided by post-translational protein modifications (reviewed in Deribe et al., 2010) that
alter the properties of a protein by reversible addition of a chemical group such as a phosphate
(phosphorylation) or another protein such as ubiquitin (ubiquitination) to one or more amino
acids. Tyrosine phosphorylation is one of the main, although by no means only, post-translational
modification driving early TCR signaling.

TYR PHOSPHATASES

Tyrosine phosphorylation controls a wide range of cellular processes in eukaryotic cells and is
regulated by the opposing dynamic activities of tyrosine kinases and phosphatases. In fact, there is a
similar number of both groups of enzymes in the human genome: 84 genes encode for catalytically
active tyrosine kinases (Robinson et al., 2000; Manning et al., 2002) and 74 for phosphatases
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known to dephosphorylate Tyrosine residues (hereafter Tyr
phosphatases), all of which have mouse orthologs (Alonso and
Pulido, 2016). This review will focus on Tyr phosphatases, which
belong to the protein tyrosine phosphatase (PTP) superfamily,
also known as the PTPome (Alonso et al., 2004; Alonso and
Pulido, 2016).

Tyr phosphatases share a catalytic mechanism, in which
the catalytic residue performs a nucleophilic attack on the
phosphate group of the substrate, leading to the formation
of an intermediate that is subsequently hydrolyzed (Tonks,
2006). The catalytic residue is generally cysteine, with a few
exceptions such as the STS phosphatases, in which aspartic
acid performs the nucleophilic attack (Alonso and Pulido,
2016). Tyr phosphatases are very diverse in terms of structural
domains and motifs, which contributes to their heterogeneous
subcellular localization. A subgroup of receptor Tyr phosphatases
have a transmembrane domain that places them on the
plasma membrane, where they can control cellular responses
to extracellular stimuli. Some cytoplasmic phosphatases have
an SH2 domain that allows them to bind Tyr-phosphorylated
proteins, which are often transmembrane receptors and adaptors.
This provides a rapid and reversible mechanism to direct
phosphatases to the inner face of the plasma membrane,
where they can regulate membrane proximal signaling in a
dynamic manner. Phosphatases with a FERM domain interact
with actin and localize at the interface between the plasma
membrane and the cortical cytoskeleton. Phosphatases with a
nuclear localization and/or a nuclear export signal are restricted
to the nucleus or to the cytoplasm, or shuttle between both
compartments. This diversity is relevant since it gives the
phosphatase family the potential to regulate any cellular process
in any subcellular region.

Tyr Phosphatases in T Cells
The essential role of tyrosine phosphatases in regulation of
T cell activation was highlighted by early experiments in
which pervanadate, a potent inhibitor of tyrosine phosphatases,
was administered to T cells in vitro (Heffetz et al., 1990).
Treatment of T cells with pervanadate resulted in rapid
activation of the cells, including induction of proximal TCR
signaling and production of IL-2, despite the absence of TCR
engagement (Secrist et al., 1993). This finding shows that,
taken as a whole, phosphatases dominate over kinases to
maintain T cells in a resting state in the absence of antigenic
stimulation. However, the picture is much more nuanced, as
multiple phosphatases are involved, with potentially overlapping
roles, to regulate both T cell homeostasis and responses. In
addition, some phosphatases are required to initiate TCR
signaling, such as CD45, while others amplify it, such as low
molecular weight phosphotyrosine protein phosphatase, LMPTP.
Clinical observations also point to an important role of Tyr
phosphatases in T cell signaling and immunity. It has been
demonstrated that perturbations in the expression or function
of some Tyr phosphatases can lead to immunodeficiency on the
one hand, when the altered phosphatase, for example CD45,
is required for TCR signaling (Kung et al., 2000; Tchilian
et al., 2001), or on the other hand, autoimmunity, when the

altered phosphatase is a negative regulator of TCR signaling,
for example, protein tyrosine phosphatase (PTP)N22 (Todd
et al., 2007; Bottini and Peterson, 2014). These observations
underscore how phosphatases are key in maintaining a delicate
balance between immune responses that provide protection from
infectious agents, while maintaining self-tolerance that prevents
autoimmune disorders.

Of the 74 Tyr phosphatases in the genome, 37 were detected
in a recent proteomic study of murine mature CD4 and
CD8 T cells (Howden et al., 2019; Figure 1). Of note, this
study found that the abundance of several phosphatases was
modulated during differentiation of murine CD8 and CD4
T cells and/or T cell activation. Such regulated expression is
consistent with previous data on human CD4 T cells (Castro-
Sanchez et al., 2017), and highlights that both the number
of phosphatases and the protein abundance of each expressed
phosphatase shapes the T cell phenotype and the manner
in which a T cell responds to antigen. Alteration of protein
abundance, however, takes at least minutes if not hours or days
to achieve, while early TCR signaling occurs within seconds. In
this temporal scale, spatial regulation of proteins is the most
efficient mechanism to control local protein concentrations. Early
TCR signaling takes place in the context of the immunological
synapse, a highly organized, dynamic contact between a T
cell and an APC (reviewed in Dustin, 2014). To regulate
TCR proximal signaling events, phosphatases must polarize to
the area of the interaction, and position in close proximity
to their substrates. The substrates are often transmembrane
proteins, such as the ζ-chain, or cytoplasmic proteins localized
at the inner face of the plasma membrane, such as the SRC-
family kinase LCK. How do cytoplasmic phosphatases reach
these substrates? Which adaptors or scaffolding proteins aid
in the localization of phosphatases that themselves may lack
specific localization domains or motifs? These questions have
been frequently overlooked but answering them would greatly
improve our understanding of the often nuanced manner by
which Tyr phosphatases regulate T cell activation in health
and disease.

To date, 15 Tyr phosphatases have been reported to regulate
molecules involved in early TCR signaling (Table 1). In this
review we will discuss their role in controlling proximal TCR
signaling, their implication in autoimmunity and their potential
as targets in immunotherapy.

Regulation of Early Tcr Signaling by Tyr
Phosphatases
Signaling downstream of the TCR occurs through a network
of rapid phosphorylation events on tyrosine residues of several
effector and adaptor proteins (reviewed in Courtney et al., 2018).
The TCR lacks intrinsic enzymatic activity, hence it relies on
the SRC-family kinases LCK and FYN to initiate signaling.
LCK phosphorylates CD3 and ζ-chains on their immunoreceptor
tyrosine-based activation motifs (ITAMs) (Straus and Weiss,
1992; van Oers et al., 1996). These serve as docking sites for
the recruitment of the 70 KDa ζ-chain associated protein kinase,
ZAP70, to the TCR, where it is phosphorylated and activated by
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FIGURE 1 | Expression of Tyr phosphatases in primary murine CD4 and CD8 cells. Data on the number of copies of Tyr phosphatases was extracted from the
proteomic study by Howden et al. (2019) and visualized in a heatmap using Prism software.

LCK (Chan et al., 1992; van Oers et al., 1996). Active ZAP70
phosphorylates, amongst other substrates, the scaffold protein
linker for activation of T cells (LAT), which leads to the formation
of a molecular complex that induces further distal signaling,
resulting in T cell activation and effector function (Sommers
et al., 2004). By regulating these proximal TCR signaling events,
Tyr phosphatases determine activation thresholds and signal
intensity and duration.

Regulation of SRC Family Kinases to Set
the Activation Threshold and Maintain
Peripheral Tolerance
Survival and functionality of naïve T cells in the periphery
requires continuous tonic signals from self-peptide loaded MHC
molecules (van Oers et al., 1993; Stefanova et al., 2002). However,

this tonic signaling must not trigger cell activation, otherwise
autoimmune pathology may develop. A precise threshold of T cell
activation must therefore be set to ensure that naïve T cells
are not activated by self-antigens but are able to respond to
foreign antigens. Precisely how this equilibrium is maintained
by subtle interactions between multiple signaling molecules is
incompletely understood. A key initial trigger that has been
well described is the regulation of the activity of the SRC-
family kinases LCK and FYN (Seddon and Zamoyska, 2002) by
phosphor/dephosphorylation of key residues (Box 1).

CD45
The highly expressed receptor-type tyrosine-protein phosphatase
C (commonly known as CD45, encoded by the gene
PTPRC) keeps LCK in a poised activation state in naïve
T cells by dephosphorylating LCKY505 (Stone et al., 1997;
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TABLE 1 | Tyr phosphatases reported to regulate early TCR signaling.

Gene Protein Substrate in early TCR signaling Localization features or domains

PTPRA RPTPα LCK, FYN TM Receptor phosphatase

PTPRC CD45 LCK, FYN, ζ-chain TM Receptor phosphatase

PTPRE RPTPε LCK TM Receptor phosphatase

PTPRH SAP-1 LCK TM Receptor phosphatase

PTPRJ CD148 LCK TM Receptor phosphatase

PTPN2 TCPTP LCK, FYN Nuclear and ER localization signals

PTPN3 PTPH1 ζ-chain FERM domain

PTPN4 PTP-MEG1 ζ-chain FERM domain

PTPN6 SHP1 LCK, ζ-chain, ZAP70 SH2 domains

PTPN11 SHP2 ZAP70, CD28, SH2 domains

PTPN22 LYP LCK, ζ-chain, ZAP70 Polyproline regions

DUSP22 VHX LCK Myristoylation signal

ACP1 LMPTP ZAP70 None defined

UBASH3A STS-2, TULA ZAP70 UBA, SH3

UBASH3B STS-1, TULA2 ZAP70 UBA, SH3

TM, Transmembrane; ER, Endoplasmic reticulum; FERM, protein 4.1, ezrin, radixin, moesin; SH2, Src Homology 2; UBA, Ubiquitin-Associated; SH3, Src Homology 3.

BOX 1 | Regulatory mechanism of key kinases involved in early TCR signaling transduction.

Src family kinases LCK and FYN. LCK activity is regulated by phosphorylation of two key residues, Y505 and Y394 (Yamaguchi and Hendrickson, 1996; Boggon
and Eck, 2004). Phosphorylation of Y505 in the LCK C-terminal domain by the kinase CSK prompts an inhibited, closed conformation. Dephosphorylation of this
inhibitory residue raises a primed conformation (Bergman et al., 1992), which allows trans-autophosphorylation on Y394 in the activation loop, leading to the fully
active open conformation. A fourth conformation with both Y394 and Y505 phosphorylated has been found in T cells, and in vitro data suggests that this
conformation is also active (Nika et al., 2010). FYN is regulated in a very similar way as LCK (Salmond et al., 2009). Phosphorylation of the inhibitory Y528 by CSK
inactivates it, while dephosphorylation of this residue allows autophosphorylation on the activating residue Y417, resulting in full activation. Upon TCR stimulation,
active LCK can also phosphorylate FYNY417, activating it (Filipp et al., 2008).

ZAP70. The activation of ZAP70 is regulated by localization and phosphorylation (reviewed in Au-Yeung et al., 2018; Figure 4). Binding of the SH2 domains of
ZAP70 to pTyr in ITAMs of the ζ chains induces a conformational change in ZAP70 that aligns the SH2 domains, leading to increased affinity for the phosphorylated
ITAMs, and exposes its activation loop, while also localizing ZAP70 in the proximity of LCK. Then, LCK phosphorylates Y315 and Y319 on the activation loop, and
phosphorylation of Y493 on the kinase domain either by LCK or by autophosphorylation leads to full activation of ZAP70. Phosphorylation of Y292 on the activation
loop and of Y492 on the kinase domain of ZAP70 dampen kinase activity, although the mechanism is not fully understood.

Seavitt et al., 1999; Figure 2A). This maintains basal levels
of ζ-chain phosphorylation and provides tonic signaling
needed for survival of naïve T cells (reviewed in Zamoyska
et al., 2003). At the same time, and to prevent naïve T cell
activation in the absence of antigen stimulation, CD45 also
dephosphorylates LCKpY394, inactivating it (D’Oro et al., 1996).
The latter dephosphorylation, however, requires the high CD45
expression levels displayed by mature T cells. In fact, experiments
manipulating CD45 expression have shown that T cells with
very low amounts of CD45 had impaired T cell responses,
because LCK is not sufficiently activated by dephosphorylation
of pY505 (McNeill et al., 2007; Zikherman et al., 2010).
Intermediate amounts of CD45 cause T cell hyperactivation,
since CD45 abundance is enough to activate LCK through pY505
dephosphorylation, but not to limit its activation through pY394
dephosphorylation. Only the high physiologic CD45 abundance
ensures sufficient primed LCK protein to trigger a T cell response
while preventing T cell hyperactivation in the absence of antigen.
This model provides a rationale for the consistent relative protein
copy number found in several different primary T cell subsets,
between LCK, CD45 and C-terminal Src kinase (CSK), the
kinase responsible for LckY505 phosphorylation (Figure 2B).
In both CD4 and CD8 T cells, a ratio of at least two CD45

molecules are found per LCK molecule to control LCK activity.
In contrast, one molecule of CSK per LCK molecule seems to be
sufficient to regulate LCKY505 phosphorylation. Once antigen is
encountered, there is evidence that segregation of CD45 from
ligated TCRs in the immunological synapse is required to allow
persistent phosphorylation of the ζ-chain that triggers TCR
signaling (Leupin et al., 2000; Davis and van der Merwe, 2006;
Varma et al., 2006; Cordoba et al., 2013; Chang et al., 2016). In
fact, CD45-mediated tonic dephosphorylation of the ζ-chains in
resting T cells helps prevent activation in the absence of antigen
(Figure 2A; Courtney et al., 2019).

RPTPε

CD45 is one transmembrane receptor Tyr phosphatase with a
well characterized role in regulation of SRC-family kinases in
mature T cells. Further investigation into the function of other
receptor Tyr phosphatases is likely to reveal new players in this
regulation. Some experimental evidence has been reported for
receptor-type tyrosine-protein phosphatase ε (RPTPε), receptor-
type tyrosine-protein phosphatase H (RPTPH) and receptor-type
tyrosine-protein phosphatase J (RPTPJ) so far. RPTPε (encoded
by the gene PTPRE) has been proposed as a positive regulator
of LCK activity, based on the observation that cells with low
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FIGURE 2 | Regulation of LCK by CD45 and CSK. (A) Regulation of tonic signaling. In absence of antigen stimulation, basal LCK activity ensures tonic ζ chain
phosphorylation and signaling needed for naïve T cell survival. Phosphorylation of LCK on Y505 by CSK prompts an inhibited conformation (right). CD45
dephosphorylates Y505 to raise a primed conformation (center), which allows trans-autophosphorylation on Y394, leading to the fully active open conformation that
phosphorylates the ζ chain (left). To avoid excessive LCK activation, CD45 dephosphorylates LCK on Y394. At the same time, CD45 dephosphorylates the ζ chain,
inhibiting downstream signaling in the absence of antigen stimulation. (B) Number of LCK, CD45 and CSK molecules in CD4 and CD8 T cells. Data was extracted
from the proteomic study by Howden et al. (2019) and visualized using Prism software.

levels of RPTPε (induced by incubation of T cells with a hepatitis
C virus-derived small RNA) showed reduced phosphorylation
on LCKY394 and downstream molecules upon TCR stimulation,
which resulted in impaired T cell activation (Bhattarai et al.,
2015; Bhattarai et al., 2017). Analysis of the phenotype of PTPRE
knockout cells would provide important further validation of its
role in the regulation of LCK activity.

RPTPH
RPTPH (also known as SAP-1, encoded by the gene PTPRH)
interacts with LCK both in vitro and in vivo, and overexpression
of this phosphatase resulted in decreased phosphorylation of
LCKpY394 and impaired T cell activation (Ito et al., 2003),
suggesting that LCK is a direct substrate. RPTPH, however, was
not detected in primary murine T cells (Howden et al., 2019) or
Jurkat cells (Ito et al., 2003), hence a physiological role for this
phosphatase in T cell regulation is unlikely.

RPTPJ
RPTPJ (also known as CD148, encoded by the gene PTPRJ),
when overexpressed in Jurkat cells, bound to LCK and
dephosphorylated both pY394 and pY505 residues, which
resulted in a net inhibitory effect on LCK activity (Stepanek et al.,

2011). Of note, RPTPJ was not detected in murine naïve T cells,
while human naïve T cells express a significant amount (Stepanek
et al., 2011; Castro-Sanchez et al., 2017). RPTPJ expression is
induced and upregulated in murine and human effector T cells,
respectively (Figure 1; Castro-Sanchez et al., 2017; Howden
et al., 2019), so it may play a role in the regulation of T cell
effector responses rather than in naïve T cell activation. RPTPJ
knockout mice had no obvious phenotype with regard to T
cell development, but T cell activation and recall responses in
lineage specific knockouts have not yet been addressed for RPTPJ
(Zhu et al., 2008).

SHP-1
Four cytoplasmic Tyr phosphatases are known to contribute to
antigen discrimination and tolerance through dephosphorylation
of Src family kinases on their activatory residues: Src homology 2-
containing phosphatase 1 (SHP-1) (Stefanova et al., 2003), dual
specificity protein phosphatase 22 (DUSP22) (Li et al., 2014),
protein tyrosine phosphatase non-receptor type 2 (PTPN2)
(Wiede et al., 2011) and protein tyrosine phosphatase non-
receptor type 22 (PTPN22) (Cloutier and Veillette, 1999;
Gjorloff-Wingren et al., 1999; Wu et al., 2006). Of them,
only DUSP22 (also known as JKAP or VHX) is permanently
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located at the inner face of the plasma membrane, due to co-
translational and irreversible myristoylation on its N-terminal
Glycine (Schwertassek et al., 2010). In contrast, SHP-1, PTPN2
and PTPN22 must be recruited to the immunological synapse
in an inducible way, which allows for spatial regulation of
their activities.

SHP-1 (encoded by the gene PTPN6) is recruited to the
immunological synapse by its SH2 domains, which only bind
Tyr phosphorylated proteins, such as the chains of the TCR
complex. In fact, SHP-1 was reported to be recruited to the
TCR upon stimulation with a TCR antagonist (Stefanova et al.,
2003), where it dephosphorylated LCK on pY394 to inhibit the
response to the antagonist. In contrast, binding of an agonist
rapidly activated ERK, which blocked interaction of SHP-1 with
LCK by phosphorylating LCK on serine 59, allowing downstream
signaling. These data suggest that SHP-1 may be important for
T cells to discriminate between TCR agonists and antagonists.
However, T cell specific deletion of SHP-1 resulted in a mild
phenotype in terms of T cell activation and showed that SHP-
1 is also involved in T cell differentiation and AKT signaling
(Fowler et al., 2010; Johnson et al., 2013; Mercadante and Lorenz,
2017). Studies using knockdown strategies have also shown that
SHP-1 induces T cell adhesion and mediates IL-10 signaling in
T cells (Taylor et al., 2007; Azoulay-Alfaguter et al., 2017). The
involvement of SHP-1 in so many diverse functions provides
a rationale for its high expression in primary T cells. In fact,
SHP-1 is the most abundant Tyr phosphatase in naïve T cells
and is only outpaced by CD45 increased expression following T
cell stimulation (Figure 1). Its putative involvement in diverse
signaling pathways might be an issue when considering SHP-1 as
a target in immunotherapy (see section “Concluding Remarks”).

PTPN2
The spatial regulation of PTPN2 and PTPN22 remains poorly
understood, despite their physiologic relevance. PTPN2 (also
known as TCPTP) is important for establishing an appropriate
T cell activation threshold that ensures tolerance (Wiede et al.,
2011). It was suggested that PTPN2 regulates TCR signaling by
dephosphorylation of SFKs, since a PTPN2 substrate-trapping
mutant overexpressed in COS-1 cells bound LCK and FYN
(Wiede et al., 2011). Whether this interaction takes place in a
physiologic setting and how PTPN2 would reach these substrates
in T cells remain unclear. The two described PTPN2 splicing
variants, p45 and p48, localize to the nucleus (due to the presence
of a nuclear localization signal) and to the endoplasmic reticulum
(which requires the 19 C-terminal residues of the protein),
respectively (Lorenzen et al., 1995). Small amounts of PTPN2
might reach the inner face of the plasma membrane and be
stabilized there by its basic C-terminal residues, and additional
mechanisms might translocate it to the immune synapse in
an inducible manner. The use of fractionation techniques and
microscopy would help clarify PTPN2 localization and how it
regulates T cell activation thresholds.

PTPN22
PTPN22 (also known as PEP in mice or LYP in humans) is
also important for antigen discrimination, since cells that lack

PTPN22 show increased T cell activation particularly in response
to low affinity agonists (Salmond et al., 2014). PTPN22 interacts
with CSK (Cloutier and Veillette, 1996), and this interaction
is relevant for PTPN22 function, as shown by the fact that a
human PTPN22C1858T variant, encoding an amino acid R620W
substitution which impairs its interaction with CSK (Bottini et al.,
2004), is associated with increased risk of autoimmunity (Bottini
et al., 2004; Totaro et al., 2011; de Lima et al., 2017; Tizaoui et al.,
2019). However, whether PTPN22 inhibits TCR signaling more
efficiently when interacting with or when dissociated from CSK
remains unclear (Figure 3). In support of the latter, PTPN22 was
shown to dissociate from cytosolic CSK and translocate to lipid
rafts upon TCR stimulation, where it can access its substrates and
inhibit TCR signaling (Vang et al., 2012).However, a mechanism
for PTPN22 recruitment to and stabilization at the plasma
membrane is missing. Another model, supported by a study
using super-resolution imaging, suggests that interaction with
CSK is induced upon integrin stimulation, and this interaction
is important for driving PTPN22 to the plasma membrane and
for downregulation of integrin signaling (Burn et al., 2016).
Inducible interaction of PTPN22 and CSK upon TCR stimulation
has also been reported (de la Puerta et al., 2013), but how the
PTPN22-CSK complex would be recruited to and stabilized at
the plasma membrane to reach its substrates is unclear. CSK
reaches the plasma membrane because, via its SH2 domain,
it binds phosphorylated Tyr on membrane adaptor proteins
including phosphoprotein associated with glycosphingolipid-
enriched microdomains (PAG) 1 (Davidson et al., 2003).
However, the pool of CSK binding to PAG differs from the pool
of CSK binding to PTPN22 (Davidson et al., 2016). Therefore,
another mechanism would be needed to localize the PTPN22-
CSK complex on the plasma membrane. The polyproline regions
on PTPN22 allow interaction of this phosphatase with other
proteins, hence other potential interaction partners could direct
PTPN22 to the plasma membrane. Apart from CSK, the proline-
serine-threonine phosphatase interacting protein 1 (PSTPIP1) is
the only PTPN22 interaction partner identified so far (Voisinne
et al., 2019). PSTPIP1 has been suggested to inhibit TCR signaling
and localizes at the plasma membrane through its F-BAR and
SH3 domains, interacting both with the cytoskeleton and with
CD2 (Marcos et al., 2014). Further study of the interaction
between PSTPIP1 and PTPN22 might help understanding the
spatial regulation of PTPN22 in T cells, which is crucial to
understand how the R620W polymorphism drives autoimmunity
(further discussed in section “Tyr Phosphatases in T Cells”).

Tyrosine Phosphatases Induce
Amplification and Branching of Early
TCR Signaling
Once TCR signaling is initiated by activation of SRC family
kinases, it rapidly amplifies and branches to orchestrate the T
cell response. Some of this branching is amplified by FYN, which
induces amplification and diversification of TCR signaling by
contributing to activation of the MAPK pathway (Lovatt et al.,
2006) and by triggering cytoskeletal rearrangements downstream
of the TCR (Chapman and Houtman, 2014). This is promoted
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FIGURE 3 | Dynamics of PTPN22 and CSK-mediated LCK regulation. CSK is recruited to the plasma membrane by binding to phosphorylated PAG through its SH2
domain. CSK can then phosphorylate LCK and inhibit it. Recruitment of CSK is inhibited by CD45-mediated dephosphorylation of PAG. Whether PTPN22 inhibits
LCK activity when bound to CSK or when dissociated from it remains unclear. The mechanism by which PTPN22 is recruited to the plasma membrane to
dephosphorylate LCK is currently unknown.

by CD45 and receptor-type tyrosine-protein phosphatase α

(RPTPα, encoded by the gene PTPRA), which activates FYN by
dephosphorylating it on Y528 (Shiroo et al., 1992; Maksumova
et al., 2007). In addition, dephosphorylation of Tyr on the adaptor
protein PAG by a Tyr phosphatase, probably CD45, also sustains
LCK and FYN activity (Davidson et al., 2003), since docking sites
for CSK are lost upon PAG dephosphorylation.

LMPTP
LMPTP, encoded by the gene ACP1, positively regulates signaling
downstream of the TCR by dephosphorylation of ZAP70 on the
inhibitory Y292 (Bottini et al., 2002). This dephosphorylation
prevents binding of the ubiquitin ligase c-CBL to ZAP70 and
in consequence reduces ZAP70 degradation and prolongs TCR
signaling. Although microscopy has shown that LMPTP localizes
at the plasma membrane in lymphocytes (Gjorloff-Wingren et al.,
2000), the mechanism of such localization remains unknown,
since there is no obvious localization motif in its sequence,
and no interaction partners have been identified. LMPTP is
phosphorylated by SRC-family kinases on Tyr 131 and 132,
and this increases its catalytic activity, generating a positive
feedback loop for TCR signaling amplification (Tailor et al., 1997;
Bucciantini et al., 1999).

Tyrosine Phosphatases Drive Negative
Feedback Loops and Signal Termination
Once downstream effectors of TCR signaling have been activated
and the cellular response has been triggered, signaling must
be terminated. Several Tyr phosphatases contribute to this
process by dephosphorylation of SRC-family kinases, the ζ-
chain and ZAP70.

SHP-1 has been proposed to contribute to signal termination
by inhibition of LCK, since it is recruited to the TCR between
20 and 40 min after TCR stimulation with antigenic peptides
(Stefanova et al., 2003). Recently, it was proposed that the
thousand-and-one amino acid kinase 3 (TAOK3) is involved in
the crosstalk between LCK and SHP-1 (Ormonde et al., 2018).
Using the Jurkat cell line and anti-CD3 stimulation, the authors
concluded that TAOK3 promotes TCR signaling by blocking
LCK interaction with SHP-1. However, the only T cell phenotype
of TAOK3−/− mice reported so far was a reduction in CD8 T
cell number (Hammad et al., 2017). A deeper analysis of T cell
responses in these mice would help understand the relevance of
TAOK3/SHP-1 crosstalk for T cell activation.

PTPN22 has been shown to dephosphorylate the ζ-chain
both in vitro and in pervanadate-treated Jurkat cells (Wu et al.,
2006). PTPN22 has also been suggested to dephosphorylate
ZAP70 (Figure 4B). When a substrate-trapping PTPN22 mutant
was expressed in Jurkat cells, ZAP70 was found among the
bound proteins, and PTPN22 was shown to dephosphorylate
ZAP70pY319 in vitro (Wu et al., 2006). Consistent with
this observation, treatment of Jurkat cells with a PTPN22
inhibitor resulted in increased ZAP70 phosphorylation upon
TCR stimulation (Vang et al., 2012). Evidence of direct
dephosphorylation of these substrates in primary T cell is,
however, not yet available.

The highly homologous non receptor phosphatases PTPN3
and PTPN4 (PTPH1 and PTP-MEG1, respectively) are both
able to bind to and dephosphorylate the ζ-chain in vitro (Sozio
et al., 2004; Young et al., 2008), and overexpression of either
enzyme in Jurkat cells downmodulated T cell activation, although
PTPN4 to a lesser extent (Han et al., 2000). However, none of
the single knockout or the double PTPN3−/−PTPN4−/− mice
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FIGURE 4 | Regulation of ZAP70 by Tyr phosphatases. (A) ZAP70 is regulated by the phosphorylation status of three key residue, Y315, Y319 and Y493.
Phosphorylation of the ζ chains by LCK upon antigen stimulation provides docking sites for ZAP70. (B) ZAP70 binds to phosphorylated ζ chains through its tandem
SH2 domains. Binding to ζ chains induces a conformational change in ZAP70 that exposes Y315 and Y319, that can then be phosphorylated by LCK.
Phosphorylation of Y493 either by LCK or by autophosphorylation leads to full activation of ZAP70. PTPN22 is able to dephosphorylate Y319, inhibiting ZAP70.
(C) Phosphorylation on Y292 allows binding of the ubiquitin ligase c-Cbl to ZAP70, and subsequent addition of poly-ubiquitin that leads to ZAP70 degradation
(center). This process is avoided by the Tyr phosphatase LMPTP, which dephosphorylates Y292 and blocks c-Cbl binding, prolonging ZAP70 signaling (right). The
phosphatases Sts-1 and Sts-2 can bind ubiquitinated ZAP70 and dephosphorylate Y319, terminating ZAP70 signaling (right).

showed abnormalities in T cell activation or development (Bauler
et al., 2008), suggesting that loss of these two phosphatases can
either be compensated or lack relevance in vivo.

The two highly similar phosphatases STS-1 (also known
as TULA-2, encoded by the UBASH3B gene) and STS-2
(also known as TULA, encoded by the UBASH3A gene)
negatively regulate T cell activation through dephosphorylation
of ZAP70pY319 (Carpino et al., 2004; Luis and Carpino,
2014) (Figure 4C). These phosphatases only bind to and
dephosphorylate ubiquitinated ZAP70, providing a link between
ubiquitination and phosphorylation-mediated regulation of early
TCR signaling (Yang et al., 2015; Hu et al., 2016). Whether

STS-1 and STS-2 are functionally redundant or have unique
roles in T cell regulation remains largely unknown. Cells from
STS-1−/−STS-2−/− mice show increased T cell proliferation and
cytokine production upon in vitro TCR stimulation compared
to WT cells. In contrast, responses of T cells lacking only
one STS member are only modestly increased, suggesting that
these proteins are functionally redundant (San Luis et al., 2011).
However, in vivo studies point to differential, although partially
overlapping, roles of STS-1 and STS-2. Survival from systemic
Candida albicans infection was significantly enhanced not only
in STS-1−/−STS-2−/− mice, but also in each single knockout
mouse (Naseem et al., 2015). Similarly, lack of either phosphatase
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exacerbates pathology in a model of inflammatory bowel disease
(IBD) (Newman et al., 2014). Nevertheless, in the latter study,
only the double knockout mice showed enhanced cytokine
production in the colon, and only double knockout CD4 T cells
showed greater colitogenic capacity than wild type CD4 T cells
when both were injected in T cell deficient, STS sufficient mice.
The different outcomes are likely due to T cell-extrinsic effects of
STS deficiency in the full knockout model used. Study of mice that
lack STS-1, STS-2 or both specifically in the T cell compartment
would help shed light into the specific functions of these proteins
in T cell biology.

Tyrosine Phosphatases Mediate
Inhibitory Receptor Signaling
Several inhibitory receptors control T cell activation by inhibiting
early TCR signaling (reviewed in Fuertes Marraco et al., 2015).
This control is important to avoid T cell hyperactivation and
damage derived from chronic antigen exposure. Inhibitory
receptors lack intrinsic enzymatic activity but have cytoplasmic
tails with immunoreceptor tyrosine-based inhibitory motifs
(ITIMs) or an immunoreceptor tyrosine-based switch motif
(ITSM) that are phosphorylated upon ligation and TCR signaling.
The phosphorylated domains can serve as docking sites for the
Tyr phosphatases with SH2 domains such as SHP-1 and SHP-
2. This binding not only localizes SHP-1 and SHP-2 close to
phosphorylated substrates, but also promotes a conformational
change that leads to activation of the phosphatases (Hof et al.,
1998; Wang et al., 2011). Below, we discuss the role of SHP-1 and
SHP-2 in inhibition of early TCR signaling, and consequently T
cell activation, downstream of several inhibitory receptors.

The role of SHP-1 and SHP-2 in signaling through the
inhibitory receptor programmed cell death protein 1 (PD-1)
is perhaps the most extensively studied, although it has been
controversial. Initially, SHP-2, but not SHP-1, was shown to
bind PD-1 upon PD-1 ligation, subsequently downregulating T
cell activation through dephosphorylation of the ζ-chain and
ZAP70 (Sheppard et al., 2004; Yokosuka et al., 2012). However,
the finding that SHP-2−/− mice show intact PD-1-mediated
signaling and cell exhaustion (Rota et al., 2018) suggested that
another phosphatase was recruited to PD-1, SHP-1 being the
likely candidate. This controversy was recently resolved by
Celis-Gutierrez and colleagues (Celis-Gutierrez et al., 2019).
Using mass spectrometry, they defined the PD-1 interactome
during PD-L1 ligation and antigen stimulation. They showed
that in wild-type cells, SHP-2 is the main PD-1 interactor,
binding 50 times more PD-1 molecules than SHP-1, despite
the latter being approximately six times more abundant than
SHP-2. In SHP-2−/− cells, however, SHP-1 replaced SHP-2 and
mediated PD-1 signaling. Consistently, only the double knockout
SHP-2−/−SHP-1−/− showed impaired PD-1-mediated T cell
inhibition. This finding suggests that concomitant inhibition
of both SHP-1 and SHP-2 would be needed to efficiently
block PD-1 intracellular signaling in an immunotherapy setting.
In the same study, the interactome of B and T lymphocyte
attenuator (BTLA), another inhibitory receptor, was analyzed
upon treatment of T cells with pervanadate (Celis-Gutierrez

et al., 2019). Results showed that, consistent with a previous
report (Watanabe et al., 2003), both SHP-1 and SHP-2 bind
BTLA. However, contrary to PD-1, BTLA preferentially binds
SHP-1 rather than SHP-2. This difference has implications for
downstream inhibitory signaling. PD-1, recruiting mainly SHP-2,
preferentially inhibits phosphorylation of CD28 over the ζ-chain,
while BTLA, recruiting both SHP-1 and SHP-2, inhibits the
phosphorylation of both CD28 and ζ-chain (Hui et al., 2017; Xu
et al., 2020).

The role of SHP-1 and SHP-2 in cytotoxic T-lymphocyte
antigen 4 (CTLA-4) signaling is poorly understood, with
conflicting results being reported by different groups in the
last 25 years. SHP-2 was initially shown to bind to CTLA-
4 in T cells, although this binding would likely be indirect
(Marengere et al., 1996; Schneider and Rudd, 2000). Supporting
the need for an intermediate protein between CTLA-4 and SHP-
2, another study did not find CTLA-4/SHP-2 association in vitro
(Guntermann and Alexander, 2002; Yokosuka et al., 2010).
Conflicting results are likely due to the different methodologies
(immunoprecipitation vs. microscopy), cells (cell lines vs.
primary murine cells), and conditions (in vitro proteins vs.
cells; with endogenous vs. overexpressed proteins) used. Of note,
CTLA-4 can exert inhibitory functions in a cell extrinsic manner
and by signaling-independent mechanisms such as competition
with CD28 for CD80/CD86 and transendocytosis of these
ligands upon engagement (Walker and Sansom, 2015). Hence,
the contribution of phosphatase-mediated signaling to CTLA-4
inhibition remains unclear. The study of the endogenous CTLA-
4 interactome in primary T cells during antigen stimulation
may help to identify whether there are cell intrinsic effects
of CTLA-4 signaling and would be beneficial for applications
in immunotherapy.

SHP-1 has been linked to signaling through two other
inhibitory receptors, carcinoembryonic antigen-related cell
adhesion molecule 1 (CEACAM1) and leucocyte-associated
immunoglobulin receptor-1 (LAIR-1). Inhibition of T cell
effector functions by CEACAM1 requires recruitment of SHP-
1 (Nagaishi et al., 2006). During TCR stimulation, CEACAM1
ITIMs are phosphorylated by LCK, and serve as docking sites for
SHP-1, which then dephosphorylates ZAP-70 and ζ-chain (Chen
et al., 2008). On the other hand, SHP-1 constitutively interacts
with LAIR-1 (Sathish et al., 2001a), a negative regulator of T cell
activation highly expressed in naïve T cells (Maasho et al., 2005;
Jansen et al., 2007). Although the relevance of this interaction
for LAIR-1-mediated T cell inhibition has not been explored,
it might be one of the mechanisms by which SHP-1 establishes
T cell activation thresholds (Johnson et al., 1999; Sathish et al.,
2001b).

Lastly, SHP-2, but not SHP-1, is recruited to platelet
endothelial cell adhesion molecule-1 (PECAM-1, also known as
CD31) (Newman et al., 2001), and ligation of PECAM-1 with
agonist peptides during antigen presentation leads to SHP-2-
dependent dephosphorylation of ZAP-70 and inhibition of T cell
activation (Clement et al., 2015).

Altogether, regulation of T cell responses by inhibitory
receptors strongly relies on SHP-1 and SHP-2, which makes
these phosphatases attractive targets to enhance T cell responses.
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Despite a considerable improvement in the last years, more
studies will be needed to clearly understand which functions are
exclusive to SHP-1 or SHP-2, and in which situations loss of one
of them can be compensated by the other. Strategies targeting
both phosphatases are tempting, however their high expression
and their regulatory role in important T cell functions such as
cytokine signaling and adhesion will make it necessary to evaluate
disruption of SHP-1/2 function for potential secondary effects.

TYROSINE PHOSPHATASES IN
AUTOIMMUNITY

Most T cell responses to pathogens are appropriately regulated,
however approximately 4-5% of the population of developed
countries suffers from an autoimmune disease (Hayter and
Cook, 2012; Roberts and Erdei, 2020), the onset of which is
generally considered to result from a failure of tolerance. In
this context, it is striking that polymorphisms in genes encoding
phosphatases are among the most frequently associated with
autoimmune disease (Burton et al., 2007; Todd et al., 2007). Here,
we will review the current evidence and understanding of several
autoimmune diseases associated with PTPs and their aberrant
expression (Table 2), and discuss what these diseases might tell
us about the function of those PTPs.

Rheumatological Diseases
The rheumatological diseases are the archetype of autoimmune
disease. This group of diseases is characterized by inflammation,
predominantly affecting the joints, such as in rheumatoid
arthritis (RA), but also connective tissues, such as in systemic
sclerosis, and sometimes involving other specific organs, such
as the skin, eye, mouth and serosae, as seen in systemic lupus
erythematosus (SLE).

PTPN22 is the most extensively studied phosphatase in
relation to autoimmune disease, and polymorphisms in the
PTPN22 gene are heavily associated with rheumatological
diseases. The PTPN22C1858T missense mutation (rs2476601),
which leads to the R620W substitution, is the strongest non-
HLA genetic association for autoimmune disease (Stanford
and Bottini, 2014). In 2004, a significant association was
first reported between the R620W variant and both RA
(Begovich et al., 2004) and SLE (Kyogoku et al., 2004). These
findings have subsequently been replicated numerous times, and
PTPN22C1858T has additionally been shown to be a risk factor
for development of other rheumatological disease including
ANCA-positive vasculitis (specifically microscopic polyangiitis,
granulomatosis with polyangiitis, and giant cell arteritis, but
not eosinophilic granulomatosis with polyangiitis) (Carr et al.,
2009; Jennette et al., 2013; Serrano et al., 2013; Cao et al., 2015)
and systemic sclerosis (Gourh et al., 2006). Northern European
Caucasians are the most common carriers of this mutation, with
a minor allele frequency of >10%, while individuals of Middle
Eastern, Asian and African decent are more rarely affected
(<1%) (Zheng et al., 2012). It is possible that this reflects a
protective effect of the SNP against an infectious threat such
as tuberculosis (Boechat et al., 2013). Despite this geographical
variation, carriage of the PTPN22C1858T SNP within populations

with a lower minor allele frequency still appears to act as a
susceptibility allele for RA (Mastana et al., 2007; Sfar et al., 2009;
Ates et al., 2011).

The R620W mutation is not simply associated with RA, but
has been shown to alter the pathogenesis and phenotype of the
disease in patients with RA. Both homo- and heterozygosity
for the PTPN22C1858T allele are strongly associated with
rheumatoid factor (RF)-positive disease (the presence of
circulating antibodies), while RF-negative disease shows no
association (Begovich et al., 2004; Kokkonen et al., 2007).
Furthermore, the C1858T variant is strongly associated with
the additional presence of anti-cyclic citrullinated (anti-CCP)
antibodies (Johansson et al., 2006; Kokkonen et al., 2007), earlier
disease onset (Johansson et al., 2006; Karlson et al., 2008), quicker
progression of radiological joint destruction (Lie et al., 2007), and
erosive disease (Raslan et al., 2016). Interestingly, the presence of
the PTPN22C1858T SNP has no effect on the efficacy of anti-TNFα

drug treatments used in RA (Potter et al., 2008), and studies
examining its effect on efficacy of methotrexate have similarly
shown mixed results without a convincing effect (Fedele et al.,
2013; Majorczyk et al., 2020).

The effect of the PTPN22C1858T SNP is not confined to T cells,
but also involves B cells and myeloid cells, although detailed
description of their involvement is outside the scope of this
review. In T cells, an early study demonstrated that T cells from
human donors heterozygous for the R620W variant secreted
significantly less IL-2 in response to TCR stimulation (Vang
et al., 2005). Several subsequent studies demonstrated reduced
calcium mobilization and CD25 expression in response to TCR
stimulation in C1858T homozygous human CD4 T cells (Rieck
et al., 2007), resulting in reduced T cell proliferation (Aarnisalo
et al., 2008) and IL-2 production (Aarnisalo et al., 2008; Chuang
et al., 2009). T cells from healthy human homozygotes without
clinically apparent autoimmune disease demonstrated reduced ζ-
chain phosphorylation in response to TCR stimulation, due to
increased phosphatase activity (Vang et al., 2013).

At a cellular level, the outcome of these alterations in
signaling appears to be a shift towards a pro-inflammatory state
lacking autoimmunity-protective mechanisms. Patients with SLE
carrying the PTPN22C1858T risk allele show a skewing towards
high serum IFNα and low TNFα compared with patients
without the SNP (Kariuki et al., 2008), a profile that has been
implicated as a risk factor for SLE (Niewold et al., 2007).
Furthermore, circulating levels of anti-inflammatory cytokines
such as IL-10 have been shown to be reduced in individuals
with RA carrying the PTPN22C1858T SNP (Ghorban et al., 2019).
Reduced IL-10 mRNA expression was also demonstrated in
heterozygous patients with ANCA-positive vasculitis, due to
high basal PTPN22 phosphatase activity conferring decreased
phosphorylation of ERK; this correlated clinically with a higher
rate of relapsing disease (Cao et al., 2012). In T cells from
healthy human donors homozygous for PTPN22C1858T, CD4
T cells produced significantly more IFNγ compared to those
from individuals without the mutant allele, and significantly
less IL-17, suggesting a skew in CD4 T cell differentiation
away from Th17 towards Th1 (Vang et al., 2013). Additionally,
CD4+Foxp3+ regulatory T cells (Treg) appear to be altered
in the presence of the SNP. In chimeric mice reconstituted
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TABLE 2 | Tyr phosphatases associated with autoimmune diseases.

PTPase SNP Disease Effect of SNP on disease References

PTPN22 rs2476601
(C1858T)

RA ↑ susceptibility Begovich et al., 2004; Mastana et al., 2007; Sfar et al., 2009; Ates
et al., 2011

↑ RF-positive and anti-CCP Begovich et al., 2004; Johansson et al., 2006; Kokkonen et al.,
2007

Earlier disease onset and quicker progression Johansson et al., 2006; Karlson et al., 2008; Potter et al., 2008;
Raslan et al., 2016; Majorczyk et al., 2020

Methotrexate/anti-TNFa efficacy unaffected Fedele et al., 2013

↓ serum anti-inflammatory cytokines Ghorban et al., 2019

JIA ↑ susceptibility Kaalla et al., 2013

SLE ↑ susceptibility Kyogoku et al., 2004

↑ risk of complications Reddy et al., 2005; Moez and Soliman, 2012; Ostanek et al., 2014

High IFNa, low TNFα in serum Kariuki et al., 2008

ANCA+vasculitis ↑ susceptibility Carr et al., 2009; Jennette et al., 2013; Serrano et al., 2013; Cao
et al., 2015

Higher rate of relapsing disease Cao et al., 2012

Systemic sclerosis ↑ susceptibility Gourh et al., 2006

Psoriatic arthritis ↑ susceptibility Bowes et al., 2015

IBD ↓ susceptibility to CD, but not UC Martín et al., 2005; Diaz-Gallo et al., 2011

T1DM ↑ susceptibility Bottini et al., 2004

↑ additional diabetes-related autoantibodies Hermann et al., 2006

↑ total and naïve Tregs Valta et al., 2020

rs33996649
(G788A)

RA Protective Rodríguez-Rodríguez et al., 2011; López-Cano et al., 2017; Bae
and Lee, 2018

SLE Protective Orrú et al., 2009; López-Cano et al., 2017; Bae and Lee, 2018

IBD ↓ susceptibility to UC; no effect on CD risk Bae and Lee, 2018

rs2488457 RA, JIA ↑ susceptibility in Chinese populations Feng et al., 2010; Huang et al., 2012; Fan et al., 2015

(C-1123G) IBD ↑ UC disease severity in Chinese Chen et al., 2013

PTPN2 rs2542151 RA ↑ susceptibility Burton et al., 2007

↑ risk of erosive joint damage Ciccacci et al., 2016

IBD ↑ susceptibility to CD and UC Burton et al., 2007

↑ risk in smokers Parkes et al., 2007; Weersma et al., 2009; van der Heide et al.,
2010; Glas et al., 2012; Zhang et al., 2013

T1DM ↑ susceptibility Burton et al., 2007

Earlier disease onset Cooper et al., 2008; Espino-Paisan et al., 2011

rs7234029 RA Poorer response to adalimumab (anti-TNFa) Conigliaro et al., 2017

JIA ↑ susceptibility Thompson et al., 2010

IBD ↑ susceptibility to CD Burton et al., 2007

Earlier onset of CD; increased strictures Parkes et al., 2007; Weersma et al., 2009; Glas et al., 2012; Zhang
et al., 2013

rs1893217 IBD ↑ susceptibility to CD and UC Burton et al., 2007; Parkes et al., 2007; Weersma et al., 2009;
Anderson et al., 2011; Glas et al., 2012; Zhang et al., 2013

CD45 rs17612648 MS ↑ susceptibility Jacobsen et al., 2000

C77G No association in other studies Barcellos et al., 2001; Ballerini et al., 2002; Gomez-Lira et al., 2003;
Nicholas et al., 2003; Cocco et al., 2004; Szvetko et al., 2009

C59A MS ↑ susceptibility Jacobsen et al., 2002

Psoriasis Overexpression correlates with severity Zhang et al., 2014

SHP-1 RA Alterations in SHP-1 mediated signaling Li et al., 2013

MS ↓ SHP-1 mRNA and protein in PBMCs Christophi et al., 2008

Psoriasis ↓ SHP-1 à ↑ sensitivity to inflammation Eriksen et al., 2005, 2010

SHP-2 SLE ↑ SHP-2 in PBMCs from patients Wang J. et al., 2016

IBD Increased susceptibility to CD Burton et al., 2007

T1DM Increased susceptibility Burton et al., 2007

LMPTP IBD Protective effect in females Gloria-Bottini et al., 2007

T1DM Protective effect in females Gloria-Bottini et al., 2007

RA, rheumatoid arthritis; RF, rheumatoid factor; CCP, cyclic citrullinated peptide; JIA, juvenile idiopathic arthritis; SLE, systemic lupus erythematosus; ANCA, anti-neutrophil
cytoplasmic antibodies; IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis; T1DM, Type 1 diabetes mellitus; MS, multiple sclerosis; PBMC,
peripheral blood mononuclear cell.
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1:1 with WT and PTPN22 R619W (the murine equivalent of
R620W) bone marrow, more Tregs carrying the R619W mutation
developed, indicating that PTPN22 exerts a cell intrinsic bias
towards development of this lineage (Knipper et al., 2020). In
PTPN22C1858T carriers with type 1 diabetes, higher frequencies
of total and naïve Tregs have been seen, suggesting that in
humans also PTPN22 exerts an effect on circulating numbers
of these cells (Valta et al., 2020). Furthermore, Tregs from
C1858T homozygous human donors were not able to suppress
the secretion of IFNγ by conventional CD4 T cells, suggesting
the balance between regulatory and effector/memory cells is
disrupted in such individuals (Vang et al., 2013).

The PTPN22C1858T variant is also associated with juvenile
idiopathic arthritic (JIA), and notably this association has
been demonstrated by meta-analysis to be strongest with the
RF-positive polyarticular JIA subtype, which is most similar
to RA (Kaalla et al., 2013). Furthermore, susceptibility to
ANCA (anti-neutrophil cytoplasmic antibody)-positive vasculitis
is increased in the presence of the R620W allele, and specifically
to involvement of lung, skin, ear/nose/throat, and peripheral
neuropathy (Cao et al., 2015). Another rheumatological disease
associated with the PTPN22C1858T SNP is SLE, in which
homozygosity poses a much higher risk (OR 4.37, vs. 1.37
for heterozygotes) (Kyogoku et al., 2004). Similarly to RA, the
presence of the SNP not only confers increased susceptibility
to SLE, but may also alter its clinical course: carriage
of PTPN22C1858T is associated with increased risk of renal
complications of SLE (Reddy et al., 2005; Moez and Soliman,
2012), as well as secondary antiphospholipid syndrome (Ostanek
et al., 2014). Higher titers of anti-cardiolipin and lupus
anticoagulant antibodies were also found in SLE patients carrying
PTPN22C1858T (Ostanek et al., 2014). These associations illustrate
the fact that C1858T is predominantly linked to autoimmune
diseases characterized by the presence of circulating auto-
antibodies (Begovich et al., 2004; Padyukov et al., 2011; Zheng
et al., 2012), and suggests that pathogenic B cells play a role in
R620W-associated disease. Although the role of PTPN22 in B cell
receptor signaling is less well defined, human B cell activation is
inhibited by the C1858T polymorphism, suggesting that impaired
elimination of autoreactive B cells may be a factor (Menard et al.,
2011; Metzler et al., 2017). Given the evidence of T cell influence
in PTPN22C1858T associated diseases, it is likely that follicular
helper T cells (Tfh), which are essential for B cell responses in the
germinal centers, are relevant. This seems to be the case in mice at
least, where knockout of Ptpn22 led to increased Tfh proliferation
and accumulation in the germinal centers, as well as enhanced IL-
21 production (Maine et al., 2014), while in non-obese diabetic
(NOD) mice expressing the R619W variant there were increased
Tfh and germinal center B cell numbers, associated with increased
anti-islet auto-antibodies (Schmiel et al., 2018).

In addition to C1858T, other PTPN22 polymorphisms have
been identified, although none are as frequent nor as widely
studied. The G788A missense mutation (rs33996649) causes a
substitution of arginine to glutamine at position 263 (R263Q),
located in the catalytic domain. This results in a change
in conformation at the active site, manifesting as reduced
phosphatase activity (Orrú et al., 2009). Despite conferring

loss-of-function, G788A has been shown to be protective against
RA (Rodríguez-Rodríguez et al., 2011; López-Cano et al., 2017;
Bae and Lee, 2018) and SLE (Orrú et al., 2009; López-Cano et al.,
2017; Bae and Lee, 2018). The PTPN22C−1123G SNP has also
been linked to a higher risk of RA and JIA, but only affecting
Chinese individuals (Feng et al., 2010; Huang et al., 2012; Fan
et al., 2015); in Caucasian populations it was not demonstrated
to increase risk of RA independently of C1858T, with which it is
often co-expressed (Dieudé et al., 2008).

A further ubiquitously expressed phosphatase, PTPN2, has
also been linked to RA (Burton et al., 2007) and JIA (Thompson
et al., 2010), as well as other autoimmune diseases to be discussed
in more detail later in this section. Similarly to PTPN22, SNPs
in the PTPN2 gene have been shown to confer specific disease
phenotypes and/or response to therapies. For example, the
rs2542151 SNP is associated with higher risk of erosive joint
damage in RA patients (Ciccacci et al., 2016). Furthermore, the
rs7234029 SNP has been linked to poorer response to treatment
of RA with adalimumab (Conigliaro et al., 2017), an anti-TNFα

monoclonal antibody.
Further T cell PTPs that have been implicated in RA

and other rheumatological diseases include SHP-1 and SHP-
2. Administration of the SHP-1 agonist regorafenib to mice
with inflammatory arthritis significantly decreased incidence and
severity of joint inflammation via increased phosphatase activity
and decreased IFNγ secretion by splenic T cells (Markovics
et al., 2020). However, the effects of SHP-1 dysregulation are
not limited to T cells, due to its widespread expression in all
hematopoietic cells as well as epithelial cells (Lorenz, 2009). In
rheumatoid arthritis, inflammation associated with alterations
in SHP-1-mediated signaling are mediated through T cells, B
cells and macrophages (Li et al., 2013), while deletion of SHP-
1 in B cells in mice causes an SLE-like disease (Pao et al.,
2007). With regards to SHP-2, SHP-2 activity is higher in PBMCs
from patients with SLE than from healthy individuals, and
SHP-2 inhibition has been shown to significantly reduce T cell
proliferation and production of IFNγ and IL-17 (Wang J. et al.,
2016). Analogously, lupus prone mice treated with a SHP-2
inhibitor exhibited less severe disease (Wang J. et al., 2016).

Inflammatory Bowel Disease
Inflammatory bowel disease (IBD) is an umbrella term for
ulcerative colitis (UC) and Crohn’s disease (CD), which are
characterized by chronic inflammation in the gastrointestinal
tract, leading to symptoms of abdominal pain, diarrhea, rectal
bleeding, weight loss and fatigue. An acute severe flare may lead
to complications such as toxic megacolon or bowel perforation,
while long term inflammation can cause severe ulceration,
abscesses and bowel strictures.

Polymorphisms in the PTPN2 gene have been heavily linked
with several autoimmune diseases including IBD (Glas et al.,
2012; Zhang et al., 2013). There are several SNPs that have
been identified by genome wide association studies (GWAS) as
being associated with IBD: rs2542151 (located 5.5 kb upstream
from the PTPN2 gene), rs7234029, and rs1893217 (Glas et al.,
2012; Zhang et al., 2013). All three SNPs are associated with CD
(Burton et al., 2007; Parkes et al., 2007; Weersma et al., 2009;
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Glas et al., 2012; Zhang et al., 2013), while rs2542151 (Anderson
et al., 2011; Glas et al., 2012; Zhang et al., 2013), and rs1893217
(Anderson et al., 2011) are also associated with UC. As well as
conferring susceptibility to IBD, the presence of the rs7234029
correlates with a stricturing disease phenotype and earlier onset
of CD (Glas et al., 2012). Interestingly, a recent meta-analysis of
13 studies showed differences between ethnicities, with rs2542151
increasing risk of both CD and UC in Caucasian but not in
Asian study populations (Zhang et al., 2013). Furthermore, a
study investigating the differences in genetic background between
smoking and non-smoking Dutch-Belgian patients with Crohn’s
disease found that the rs2542151 PTPN2 SNP only increased
susceptibility in the smoking cohort, but not in the non-smoking
or complete cohort (van der Heide et al., 2010).

IBD is characterized by loss of tolerance to intestinal
commensal bacterial and self-antigens, due to dysregulated CD4
T cell differentiation, with enhanced differentiation of Th1 and
Th17 cells, as demonstrated by elevated levels of IFNγ, IL-
17, and IL-22 in the intestinal biopsies and serum of patients
with IBD (Fujino et al., 2003; Maloy and Powrie, 2011). In
mouse models of colitis, T cell-specific loss of PTPN2 leads to
increased numbers of Th1 and Th17 cells in the colonic lamina
propria, mesenteric lymph nodes and spleen, corresponding
with earlier onset and increased severity of disease (Spalinger
et al., 2015). Mirroring this, humans with IBD carrying the
PTPN2 rs1893217 SNP have greater Th1- and Th17-associated
gene expression in colonic biopsies (Spalinger et al., 2015).
Furthermore, there is impaired induction of regulatory T cells
(Treg) in PTPN2 deficient colitic mice compared to PTPN2
competent counterparts (Spalinger et al., 2015). A recent study
using a Ptpn2 haplo-insufficient auto-inflammatory mouse model
demonstrated that reduced PTPN2 expression (as occurs in
human carriers of PTPN2 SNPs) led to increased disease severity,
mediated through a Treg intrinsic mechanism in which PTPN2
dephosphorylation of STAT3 prevents pathogenic loss of FoxP3
after acquisition of RORγt by Tregs (Svensson et al., 2019).
However, this mouse model expresses very little ZAP-70, so
the outcome may differ from otherwise normally signaling cells
lacking PTPN2. These results are also somewhat conflicting
with previous studies suggesting that loss of PTPN2 enhanced
Treg number and/or function (Wiede et al., 2011; Yi et al.,
2014; Bothur et al., 2015) so the influence of PTPN2 on Treg
differentiation may depend on the inflammatory environment
present in the different autoimmune models. In CD8 T cells,
PTPN2 deficiency induces enhanced thymic positive selection
and accumulation of peripheral effector/memory T cells, leading
to systemic autoinflammatory disease, which was reproducible in
wild-type recipient mice following adoptive transfer of CD8 T
cells (Wiede et al., 2011).

In addition to its interaction with LCK and FYN, PTPN2 is
also known to negatively regulate JAK/STAT pathways (Simoncic
et al., 2002; ten Hoeve et al., 2002). JAK/STATs mediate signaling
through receptors for inflammatory cytokines such as IL-2
and IFNγ (Simoncic et al., 2002), as well as cytokines, such as
IL-7, that direct T cell differentiation and homeostasis (Pike
et al., 2017). PTPN2 may also regulate the T cell repertoire
by controlling thymocyte lineage commitment and TCR

specification through both LCK and STAT5 dephosphorylation
(Wiede et al., 2017a). Thus, PTPN2 downregulates T cell
activation and differentiation/development through two
independent mechanisms. However, the postulated effect of
PTPN2 on JAK/STAT signaling has been challenged by the
finding that a PTPN2 risk allele (rs1893217) correlated with
reduced PTPN2 expression and reduced (rather than increased,
as might be expected) phosphorylated STAT5 in response to IL-2
and IL-15 (Long et al., 2011), highlighting its probable complex
action in multiple cell lineages.

It is important to note that, like PTPN22, the action of PTPN2
is not confined to the T cell compartment. This is demonstrated
by the differences in disease phenotypes between mice that
are completely deficient in PTPN2 and those with conditional
deletion in T cells alone. In the former, autoimmune disease is
more severe and occurs at a much earlier stage of life (You-
Ten et al., 1997; Heinonen et al., 2004; Wiede et al., 2017b),
confirming that PTPN2 plays an essential role in other cell types
of both the innate and adaptive immune system to prevent
autoimmunity. Moreover, PTPN2 is also expressed in tissues
out with the hematopoietic system, and it is likely that its role
in autoimmune disease is mediated through these as well. For
example, PTPN2 is also expressed in intestinal epithelial cells,
where it modulates cytokine secretion in response to TNFα and
regulates epithelial permeability (Scharl et al., 2009, 2011).

Polymorphisms in the PTPN22 gene are also associated
with IBD, although the different SNPs differ in their effect.
Interestingly, the classical C1858T SNP does not have any effect
on risk of UC (Martín et al., 2005), while the rarer SNPs G788A
and C-1123G do: the former reduces the risk of UC (Bae and
Lee, 2018), while in Chinese populations the latter increases UC
disease severity (Chen et al., 2013). Conversely, PTPN22 C1858T
reduces the risk of CD, while G788A has no effect on CD risk
(Diaz-Gallo et al., 2011; Bae and Lee, 2018).

Type 1 Diabetes Mellitus
Diabetes mellitus is a metabolic disorder characterized by absence
of pancreatic insulin secretion (type 1) or lack of peripheral
response to insulin (type 2), leading to elevated blood glucose
levels and, if untreated, macro- and microvascular complications
such as ischemic heart disease, stroke, peripheral neuropathy,
nephropathy, and retinopathy. Type 1 diabetes (T1DM) is an
autoimmune disease caused by antibody-mediated destruction of
insulin producing beta cells in pancreatic islets of Langerhans
that usually manifests during childhood or adolescence and
persists lifelong.

Increased risk of T1DM has been linked to SNPs in both
of the phosphatases already discussed, PTPN22 (Bottini et al.,
2004) and PTPN2 (Burton et al., 2007; Cooper et al., 2008;
Espino-Paisan et al., 2011). In children with risk-associated HLA
genotypes, carriage of the PTPN22 R620W SNP is associated with
earlier onset of clinical T1DM, reflected in earlier appearance
of islet auto-antibodies, as well as a higher likelihood of
developing additional diabetes-associated auto-antibodies such
as glutamic acid decarboxylase autoantibodies and islet antigen-
2 autoantibodies (Hermann et al., 2006). Similarly, PTPN2
polymorphisms are associated with earlier onset of disease
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(Espino-Paisan et al., 2011). This is backed up by mouse
models, in which adoptive transfer of PTPN2-deficient CD8
T cells resulted in beta cell destruction and development of
autoimmune diabetes, and this was exacerbated by co-transfer
of PTPN2-deficient CD4 T cells (Wiede et al., 2014). Recently,
novel mutations in coding regions of PTPN2 were identified as
susceptibility factors for development of childhood-onset T1DM
in a Japanese population (Okuno et al., 2018), but these findings
are yet to be replicated more widely.

Again, it is noteworthy that expression of PTPN22 and PTPN2
is not confined to T cells: PTPN22 expression is restricted to all
hematopoietic cells, while PTPN2 is expressed more ubiquitously.
Thus, the effects of their relevant SNPs on predisposition to
autoimmune diseases are not mediated solely through T cells.
For example, PTPN2 regulates cytokine-induced pancreatic β cell
apoptosis (Moore et al., 2009), β cell insulin secretion (Xi et al.,
2015), and insulin receptor signaling in muscle and liver (Galic
et al., 2003), all of which contribute to T1DM pathogenesis. To
attempt to determine the effect of PTPN2 deficiency in T cells
specifically, Wiede et al. recently utilized a NOD mouse model
(in which autoimmune diabetes occurs spontaneously) in which
PTPN2 was lacking only in T cells. Their results demonstrated
that T cell specific deficiency of PTPN2 led to increased incidence
and earlier onset of autoimmune diabetes (Wiede et al., 2019).
This was associated with pancreatic islet infiltration by CD8
and Th1 cells, as well as expansion of Tfh and B cells in the
spleens, inguinal lymph nodes, and pancreatic draining lymph
nodes, reinforcing the role for auto-antibodies in the disease
pathogenesis (Wiede et al., 2019).

Mutations in the PTPN11 gene (encoding SHP-2) are also
associated with increased risk of T1DM (Burton et al., 2007),
while an ACP-1 (encoding LMPTP) polymorphism reduces
risk. The latter association is subtler and appears to influence
Th1/Th2 orientation depending on gender. The presence of the
ACP1∗A allele, which leads to low LMPTP activity, increases
female susceptibility to allergic disorders (Th2-mediated), while
reducing female susceptibility to T1DM and Crohn’s (Th1-
mediated) compared to males (Gloria-Bottini et al., 2007).
However, the mechanism behind this may lie outside of T cells: in
diabetes, at least, LMPTP appears to be a key promoter of insulin
resistance through its dephosphorylation of the insulin receptor
in the liver (Stanford et al., 2017).

Multiple Sclerosis
Multiple sclerosis (MS) is a chronic inflammatory disease of the
central nervous system (CNS) caused by autoimmune neuronal
demyelination leading to signal conduction block or slowing. The
symptoms can be variable due to the potential for the disease
to affect any part of the CNS; patients may experience some
recovery between episodes (relapsing-remitting MS, the most
common form) or there may be no remission phase (primary and
secondary progressive MS). In the majority of cases, the disease is
progressive, with accumulation of neurological deficits over time,
and it is one of the leading causes of disability in the developed
world. In contrast to the previously discussed antibody-mediated
autoimmune diseases, MS is classically driven by CNS-infiltrating
T lymphocytes causing destruction of the myelin sheath and the

oligodendrocytes that produce it, in response to myelin antigens.
Correspondingly, the T cell tyrosine phosphatases implicated in
this disease are distinct from those discussed in the previous
sections. Indeed, PTPN22C1858T shows no correlation with MS
risk. The notion of MS being a purely T cell driven disease
has been challenged somewhat recently by the success of anti-
CD20 monoclonal antibody treatments for MS (Bar-Or et al.,
2008; Hauser et al., 2009, 2017), revealing an important role for
B cells in the pathogenesis. However, it is thought that these
pathogenic B cells play more of a role in antigen presentation
and T cell activation rather than antibody production (Jelcic
et al., 2018), and the autoreactive T cell remains the central
player in MS.

Mutations in the PTPRC gene, encoding CD45, are associated
with MS. Different highly conserved isoforms of CD45 may
be expressed due to alternative splicing of exons 4, 5 and 6,
giving rise to CD45RA, RB, and RC, respectively (Trowbridge
and Thomas, 1994; Pulido et al., 1988). Different isoforms are
expressed at distinct stages of T cell development (for example
CD45RB on naïve cells; CD45RO on activated and memory cells)
(Clement, 1992), and they differ in their ability to modulate
TCR signaling. This has been suggested to be related to their
relative size, which influences their ability to form homodimers
(Xu and Weiss, 2002), as well as the speed and efficiency with
which CD45 may be excluded from the TCR-pMHC complex in
the immunological synapse to reduce local phosphatase activity,
enhancing phosphorylation and TCR signaling (Leupin et al.,
2000; Davis and van der Merwe, 2006; Cordoba et al., 2013;
Carbone et al., 2017). A C77G point mutation, which prevents
silencing of exon 4 splicing, leading to overexpression of the
CD45RA isoform in T cells (Thude et al., 1995; Lynch and
Weiss, 2001), has been described at greater frequency in patients
with MS compared to healthy controls (Jacobsen et al., 2000).
The alteration in isoform expression has been suggested to lead
to reduced dimerization and autoinhibition of CD45, thereby
enhancing CD45 phosphatase activity. T cells from heterozygous
healthy human donors and patients with MS demonstrated
increased proliferation and IL-2 production in response to TCR
ligation (Do et al., 2006). A similarly enhanced proliferation was
seen in response to stimulation with IL-2 (Windhagen et al.,
2007). In addition, Tregs from C77G carriers showed impaired
responsiveness to TCR/CD28 stimulation and reduced ability
to suppress conventional CD4 T cells (Pokoyski et al., 2015).
However, the association between the C77G SNP and MS has
only been corroborated by some subsequent studies (Ballerini
et al., 2002) but not others (Barcellos et al., 2001; Gomez-Lira
et al., 2003; Nicholas et al., 2003; Cocco et al., 2004; Szvetko
et al., 2009), although this disparity may be because of the
case-control design of most primary studies and low allelic
frequency in most populations (Tchilian and Beverley, 2006). It
has furthermore been argued that any potential role played by
CD45 in MS may actually relate to its function in oligodendrocyte
development and myelination in the CNS (Nakahara et al., 2005).
A further human CD45 polymorphism, C59A, alters alternative
splicing, leading to expression of CD45RA on memory T cells
and monocytes, and has been linked to MS in one MS multiplex
family (Jacobsen et al., 2002).
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In mice, a single point mutation in the CD45 wedge motif,
glutamate 613 to arginine (E613R), prevents the formation
of CD45 dimers, and negative regulation of CD45 is lost,
leading to development of lymphoproliferative disease and
severe autoimmune lupus-like nephritis (Majeti et al., 2000).
Thymocytes from these mice exhibit enhanced TCR-induced
MAPK activation and calcium flux, undergo positive selection
more readily, and have higher numbers of peripheral T cells.
These mice are more sensitive to experimental autoimmune
encephalomyelitis (EAE) (Hermiston et al., 2009), a Th1 cell
driven inflammatory demyelinating disorder of the central
nervous system (CNS) frequently used as a mouse model of MS.

Alterations in SHP-1 signaling are also associated with MS,
as well as other autoimmune diseases. So-called “motheaten”
mice have a recessive Ptpn6 frameshift mutation that leads to an
absence of SHP-1 protein (Green and Shultz, 1975; Shultz et al.,
1993; Tsui et al., 1993), and exhibit severe skin inflammation,
as well as interstitial pneumonitis and a range of hematological
abnormalities, including hyperproliferative T cells (Minton,
2013). PBMCs from patients with MS have reduced levels of SHP-
1 mRNA and protein (Christophi et al., 2008), due to increased
DNA methylation of the SHP-1 promoter (Kumagai et al., 2012).
This acquired deficiency of SHP-1 is thought to lead to T cell
induced inflammation through a reduction in dephosphorylation
of targets such as STAT1, STAT6, NFκB and consequent increase
in STAT-responsive inflammatory genes (Feng et al., 2002;
Christophi et al., 2009). Furthermore, treatment of PBMCs from
MS patients with IFNβ (a current treatment for MS) induces
SHP-1 activity with corresponding reduced inflammatory gene
expression, and the therapeutic effect of IFNβ is also dependent
on SHP-1 (Christophi et al., 2009). This is backed up by EAE
mouse models, in which heterozygous deletion of SHP-1 led to
increased IFNγ production and increased expansion of MBP
(myelin basic protein, the predominant auto-antigen) specific
T cells in response to lower antigen concentrations, and these
mice developed a more severe EAE phenotype (Deng et al.,
2002). However, acquired deficiency of SHP-1 is not likely to
be a direct cause of MS, rather it confers susceptibility to auto-
inflammatory demyelination if other conditions are met, as has
been demonstrated in mice (Croker et al., 2008). In addition,
while T cells play a significant role in the pathogenesis of MS, the
effects of SHP-1 deficiency in other cells types such as myeloid
cells and oligodendrocytes is also expected to be important
(Gruber et al., 2015).

SHP-2 may also participate in T cell driven pathology in
MS, as treatment of mice with a SHP-2 inhibitor enabled
resistance to induction of EAE following inoculation with
myelin oligodendrocyte glycoprotein35-55 (MOG) protein, via
prevention of infiltration of CD8 T cells into the CNS (Luo et al.,
2014). These observations are yet to be borne out in human
studies, where the picture is likely to be more complicated.

Psoriasis
Auto-reactive T cells also play a central role in psoriasis, a chronic
relapsing inflammatory skin disease characterized by epidermal
hyperplasia and desquamation. Specifically, epidermal CD8 T
cells that respond to skin epitopes mediate the initiation phase

of the disease (Johnston et al., 2004; Lande et al., 2014; Arakawa
et al., 2015), and subsequent amplification of skin inflammation
is driven by a predominantly Th17 response (Lowes et al., 2013;
Girolomoni et al., 2017). The central importance of the Th17 axis
has been highlighted by recent success of anti-IL-17 monoclonal
antibodies in the treatment of psoriasis (Mease et al., 2014;
McInnes et al., 2015).

Aberrations in the same phosphatases as those linked to
MS are also associated with psoriasis. T cells from patients
with psoriasis are more sensitive to IFNα-induced stimulation,
leading to increased STAT signaling and pro-inflammatory IFNγ

production (Eriksen et al., 2005). This has been shown to be
mediated through reduced expression of SHP-1 in psoriatic T
cells, and was reversible by the forced expression of SHP-1
in T cells from the skin of psoriasis patients (Eriksen et al.,
2010). In contrast to MS, in psoriasis the reduction in SHP-
1 is due to demethylation of the promotor 2 of the gene
(Ruchusatsawat et al., 2006).

CD45 has been shown to be significantly overexpressed in the
bone marrow hematopoietic stem cells and PBMCs of patients
with psoriasis, compared to those from healthy controls (Zhang
et al., 2014). This higher level of CD45 expression correlated with
disease severity index (Zhang et al., 2014), suggesting that this
could be used as a biomarker for severity.

Interestingly, while the PTPN22 R620W polymorphism does
not associate with skin psoriasis, it does increase the risk of
psoriatic arthritis (Bowes et al., 2015), suggesting that the two
diseases have diverging pathogeneses, and PTPN22 may in some
way alter the balance or phenotype of CD8 and/or Th17 cells,
particularly when the known action of PTPN22 on CD4 T cell
differentiation is taken into consideration (Vang et al., 2013).

Other Autoimmune Diseases Associated
With T Cell PTPs
There are several other autoimmune diseases that have been
linked to PTP mutations or altered expression. PTPN22C1858T

is the predominant association, and has been linked to Grave’s
disease (Velaga et al., 2004; Heward et al., 2007), vitiligo (Cantón
et al., 2005), myasthenia gravis (MG) (Vandiedonck et al., 2006;
Chuang et al., 2009), Addison’s disease (Skinningsrud et al.,
2008), and alopecia areata (Lei et al., 2019). Grave’s disease
(autoimmune-mediated hyperthyroidism) is also associated with
polymorphisms in the PTPN2 gene (Todd et al., 2007).

The tyrosine phosphatases discussed here are those most
studied with respect to autoimmune disease, but the list is
not exhaustive. Although several human PTP SNPs have been
linked to autoimmunity through GWAS, there is still much
work to be done in order to deepen our understanding
of the immunopathogenic mechanisms. It is striking that
diseases that are strongly auto-antibody mediated, such as most
rheumatological diseases, are affected by alterations in PTPN22
and PTPN2, whereas T cell driven diseases such as MS and
psoriasis lean more heavily towards changes in other PTPs such
as CD45 and SHP-1. This may suggest that the different PTPs
influence different types of immune response, or be due to the
relative influence of each PTP on different populations of T cells,
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FIGURE 5 | Aims of adoptive cell transfer therapy for treatment of cancer. Adoptive cell transfer strategies aim to: (I) lower the T cell activation threshold to allow
response to tumor antigens; (II) overcome the suppressive environment generated by tumor cells and immunosuppressive cells such as Tregs; (III) reduce T cell
exhaustion and increasing polyfunctionality of T cells; (IV) enable long lasting responses that allow persistent tumor elimination. The beneficial role of targeting the
phosphatases PTPN2, PTPN22, SHP-1 and SHP-2 to improve adoptive cell transfer therapy is discussed in the text (Section “Tyrosine phosphatases as targets in
immunotherapy”).

for example increased Th1 and Tfh responses, compared with
enhanced CD8 and Th17 functions. Autoimmune diseases are
polygenic, and it is likely that an individual PTP mutation confers
only modest relative risk of developing disease; rather disease
occurs in the context of complex genetic and environmental
pre-disposing factors. Deciphering the relative contributions to
disease of individual PTPs and interrogating them as potential
therapeutic targets should be a focus for future work.

TYROSINE PHOSPHATASES AS
TARGETS IN IMMUNOTHERAPY

Immunotherapy is the use of the immune system to fight
cancer. There are different kinds of immunotherapy, for instance,
monoclonal antibodies that target inhibitory molecules like PD-
1 and CTLA-4 are called checkpoint inhibitors. Additionally,
tumor antigens can be used to target cancer cells. Adoptive T
cell therapy (ACT) is a novel modality of immunotherapy using
either tumor infiltrating lymphocytes (TILs) from the patient or
engineered T cells with a TCR or a chimeric antigen receptor
(CAR) that recognizes tumor antigens. Both options can induce
complete and durable regression of tumors (Johnson et al.,
2009; Rosenberg et al., 2011; Robbins et al., 2015). Despite the
successful treatment of a proportion of cancer patients with ACT,
the majority of patients do not yet benefit from the therapy,
especially when treating solid tumors. The challenges faced by
adoptively transferred T cells in eliminating tumors is illustrated
in Figure 5 and below we discuss studies that have targeted four
phosphatases, PTPN2, PTPN22, SHP-1 and SHP-2 as a strategy of
overcoming these hurdles and improving ACT in several cancer
models (Table 3).

Regulating T Cell Activation Thresholds
to Improve Adoptive Cell Transfer
Limitations of ACT using TILs or engineered T cells are
largely imposed by resistance mechanisms of cancer cells and
their evasion from immune surveillance. Tumor antigens can
be divided into tumor-specific antigens (TSAs) and tumor-
associated antigens (TAAs) (Magalhaes et al., 2019; Janelle et al.,
2020). TSAs refer to antigens and neoantigens that often newly
arise from acquired genetic variants. As these are antigens that the
adaptive immune system has not experienced previously, TSAs
usually elicit vigorous immune responses that are specific to the
cancer cells (Robbins et al., 2013; Lu et al., 2014) and are thought
to elicit fewer on-target off-tumor effects in the patient because
their expression is restricted to the tumor (Wang and Cao,
2020). TAAs on the other hand include embryonic/differentiation
antigens and overexpressed self-antigens. TAAs are widely used
as targets for immunotherapy because they often expressed across
several cancer types (Janelle et al., 2020). However, it is presumed
that overexpressed TAAs induce weaker T cell responses because
T cells expressing TCRs with strong affinity to self-antigens
would be eliminated by negative selection during development
in the thymus (Aleksic et al., 2012). Since TAAs are frequently
used as target antigens for ACT, enhancing the responses of T
cells that express low-affinity TCRs would potentially improve
immunotherapy of cancer (Figure 5). Targeting the T cell
activation threshold in a cell intrinsic manner could expand the
TCR repertoire available to ACT. PTPs that limit the threshold of
TCR activation in response to low-affinity antigens are interesting
potential targets in this regard.

PTPN22 is important for regulating TCR sensitivity to low-
affinity agonists, and murine PTPN22-deficient OT-1 CD8 T cells
were more permissive for the production of an effector response
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TABLE 3 | Functional outcomes of Tyr phosphatase deletion in T cells.

PTPase KO Mouse Functional Outcome References

PTPN2 pLck-Cre; PTPN2fl/fl
↑ effector/memory T cells Wiede et al., 2011

Mx1-Cre; PTPN2fl/fl Wiede et al., 2017b

pLck-Cre; PTPN2fl/fl OT-1 ↑ response to low affinity ligands Wiede et al., 2011

PTPN2 sgRNA/Cas9 OT-1 ↑ response B16-OVA LaFleur et al., 2019

Lck-Cre; PTPN2fl/fl HER2 CAR ↑ PD-1 and LAG-3 expression Wiede et al., 2020

CD4-Cre; PTPN2fl/fl
↑ Th1 and Th17, ↓ Treg Spalinger et al., 2015

PTPN22 PTPN22−/− Rag1−/− OT-1 ↑ effector/memory T cells Hasegawa et al., 2004; Brownlie et al., 2012

↑ response to low affinity ligands & tumors Salmond et al., 2014; Brownlie et al., 2017, 2019

↑ polyfunctionality Salmond et al., 2014

↑ resistance to suppressive cytokines and Tregs Brownlie et al., 2017

↑ proliferation Knipper et al., 2020

PTPN22 sgRNA/Cas9 ↑ response to tumors Cubas et al., 2020

PC3-Cre; PTPN2fl/fl OT-1 ↑ Treg suppression & IL-10 secretion Brownlie et al., 2012

PTPN22−/−
↑ Treg Maine et al., 2012; Knipper et al., 2020

SHP-1 Lck-Cre; SHP-1fl/fl
↑ CD8 T cells proliferation Fowler et al., 2010; Stromnes et al., 2012

↑ polyfunctionality Stromnes et al., 2012

↑ response to leukemia cells Stromnes et al., 2012

↑ resistance to Tregs Mercadante and Lorenz, 2017

↓ short-lived effector cell formation Fowler et al., 2010

shRNA KD OT-1 ↑ polyfunctionality Snook et al., 2020

SHP-1 sgRNA/Cas9 CD19 CAR ↑ polyfunctionality Ruella et al., 2020

↑ response to tumors Ruella et al., 2020

Motheaten mutant ↑ IL-2 production in CD4 T cells, ↓ requirement
for CD28 co-stimulation

Sathish et al., 2001b

↑ Treg suppression Iype et al., 2010

SHP-2 SHP-2 sgRNA/Cas9 CD19 CAR ↑ degranulation & IL-2 production Ruella et al., 2020

CD4-Cre; SHP-2fl/fl
↓ colitis-associated colorectal cancers Liu et al., 2017

↑ Th1 differentiation & IFNγ production Liu et al., 2017

↑ response to colon cancers Zhao et al., 2019

to a self-antigen (Salmond et al., 2014). Moreover, weak agonists
stimulated substantially more PTPN22−/− OT-1 CD8 T cells
to produce IFNγ, TNFα, and GM-CSF (Salmond et al., 2014).
Similarly, knockout of PTPN2 in OT-1 CD8 T cells resulted in
enhanced cell proliferation and this effect was more pronounced
in cells that were stimulated with lower-affinity peptides (Wiede
et al., 2011). Studies have shown that deletion of PTPN22 or
PTPN2 in CD8 T cells improved tumor clearance in a number of
mouse tumor models (Brownlie et al., 2017, 2019; LaFleur et al.,
2019; Wiede et al., 2020). In particular, responses to weak affinity
tumor antigens were enhanced by knockout of PTPN22 which
suggests that this strategy might be beneficial in promoting T cell
responses to weaker TAAs (Brownlie et al., 2017, 2019).

Several studies have assessed the influence of SHP-1 on
modulating the ability of T cells expressing TCRs of different
affinities to control tumor cells. Hebeisen et al. found that the
effectiveness of TCR-engineered CD8 T cells to kill tumors was
limited by two different mechanisms (Hebeisen et al., 2013).
The first was characterized by preferential expression of the
PD-1 inhibitory receptor within T cells expressing the highest
supraphysiological affinity TCR, and T cells with this variant
TCR benefited most from PD-L1 blockade. The second was
associated with the progressive increase of SHP-1 expression in a
TCR affinity-dependent manner. In contrast to PD-L1 blockade,

inhibition of SHP-1 (and partially SHP-2) using the PTP inhibitor
sodium stibogluconate (SSG) resulted in increased degranulation
and cytotoxicity of engineered T cells for all TCR affinity variants.
These results suggest that SHP-1 may play a dual role and restrict
not only T cell signaling of lower affinity TCRs (Stefanova et al.,
2003), but also of higher and supraphysiological affinities. This
role seems to be independent of PD-1 signaling because only T
cells with the highest affinity TCR variant benefited from PD-L1
blockade. Together these results indicated that targeting SHP-1
in T cells with engineered TCRs can augment their functional
efficacy. However, another study demonstrated that although
SHP-1 knockdown functionally enhanced low-affinity T cells,
it showed limited therapeutic benefit for the treatment of B16
melanoma cells in vivo (Snook et al., 2020). A partial CRISPR-
mediated knockout of SHP-1 in the SUP-T1 cell line resulted
in increased phosphorylation of CD3 chains and of ERK1/2 in
all NY-ESO1-TCR affinity variants used, with the exception of
the lowest affinity variant (Presotto et al., 2017). TCR variants
considered to have an optimal affinity for pMHC showed the
greatest increase in pERK1/2 in SHP-1 knockout cells.

There appears to be an optimal window for TCR affinities and
increasing TCR-pMHC affinities and binding half-lives above a
natural level can lead to less functional T cells (Kalergis et al.,
2001; McMahan et al., 2006; Thomas et al., 2011). It seems that
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maximal biological activity occurs between a well-defined affinity
window with KD ranging from 5 to 1µM (Schmid et al., 2010;
Irving et al., 2012), but this could differ between various TCRs.
SHP-1 seems to restrict not only signaling of lower-affinity TCRs,
but also of high-affinity TCRs (Hebeisen et al., 2013). Thus,
deletion of SHP-1 in human T cells would need to be tested for
each TCR and whether functional enhancement occurred would
need to be monitored. Furthermore, SHP-1 deficient CD4 T cells
produced more IL-2 and in these cells loss of SHP-1 obviated
the requirement for CD28 co-stimulation (Sathish et al., 2001b).
Engagement of co-stimulatory receptors such as CD28, LFA-1
and CD2 can significantly lower the threshold of responsiveness
of the TCR (Viola and Lanzavecchia, 1996; Bachmann et al.,
1997, 1999). Targeting SHP-1 in T cells using shRNAs or CRISPR
might be a promising strategy to improve adoptive T cell transfer.
Indeed, deletion of SHP-1 using shRNAs T cells demonstrated
enhanced cytotoxicity in vitro (Stromnes et al., 2012).

Although several studies have shown that the phosphatases
SHP-1 and SHP-2 have overlapping substrate specificities, other
studies have indicated that they preferentially co-localize with the
TCR and PD-1, respectively (Yokosuka et al., 2012; Presotto et al.,
2017). Upon PD-1-ligand interaction, PD-1 and the TCR form
microclusters which downregulate TCR downstream signaling by
recruiting SHP-2 (Yokosuka et al., 2012). PD-1/PD-L1 and TCR
complexes co-localize at the membrane and together exclude
CD45 (Carbone et al., 2017). This might shift the balance in
favor of PD-1 signaling and attenuate TCR signaling. It was
suggested that PD-1 might increase the threshold that needs
to be overcome by TCR stimulation to initiate signals (Celis-
Gutierrez et al., 2019). Thus, SHP-2 deficiency might also result
in enhancement of TCR activity by lowering the activation
threshold. However, CRISPR-mediated knockout of SHP-2 in
SUP-T1 cells did rather decrease ERK1/2 phosphorylation using
TCRs with increasing affinities and had no impact on proximal
TCR/CD3 signal initiation (Presotto et al., 2017). In summary,
although knockout of some PTPs to lower the threshold for T cell
activation by tumor antigens might be a viable way to improve T
cell-mediated responses to cancer cells, there remain questions
about whether such a strategy would be suitable for TCRs of
all affinities or whether it would benefit only a subset of tumor
specific T cells.

Targeting Phosphatases to Mitigate
T Cell Exhaustion
T cell-mediated tumor responses are complex and very high-
affinity CD8 T cell responses to tumor cells can lead to
tolerization in the tumor microenvironment (Janicki et al., 2008;
Zahm et al., 2017). Indeed, continual or prolonged exposure to
the tumor antigen can induce functional exhaustion of the T cells
(Schietinger et al., 2016) and tumor-infiltrating TCR-engineered
T cells can progressively lose the ability to produce IFNγ and
TNFα (Stromnes et al., 2015). Exhausted T cell responses have
been reported in tumor settings as well as during chronic viral
infections. Upregulation of inhibitory molecules (PD-1, CTLA-4,
Tim-3, LAG-3, etc.) or functional dysregulation such as decreased
cytotoxicity and reduced polyfunctional cytokine expression are

characteristics of exhausted T cells. Polyfunctionality describes
the ability of T cells to express two or more cytokines
simultaneously and polyfunctional T cells are thought to be more
efficient in fighting cancer cells (Ma et al., 2013). Thus, if PTPs
could be targeted in order to make T cell less prone to exhaustion
and more polyfunctional, it may improve T cell function in the
tumor after ACT (Figure 5).

The influence of PTPN22 in T cell exhaustion has been
studied most extensively in the context of chronic viral infections.
Infection of PTPN22−/− and control mice with lymphocytic
choriomeningitis virus (LCMV) clone 13 resulted in chronic
infection of the host and PTPN22−/− mice controlled the viral
infection more efficiently than control mice (Jofra et al., 2017).
In this context, the presence of PTPN22 was able to promote
CD8 T cell exhaustion; however, this was a consequence of
T cell-extrinsic effects, namely, loss of PTPN22 from other
hematopoietic cells. Another study found that in PTPN22−/−

mice after chronic LCMV infection, PTPN22−/− CD8 T cells
were less exhausted and more polyfunctional (Maine et al., 2016).
This was dependent on CD4 T cell help because depletion of CD4
T cells in PTPN22−/− mice led to exhaustion of CD8 T cells.
Interestingly, the increased prolration and inflammatory cytokine
expression of PTPN22−/− CD4 T cells were also regulated by
T cell-extrinsic effects. Other recent work has also suggested that
loss of PTPN22 might be beneficial for anti-tumor responses,
since PTPN22−/− mice showed increased tumor rejections in
combination with anti-PD-L1 immunotherapy (Cubas et al.,
2020). This effect was dependent on T cells and IFNα signaling,
although the precise mechanism remains to be determined. In
the same study, the frequency of the PTPN22 R620W SNP
was determined in a cohort of patients with non-melanoma
skin cancer and compared with healthy controls. Interestingly,
the frequency of R620W was reduced in patients, suggesting a
protective effect of this SNP, and homozygous patients showed
improved overall survival after anti-PD-L1 therapy. The effect
of the R620W SNP, however, might be cancer origin related, as
another study showed that the frequency of R620W carriers was
significantly increased in chronic lymphocytic leukemia (CLL)
cases compared to healthy controls (Hebbring et al., 2013).
Additionally, PTPN22 was overexpressed in CLL patients and
PTPN22 overexpression inhibited antigen-induced apoptosis of
CLL cells (Negro et al., 2012). Thus, the outcome of checkpoint
inhibition therapy may depend on the PTPN22 allele expressed
and the particular cancer under study.

In a comparable study, adoptive transfer of PTPN2−/− or
wildtype CD8 T cells into mice chronically infected with LCMV
showed that the PTPN2−/− CD8 T cells proliferated more and
expressed higher percentages of granzyme B+ cells (LaFleur et al.,
2019). Interestingly, TIM-3+ cell frequencies were also enhanced
in the PTPN2−/− CD8 T cell population. Killing assays using
TIM-3+ PTPN2−/− or control CD8 T cells isolated from LCMV
infected mice, showed increased killing of target cells by the TIM-
3+ PTPN2−/− T cells. Consistent with this, PTPN2 deficient
OT-1 CD8 T cells were superior in controlling the growth of
B16-OVA melanoma cells and these T cells expressed higher
frequencies of granzyme B+ cells. Similar results were obtained
for MC38 colon adenocarcinoma cells. Another study found

Frontiers in Cell and Developmental Biology | www.frontiersin.org 18 December 2020 | Volume 8 | Article 608747

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-608747 December 3, 2020 Time: 17:48 # 19

Castro-Sanchez et al. T-Cell Regulation by Tyrosine Phosphatases

that PTPN2 deficient T cells were more efficient in restraining
AT3-OVA mammary carcinoma cells, but the PTPN2−/− OT-1
CD8 T cells expressed lower frequencies of PD-1+ or LAG-
3+ cells (Wiede et al., 2020). Strikingly, PTPN2 deletion also
enhanced cytotoxicity and cytokine production of Her2-specific
CAR T cells. These PTPN2−/− CAR T cells expressed more
PD-1 and LAG-3 than control T cells, so would potentially be
more susceptible to checkpoint inhibition. Thus, the question
remains whether human PTPN2-deficient T cells expressing a
tumor-specific CAR or TCR would similarly express increased
exhaustion markers. It is possible that the higher affinity of the
CAR compared to the TCR favors the generation of exhausted
T cells, but this remains to be proven. Nevertheless, PTPN2 could
be an interesting target for improving T cells for ACT.

CRISPR-mediated knockout of SHP-1 and SHP-2 has also
been studied in CD19-specific human CAR (CAR19) T cells and
resulted in higher degranulation and higher expression of IL-2
(Ruella et al., 2020). SHP-1 deficient CAR19 T cells also secreted
more IFNγ, TNFα, and IL-2 and these T cells were more efficient
in killing tumor cells in vitro and in vivo. From these results the
authors concluded that SHP-1 and SHP-2 deficiency reduced T
cell exhaustion.

In summary, targeting of several PTPs in T cells has been
shown to improve T cell polyfunctionality and decrease the
exhaustion of those T cells upon chronic antigen encounter. Such
studies indicate that this approach might be a promising strategy
either alone or in combination with checkpoint inhibitors, to
improve T cell efficacy in protecting against cancers.

Overcoming the Suppressive Tumor
Microenvironment by Targeting
Phosphatases
A major challenge in therapy of solid tumors is the suppressive
microenvironment that can dampen T cell responses
(Wellenstein and de Visser, 2018). This microenvironment
can recruit suppressive regulatory T cells (Tregs) and myeloid-
derived suppressor cells or produce suppressive cytokines, such
as TGFβ and IL-10, that can inhibit T cell function (Figure 5).
Additionally, the metabolism of cancer cells can limit oxygen and
nutrients such as glucose, and can accumulate waste products
such as lactate that inhibit T cells directly (Anderson et al., 2017).
Cancer cells often express ligands for inhibitory receptors on
T cells. For instance, expression of the PD-1 ligand, PD-L1, in
several different solid tumors was associated with worse survival
of cancer patients (Wang X. et al., 2016). The hostile tumor
microenvironment can lead to dysfunction or exhaustion of T
cells in the tumor, or can prohibit T cell infiltration into the
tumor. PTPs that are involved in the regulation of sensitivity
to suppressive factors in the microenvironment would be
attractive targets to improve ACT. Remarkably, OT-1 T cells that
lack PTPN22 were found to be more resistant to both TGFβ-
mediated suppression and suppression by PTPN22-sufficient
Treg cells (Brownlie et al., 2017). It was suggested that increased
IL-2 production by murine PTPN22 deficient T cells helped
them overcome the suppressive effects of TGFβ in the tumor

microenvironment. This led to a better response of CD8 T cells
to tumors and a more efficient elimination of tumor cells.

CD4 T cells can be beneficial for cancer therapy as they can
enhance CD8 T cell-mediated elimination of cancer cells (Li
et al., 2016). Interestingly, deletion of PTPN2 in CD4 T cells led
to increased frequencies of Th1 and Th17 cells and the loss of
Treg cells. When re-stimulated in vitro, PTPN2−/− CD4 T cells
expressed more IFNγ and IL-17 (Spalinger et al., 2015). Given
that pro-inflammatory responses are thought to be helpful in
the suppressive tumor environment, deletion of PTPN2 in CD4
T cells could enhance CD8 T cell-mediated tumor elimination
and might also inhibit the development of Tregs. Further studies
are needed to analyze the benefits of PTPN2 loss in different
T cell subpopulations.

In light of the above findings, one might consider the use
of small molecule inhibitors that target phosphatases such as
PTPN22 and PTPN2 as a viable therapeutic option to improve
ACT. A recent study has shown that tumor clearance was
improved in PTPN22−/− mice when combined with anti-PD1
therapy, in support of this strategy (Cubas et al., 2020). However,
such an approach requires caution as PTPN22 is expressed
in all hematopoietic cells and was found to be important for
conventional dendritic cell homeostasis (Purvis et al., 2020). In
mice PTPN22 deficiency led to increased frequencies of Tregs in
the thymus and the periphery (Maine et al., 2012; Knipper et al.,
2020). Moreover, PTPN22−/− Tregs were more suppressive and
secreted more IL-10 than their wildtype counterparts (Brownlie
et al., 2012) which might promote a more suppressive tumor
environment. PTPN2 is also expressed ubiquitously and plays
multiple roles in different cells (Mosinger et al., 1992; Spalinger
et al., 2018) so that the use of small inhibitors targeting PTPN2 in
cancer might present the risk of causing additional side-effects.
In addition, PTPN2 is 72% identical to another Tyr phosphatase,
PTP1B, within the catalytic domain (Romsicki et al., 2003), which
might pose problems for the development of inhibitors specific
for PTPN2.

Small molecule inhibitors that target the action of the
phosphatases SHP-1 and/or SHP-2 are currently undergoing
extensive clinical trials for efficacy in cancer treatment (Table 4).
Interestingly, the absence of SHP-1 in CD8+ T cells allowed
them to resist suppression by Treg activity in a T cell-intrinsic
manner, which may be crucial to survival of those cells once they
enter the tumor microenvironment (Mercadante and Lorenz,
2017). However, inhibition of SHP-1 in Tregs led to increased
suppressive function and TCR-antigen presenting cell (APC)
conjugate formation (Iype et al., 2010). This is an important
aspect when using small molecule inhibitors because they could
also act on Tregs, thereby enhancing suppression in the tumor
microenvironment. A preclinical study with the SHP-1 inhibitor
TPI-1 showed anti-tumor effects in established B16 melanomas
(Kundu et al., 2010). However, several phase I studies with the
PTP inhibitor SSG in combination with IFNα showed no clinical
response (Naing et al., 2011; Yi et al., 2011). Being phase I studies,
anti-tumor effects were measured, but were not the primary
focus. Moreover, SSG is not specific for SHP-1 but also inhibits
SHP-2 (Pathak and Yi, 2001). Off-target effects might be one
explanation for the lack of clinical efficacy. Another explanation
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TABLE 4 | Clinical trials of SHP-1 and SHP-2 phosphatase inhibitors.

Trial number Compound Target(s) Disease Status References

NCT00629200 Sodium stibogluconate SHP-1 and SHP-2 Various solid tumors Phase I completed, no objective
response, adverse events in up to
68% of patients

Naing et al., 2011

NCT00498979 Sodium stibogluconate SHP-1 and SHP-2 Malignant melanoma Phase I completed, no objective
response, dose-limiting toxicities

Yi et al., 2011

NCT03443622 SC-43 SHP-1 Refractory solid tumors Phase I completed

NCT00311558 Sodium stibogluconate SHP-1 and SHP-2 Phase I completed Yi et al., 2011

NCT03114319 TNO155 SHP-2 Advanced solid tumors Phase I recruiting

NCT04000529 TNO155 SHP-2 Advanced solid tumors Phase I recruiting

NCT04330664 TNO155 SHP-2 KRAS G12C mutation cancers Phase I recruiting

NCT03565003 JAB-3068 SHP-2 Advanced solid tumors Phase I/IIa recruiting

NCT03518554 JAB-3068 SHP-2 Advanced solid tumors Phase I recruiting

NCT04045496 JAB-3312 SHP-2 Advanced solid tumors Phase I recruiting

NCT03634982 RMC-4630 SHP-2 Relapsed/Refractory solid tumors Phase I recruiting

NCT03989115 RMC-4630 SHP-2 Relapsed/Refractory solid tumors Phase I recruiting

NCT04252339 RLY-1971 SHP-2 Advanced or metastatic solid tumors Phase I recruiting

could be that SHP-1 expression is altered in many malignancies,
and small molecule inhibitors might influence not only SHP-
1 activity in hematopoietic cells but also in the tumor cells
themselves. A better approach may be to specifically target SHP-1
in CD8 T cells. Indeed, it was shown that SHP-1−/− CD8 T cells
proliferated better and had improved cytolytic activity in vitro,
and ultimately showed improved clearance of leukemia cells in a
preclinical adoptive T cell therapy mouse model (Stromnes et al.,
2012). In this study, a higher percentage of SHP-1−/− CD8 T cells
secreted IFNγ and TNFα, which might be one of the mechanisms
by which SHP-1−/− CD8 T cells were able to eliminate tumor
cells more efficiently. SHP-1-deficient CD8 T cells produced more
IL-2 and formed more stable and long-lasting conjugates with
APCs (Sathish et al., 2007). However, another study could not
confirm better B16 melanoma elimination by SHP-1-deficient
OT-1 CD8 T cells (Snook et al., 2020). These discrepancies may
be a reflection of different sensitivity to elimination by ACT
in the different tumor models used in these studies. However,
the latter study found that combination of transfer of SHP-
1−/− T cells and anti-PD-1 treatment improved control of
tumor growth indicating that therapies that combine inhibitory
molecules blockade and ACT with T cells lacking PTPs could be
a beneficial strategy for cancer treatment. This approach would
need further testing in preclinical studies.

SHP-2 deficiency in CD4 T cells was found to augment colitis
and reduced the incidence of colitis-associated colorectal cancers
(Liu et al., 2017). SHP-2 deficiency also resulted in increased
Th1 differentiation and IFNγ production. A recent study using
the allosteric SHP-2 inhibitor SHP099 showed reduced tumor
growth in an anti-PD-1-resistant non-small cell lung cancer
mouse model (Chen et al., 2020). They found a higher percentage
of CD8 T cells in tumors treated with the inhibitor. In a
xenograft melanoma tumor model, tumor growth was inhibited
by the SHP-2 inhibitor 11a-1 (Zhang et al., 2016). Moreover,
tumor growth of colon cancer cells was reduced after treatment
with different SHP-2 inhibitors (Zhao et al., 2019). CD8 tumor
infiltrating lymphocytes from mice treated with the SHP-2

inhibitor produced more IFNγ and granzyme B. When colon
cancer cells were injected into mice lacking SHP-2 in T cells,
the resulting tumors were significantly smaller in the knockout
mice. There are several ongoing clinical trials using SHP-2
inhibitors for cancer treatment (Table 4) but no efficacy data
are yet available. However, SHP-2 is expressed in macrophages
and SHP-2 inhibitors can negatively regulate suppressive M2-
type tumor-associated macrophages (Chen et al., 2020) which
could positively influence the outcomes for cancer treatment.
Interestingly, two recent mouse studies confirmed an advantage
in controlling tumor cell growth when using SHP-2 inhibitors in
combination with anti-PD-1/PD-L1 therapy (Zhao et al., 2019;
Chen et al., 2020). These results again indicate that combination
therapies targeting PTPs and inhibitory molecule blockade might
be an effective cancer treatment. In summary, using PTPs to
improve the function of T cells in the tumor microenvironment
or to make the cells less prone to tumor-intrinsic inhibitory
mechanisms could be a valuable tool to improve T cell-mediated
killing of tumor cells.

Other Challenges for Improving Adoptive
T Cell Therapy
Ex vivo manufacturing of T cells on a commercial scale remains a
challenge. Problems include the variability of the starting material
between patients and limited understanding of the parameters
that are necessary to produce high-quality T cells in sufficient
numbers for the transfer (Amini et al., 2020). There is some
evidence from animal models suggesting that multiple doses of
adoptively transferred T cells are superior to a single infusion,
and therefore, expanding as many cells as possible would be
an advantage. PTPs are involved in the regulation of T cell
proliferation after TCR stimulation. For instance, the presence
of murine PTPN2 attenuated T cell activation and proliferation
in vitro, indicating that deletion of PTPN2 in T cells could
lead to better proliferation and increased cell numbers which
would be advantageous. Additionally, PTPN22 deficient murine
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T cells that were adoptively transferred into immunodeficient
lymphopenic hosts showed more proliferation (Knipper et al.,
2020) and patients are frequently rendered lymphopenic before
ACT to improve engraftment of the transferred cells.

It is still out for debate which T cell subpopulation is more
efficient in eliminating tumor cells and additionally form long-
lasting memory responses after adoptive transfer into the cancer
patient. Some studies show that effector T cells are most efficient
in eliminating tumor cells initially, but fail to persist in vivo
or form memory responses (Warren et al., 2010). This might
be due to their terminal differentiation stage and consequently
rapid exhaustion as a result of the extensive in vitro expansion
protocol. A search for the T cell subpopulation with the highest
proliferative potential has led to the identification of the stem cell-
like memory T cell (TSCM) subpopulation (Gattinoni et al., 2009,
2011). These memory T cells have a phenotype similar to naïve
T cells, but they co-express memory markers, for instance CD95
and IL-2Rβ (Gattinoni et al., 2011). TSCM cells represent the least
differentiated memory subpopulation and undergo extensive
proliferation in response to the homeostatic cytokines IL-15 and
IL-7. In a humanized mouse model TSCM cells were more efficient
in eliminating mesothelioma tumor cells.

PTPN22−/−mice (Hasegawa et al., 2004; Brownlie et al., 2012)
and mice that lack PTPN2 in T cells (Wiede et al., 2011, 2017b)
show increased expansion of the effector and memory T cell
compartment. Conditional knockout of SHP-1 in CD8 T cells
resulted in greater expansion of the cells after stimulation with
low peptide concentrations (Fowler et al., 2010). Additionally,
SHP-1 deficiency limited the formation of short-lived effector
cells and did not influence the generation of long-lived memory
cells. In contrast, deficiency of the phosphatase SHP-2 in CD8
T cells did not affect the formation of memory T cells (Miah et al.,
2017). Therefore, targeting PTPs to increase the proportion of
memory T cells, and especially TSCM cells, in the T cell product
or after adoptive transfer could further improve ACT. In the
future, more detailed analysis of the memory populations and
the differentiation state of the cells is necessary to determine
the potential of targeting PTPs to improve in vitro generation of
T cells for adoptive T cell therapy.

CONCLUDING REMARKS

It is clear that phosphatases are essential for regulating T cell
responsiveness. However, with the exception of CD45, T cell
restricted loss of the other PTPs discussed here tended to have
rather subtle effects. Nevertheless, the experience of GWAS
studies that have linked mutations in multiple PTP genes
with increased susceptibility to a wide variety of autoimmune

diseases, point to the importance of PTPs in maintaining immune
cellular homeostasis. These genetic PTP variants may affect
the behavior of multiple hematopoietic (and possibly non-
hematopoietic) cell types, as most are widely expressed, which
undoubtedly contributes to autoimmunity. However, they also
have clear effects on T cell behavior and T cells are generally
considered to be key drivers of autoimmunity. Important features
of autoimmune T cell behavior are their resistance to cellular
exhaustion in the face of persistent antigen, their persistence
in hostile inflamed tissue sites, and their resistance to both
immunosuppressive cytokines, including TGFβ, and to the action
of Tregs. A wealth of experimental evidence now suggests
that these undesirable features of autoimmune T cells can be
reproduced in a cell intrinsic fashion by the selective removal
of any one of several PTPs. On the flip side, ACT experiments
with T cells lacking these PTPs have shown improved anti-tumor
activity in a variety of mouse models. Taking these lessons learned
from studying autoimmune T cells, therefore, has interesting
potential for the improvement of human T cell adoptive cell
therapy and we await confirmation that these lessons will indeed
be beneficial in a clinical setting.

AUTHOR CONTRIBUTIONS

PC-S, ART, and SP performed the bibliographical searches and
wrote the manuscript. RZ conceived the review, supervised
the writing, and revised the manuscript. All authors read and
approved the final version of the manuscript.

FUNDING

ART was funded by the ECAT-Plus award under the Wellcome
Trust Ph.D. Programme for Clinicians (Grant Reference
203913/Z/16/Z). PC-S and SP are funded by the Wellcome Trust
Investigator Award WT205014/Z/16/Z and CRUK project grant
C25969/A23235 awarded to RZ.

ACKNOWLEDGMENTS

The authors thank all their colleagues for helpful discussion,
particularly current and former members of the Zamoyska lab.
A special thanks to Doreen Cantrell’s lab for providing publicly
available proteomic data that could be plotted and discussed in
this review and was obtained with the support of WT Strategic
Award “Multidimensional Proteomic Analysis of Metabolic
Stress & Cellular Phenotypes”; Grant No: 105024/Z/14/Z.

REFERENCES
Aarnisalo, J., Treszl, A., Svec, P., Marttila, J., Öling, V., Simell, O., et al. (2008).

Reduced CD4+T cell activation in children with type 1 diabetes carrying the
PTPN22/Lyp 620Trp variant. J. Autoimmun. 31, 13–21. doi: 10.1016/j.jaut.
2008.01.001

Aleksic, M., Liddy, N., Molloy, P. E., Pumphrey, N., Vuidepot, A., Chang, K. M.,
et al. (2012). Different affinity windows for virus and cancer-specific T-cell
receptors: implications for therapeutic strategies. Eur. J. Immunol. 42, 3174–
3179. doi: 10.1002/eji.201242606

Alonso, A., and Pulido, R. (2016). The extended human PTPome: a growing
tyrosine phosphatase family. FEBS J. 283, 2197–2201. doi: 10.1111/febs.13748

Frontiers in Cell and Developmental Biology | www.frontiersin.org 21 December 2020 | Volume 8 | Article 608747

https://doi.org/10.1016/j.jaut.2008.01.001
https://doi.org/10.1016/j.jaut.2008.01.001
https://doi.org/10.1002/eji.201242606
https://doi.org/10.1111/febs.13748
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-608747 December 3, 2020 Time: 17:48 # 22

Castro-Sanchez et al. T-Cell Regulation by Tyrosine Phosphatases

Alonso, A., Sasin, J., Bottini, N., Friedberg, I., Friedberg, I., Osterman, A., et al.
(2004). Protein tyrosine phosphatases in the human genome. Cell 117, 699–711.
doi: 10.1016/j.cell.2004.05.018

Amini, A., Wiegmann, V., Patel, H., Veraitch, F., and Baganz, F. (2020).
Bioprocess considerations for T-cell therapy: investigating the impact of
agitation, dissolved oxygen, and pH on T-cell expansion and differentiation.
Biotechnol. Bioeng. doi: 10.1002/bit.27468 [Epub ahead of print].

Anderson, C. A., Boucher, G., Lees, C. W., Franke, A., D’Amato, M., Taylor, K. D.,
et al. (2011). Meta-analysis identifies 29 additional ulcerative colitis risk loci,
increasing the number of confirmed associations to 47. Nat. Genet. 43, 246–252.
doi: 10.1038/ng.764

Anderson, K. G., Stromnes, I. M., and Greenberg, P. D. (2017). Obstacles Posed by
the Tumor Microenvironment to T cell activity: a case for synergistic therapies.
Cancer Cell. 31, 311–325. doi: 10.1016/j.ccell.2017.02.008

Arakawa, A., Siewert, K., Stöhr, J., Besgen, P., Kim, S. M., Rühl, G., et al. (2015).
Melanocyte antigen triggers autoimmunity in human psoriasis. J. Exp. Med.
212, 2203–2212. doi: 10.1084/jem.20151093

Ates, A., Karaaslan, Y., Karatayli, E., Ertugrul, E., Aksaray, S., Turkyilmaz, A.,
et al. (2011). Association of the PTPN22 gene polymorphism with autoantibody
positivity in Turkish rheumatoid arthritis patients. Tissue Antigens. 78, 56–59.
doi: 10.1111/j.1399-0039.2011.01675.x

Au-Yeung, B. B., Shah, N. H., Shen, L., and Weiss, A. (2018). ZAP-70 in signaling,
biology, and disease. Annu. Rev. Immunol. 36, 127–156. doi: 10.1146/annurev-
immunol-042617-053335

Azoulay-Alfaguter, I., Strazza, M., Peled, M., Novak, H. K., Muller, J., Dustin, M. L.,
et al. (2017). The tyrosine phosphatase SHP-1 promotes T cell adhesion by
activating the adaptor protein CrkII in the immunological synapse. Sci. Signal.
10:eaal2880. doi: 10.1126/scisignal.aal2880

Bachmann, M. F., Barner, M., and Kopf, M. (1999). CD2 sets quantita- tive
thresholds in T cell activation. J. Exp. Med. 190, 1383–1392. doi: 10.1084/jem.
190.10.1383

Bachmann, M. F., McKall-Faienza, K., Schmits, R., Bouchard, D., Beach, J., Speiser,
D. E., et al. (1997). Distinct roles for LFA-1 and CD28 during activation of naive
T cells: adhesion versus costimulation. Immunity 7, 549–557. doi: 10.1016/
S1074-7613(00)80376-3

Bae, S. C., and Lee, Y. H. (2018). Association between the functional PTPN22
G788A (R263Q) polymorphism and susceptibility to autoimmune diseases: a
meta-analysis. Cell. Mol. Biol. 64, 46–51. doi: 10.14715/cmb/2018.64.5.7

Ballerini, C., Rosati, E., Salvetti, M., Ristori, G., Cannoni, S., Biagioli, T., et al.
(2002). Protein tyrosine phosphatase receptor-type C exon 4 gene mutation
distribution in an Italian multiple sclerosis population. Neurosci. Lett. 328,
325–327. doi: 10.1016/S0304-3940(02)00565-7

Barcellos, L. F., Caillier, S., Dragone, L., Elder, M., Vittinghoff, E., Bucher, P., et al.
(2001). PTPRC (CD45) is not associated with the development of multiple
sclerosis in U.S. patients. Nat. Gene. 29, 23–24. doi: 10.1038/ng722

Bar-Or, A., Calabresi, P. A. J., Arnold, D., Markowitz, C., Kasper, L. H., Waubant,
E., et al. (2008). Rituximab in relapsing-remitting multiple sclerosis: a 72-week,
open-label, phase I trial. Ann. Neurol. 63, 395–400. doi: 10.1002/ana.21363

Bauler, T. J., Hendriks, W. J., and King, P. D. (2008). The FERM and PDZ
domain-containing protein tyrosine phosphatases, PTPN4 and PTPN3, are
both dispensable for T cell receptor signal transduction. PLoS One 3:e4014.
doi: 10.1371/journal.pone.0004014

Begovich, A. B., Carlton, V. E. H., Honigberg, L. A., Schrodi, S. J., Chokkalingam,
A. P., Alexander, H. C., et al. (2004). A missense single-nucleotide
polymorphism in a gene encoding a protein tyrosine phosphatase (PTPN22)
is associated with rheumatoid arthritis. Am. J. Hum. Genet. 75, 330–337. doi:
10.1086/422827

Bergman, M., Mustelin, T., Oetken, C., Partanen, J., Flint, N. A., Amrein, K. E.,
et al. (1992). The human p50csk tyrosine kinase phosphorylates p56lck at Tyr-
505 and down regulates its catalytic activity. EMBO J. 11, 2919–2924. doi:
10.1002/j.1460-2075.1992.tb05361.x

Bhattarai, N., McLinden, J. H., Xiang, J., Kaufman, T. M., and Stapleton, J. T.
(2015). Conserved Motifs within Hepatitis C Virus Envelope (E2) RNA and
protein independently inhibit T cell activation. PLoS Pathog. 11:e1005183. doi:
10.1371/journal.ppat.1005183

Bhattarai, N., McLinden, J. H., Xiang, J., Mathahs, M. M., Schmidt, W. N.,
Kaufman, T. M., et al. (2017). Hepatitis C virus infection inhibits a Src-kinase

regulatory phosphatase and reduces T cell activation in vivo. PLoS Pathog.
13:e1006232. doi: 10.1371/journal.ppat.1006232

Boechat, A. L., Ogusku, M. M., Sadahiro, A., and dos Santos, M. C.
(2013). Association between the PTPN22 1858C/T gene polymorphism and
tuberculosis resistance. Infect. Genet. Evol. 16, 310–313. doi: 10.1016/j.meegid.
2013.02.019

Boggon, T. J., and Eck, M. J. (2004). Structure and regulation of Src family kinases.
Oncogene 23, 7918–7927. doi: 10.1038/sj.onc.1208081

Bothur, E., Raifer, H., Haftmann, C., Stittrich, A. B., Brustle, A., Brenner, D., et al.
(2015). Antigen receptor-mediated depletion of FOXP3 in induced regulatory
T-lymphocytes via PTPN2 and FOXO1. Nat. Commun. 6:8576. doi: 10.1038/
ncomms9576

Bottini, N., Musumeci, L., Alonso, A., Rahmouni, S., Nika, K., Rostamkhani,
M., et al. (2004). A functional variant of lymphoid tyrosine phosphatase is
associated with type I diabetes. Nat. Genet. 36, 337–338. doi: 10.1038/ng1323

Bottini, N., and Peterson, E. J. (2014). Tyrosine phosphatase PTPN22:
multifunctional regulator of immune signaling, development, and disease.
Annu. Rev. Immunol. 32, 83–119. doi: 10.1146/annurev-immunol-032713-
120249

Bottini, N., Stefanini, L., Williams, S., Alonso, A., Jascur, T., Abraham, R. T.,
et al. (2002). Activation of ZAP-70 through specific dephosphorylation at the
inhibitory Tyr-292 by the low molecular weight phosphotyrosine phosphatase
(LMPTP). J. Biol. Chem. 277, 24220–24224. doi: 10.1074/jbc.M202885200

Bowes, J., Loehr, S., Budu-Aggrey, A., Uebe, S., Bruce, I. N., Feletar, M., et al.
(2015). PTPN22 is associated with susceptibility to psoriatic arthritis but not
psoriasis: evidence for a further PsA-specific risk locus. Ann. Rheumatic Dis. 74,
1882–1885. doi: 10.1136/annrheumdis-2014-207187

Brownlie, R. J., Garcia, C., Ravasz, M., Zehn, D., Salmond, R. J., and Zamoyska, R.
(2017). Resistance to TGFbeta suppression and improved anti-tumor responses
in CD8(+) T cells lacking PTPN22. Nat. Commun. 8, 1–10. doi: 10.1038/
s41467-017-01427-1

Brownlie, R. J., Miosge, L. A., Vassilakos, D., Svensson, L. M., Cope, A., and
Zamoyska, R. (2012). Lack of the Phosphatase PTPN22 increases adhesion of
murine regulatory T cells to improve their immunosuppressive function. Sci.
Signal. 5, 1–11. doi: 10.1126/scisignal.2003365

Brownlie, R. J., Wright, D., Zamoyska, R., and Salmond, R. J. (2019). Deletion of
PTPN22 improves effector and memory CD8+ T cell responses to tumors. JCI
Insight. 4:e127847. doi: 10.1172/jci.insight.127847

Bucciantini, M., Chiarugi, P., Cirri, P., Taddei, L., Stefani, M., Raugei, G., et al.
(1999). The low Mr phosphotyrosine protein phosphatase behaves differently
when phosphorylated at Tyr131 or Tyr132 by Src kinase. FEBS Lett. 456, 73–78.
doi: 10.1016/S0014-5793(99)00828-5

Burn, G. L., Cornish, G. H., Potrzebowska, K., Samuelsson, M., Griffie, J.,
Minoughan, S., et al. (2016). Superresolution imaging of the cytoplasmic
phosphatase PTPN22 links integrin-mediated T cell adhesion with
autoimmunity. Sci. Signal. 9:ra99. doi: 10.1126/scisignal.aaf2195

Burton, P. R., Clayton, D. G., Cardon, L. R., Craddock, N., Deloukas, P.,
Duncanson, A., et al. (2007). Genome-wide association study of 14,000 cases
of seven common diseases and 3,000 shared controls. Nature 447, 661–678.
doi: 10.1038/nature05911

Cantón, I., Akhtar, S., Gavalas, N. G., Gawkrodger, D. J., Blomhoff, A., Watson,
P. F., et al. (2005). A single-nucleotide polymorphism in the gene encoding
lymphoid protein tyrosine phosphatase (PTPN22) confers susceptibility to
generalised vitiligo. Genes Immunity 6, 584–587. doi: 10.1038/sj.gene.6364243

Cao, Y., Liu, K., Tian, Z., Hogan, S. L., Yang, J., Poulton, C. J., et al. (2015).
PTPN22 R620W polymorphism and ANCA disease risk in white populations: a
metaanalysis. J. Rheumatol. 42, 292–299. doi: 10.3899/jrheum.131430

Cao, Y., Yang, J., Colby, K., Hogan, S. L., Hu, Y., Jennette, C. E., et al. (2012).
High Basal Activity of the PTPN22 gain-of-function variant blunts leukocyte
responsiveness negatively affecting IL-10 production in ANCA vasculitis. PLoS
One 7:e42783. doi: 10.1371/journal.pone.0042783

Carbone, C. B., Kern, N., Fernandes, R. A., Hui, E., Su, X., Garcia, K. C., et al.
(2017). In vitro reconstitution of T cell receptor-mediated segregation of the
CD45 phosphatase. Proc. Natl. Acad. Sci. U.S.A. 114, E9338–E9345. doi: 10.
1073/pnas.1710358114

Carpino, N., Turner, S., Mekala, D., Takahashi, Y., Zang, H., Geiger, T. L., et al.
(2004). Regulation of ZAP-70 activation and TCR signaling by two related

Frontiers in Cell and Developmental Biology | www.frontiersin.org 22 December 2020 | Volume 8 | Article 608747

https://doi.org/10.1016/j.cell.2004.05.018
https://doi.org/10.1002/bit.27468
https://doi.org/10.1038/ng.764
https://doi.org/10.1016/j.ccell.2017.02.008
https://doi.org/10.1084/jem.20151093
https://doi.org/10.1111/j.1399-0039.2011.01675.x
https://doi.org/10.1146/annurev-immunol-042617-053335
https://doi.org/10.1146/annurev-immunol-042617-053335
https://doi.org/10.1126/scisignal.aal2880
https://doi.org/10.1084/jem.190.10.1383
https://doi.org/10.1084/jem.190.10.1383
https://doi.org/10.1016/S1074-7613(00)80376-3
https://doi.org/10.1016/S1074-7613(00)80376-3
https://doi.org/10.14715/cmb/2018.64.5.7
https://doi.org/10.1016/S0304-3940(02)00565-7
https://doi.org/10.1038/ng722
https://doi.org/10.1002/ana.21363
https://doi.org/10.1371/journal.pone.0004014
https://doi.org/10.1086/422827
https://doi.org/10.1086/422827
https://doi.org/10.1002/j.1460-2075.1992.tb05361.x
https://doi.org/10.1002/j.1460-2075.1992.tb05361.x
https://doi.org/10.1371/journal.ppat.1005183
https://doi.org/10.1371/journal.ppat.1005183
https://doi.org/10.1371/journal.ppat.1006232
https://doi.org/10.1016/j.meegid.2013.02.019
https://doi.org/10.1016/j.meegid.2013.02.019
https://doi.org/10.1038/sj.onc.1208081
https://doi.org/10.1038/ncomms9576
https://doi.org/10.1038/ncomms9576
https://doi.org/10.1038/ng1323
https://doi.org/10.1146/annurev-immunol-032713-120249
https://doi.org/10.1146/annurev-immunol-032713-120249
https://doi.org/10.1074/jbc.M202885200
https://doi.org/10.1136/annrheumdis-2014-207187
https://doi.org/10.1038/s41467-017-01427-1
https://doi.org/10.1038/s41467-017-01427-1
https://doi.org/10.1126/scisignal.2003365
https://doi.org/10.1172/jci.insight.127847
https://doi.org/10.1016/S0014-5793(99)00828-5
https://doi.org/10.1126/scisignal.aaf2195
https://doi.org/10.1038/nature05911
https://doi.org/10.1038/sj.gene.6364243
https://doi.org/10.3899/jrheum.131430
https://doi.org/10.1371/journal.pone.0042783
https://doi.org/10.1073/pnas.1710358114
https://doi.org/10.1073/pnas.1710358114
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-608747 December 3, 2020 Time: 17:48 # 23

Castro-Sanchez et al. T-Cell Regulation by Tyrosine Phosphatases

proteins. Sts-1 and Sts-2. Immunity 20, 37–46. doi: 10.1016/S1074-7613(03)
00351-0

Carr, E. J., Niederer, H. A., Williams, J., Harper, L., Watts, R. A., Lyons, P. A.,
et al. (2009). Confirmation of the genetic association of CTLA4 and PTPN22
with ANCA-associated vasculitis. BMC Med. Genet. 10:121. doi: 10.1186/1471-
2350-10-121

Castro-Sanchez, P., Ramirez-Munoz, R., and Roda-Navarro, P. (2017). Gene
expression profiles of human phosphotyrosine phosphatases consequent to Th1
polarisation and effector function. J. Immunol. Res. 2017:8701042. doi: 10.1155/
2017/8701042

Celis-Gutierrez, J., Blattmann, P., Zhai, Y., Jarmuzynski, N., Ruminski, K.,
Gregoire, C., et al. (2019). Quantitative interactomics in primary T cells
provides a rationale for concomitant PD-1 and BTLA coinhibitor blockade in
cancer immunotherapy. Cell Rep. 27, 3315-3330.e7. doi: 10.1016/j.celrep.2019.
05.041

Chan, A. C., Iwashima, M., Turck, C. W., and Weiss, A. (1992). ZAP-70: a 70
kd protein-tyrosine kinase that associates with the TCR zeta chain. Cell 71,
649–662. doi: 10.1016/0092-8674(92)90598-7

Chang, V. T., Fernandes, R. A., Ganzinger, K. A., Lee, S. F., Siebold, C., McColl, J.,
et al. (2016). Initiation of T cell signaling by CD45 segregation at ‘close contacts’.
Nat. Immunol. 17, 574–582. doi: 10.1038/ni.3392

Chapman, N. M., and Houtman, J. C. (2014). Functions of the FAK family kinases
in T cells: beyond actin cytoskeletal rearrangement. Immunol. Res. 59, 23–34.
doi: 10.1007/s12026-014-8527-y

Chen, D., Barsoumian, H. B., Yang, L., Younes, A. I., Verma, V., Hu, Y., et al. (2020).
SHP-2 and PD-L1 inhibition combined with radiotherapy enhances systemic
antitumor effects in an anti-PD-1-resistant model of non-small cell lung cancer.
Cancer Immunol. Res. 8:canimm.0744.2019. doi: 10.1158/2326-6066.CIR-19-
0744

Chen, Z., Chen, L., Qiao, S. W., Nagaishi, T., and Blumberg, R. S. (2008).
Carcinoembryonic antigen-related cell adhesion molecule 1 inhibits proximal
TCR signaling by targeting ZAP-70. J. Immunol. 180, 6085–6093. doi: 10.4049/
jimmunol.180.9.6085

Chen, Z., Zhang, H., Xia, B., Wang, P., Jiang, T., Song, M., et al. (2013). Association
of PTPN22 gene (rs2488457) polymorphism with ulcerative colitis and high
levels of PTPN22 mRNA in ulcerative colitis. Int. J. Colorect. Dis. 28, 1351–1358.
doi: 10.1007/s00384-013-1671-3

Christophi, G. P., Hudson, C. A., Gruber, R. C., Christophi, C. P., Mihai, C.,
Mejico, L. J., et al. (2008). SHP-1 deficiency and increased inflammatory gene
expression in PBMCs of multiple sclerosis patients. Lab. Invest. 88, 243–255.
doi: 10.1038/labinvest.3700720

Christophi, G. P., Panos, M., Hudson, C. A., Tsikkou, C., Mihai, C.,
Mejico, L. J., et al. (2009). Interferon-β treatment in multiple sclerosis
attenuates inflammatory gene expression through inducible activity of the
phosphatase SHP-1. Clin. Immunol. 133, 27–44. doi: 10.1016/j.clim.2009.
05.019

Chuang, W. Y., Strobel, P., Belharazem, D., Rieckmann, P., Toyka, K. V., Nix, W.,
et al. (2009). The PTPN22gain-of-function+1858T(+) genotypes correlate with
low IL-2 expression in thymomas and predispose to myasthenia gravis. Genes
Immun. 10, 667–672. doi: 10.1038/gene.2009.64

Ciccacci, C., Conigliaro, P., Perricone, C., Rufini, S., Triggianese, P., Politi, C., et al.
(2016). Polymorphisms in STAT-4, IL-10, PSORS1C1, PTPN2 and MIR146A
genes are associated differently with prognostic factors in Italian patients
affected by rheumatoid arthritis. Clin. Exp. Immunol. 186, 157–163. doi: 10.
1111/cei.12831

Clement, L. T. (1992). Isoforms of the CD45 common leukocyte antigen family:
Markers for human T-cell differentiation. J. Clin. Immunol. 12, 1–10. doi:
10.1007/BF00918266

Clement, M., Fornasa, G., Loyau, S., Morvan, M., Andreata, F., Guedj, K., et al.
(2015). Upholding the T cell immune-regulatory function of CD31 inhibits
the formation of T/B immunological synapses in vitro and attenuates the
development of experimental autoimmune arthritis in vivo. J. Autoimmun. 56,
23–33. doi: 10.1016/j.jaut.2014.09.002

Cloutier, J. F., and Veillette, A. (1996). Association of inhibitory tyrosine protein
kinase p50csk with protein tyrosine phosphatase PEP in T cells and other
hemopoietic cells. EMBO J. 15, 4909–4918. doi: 10.1002/j.1460-2075.1996.
tb00871.x

Cloutier, J. F., and Veillette, A. (1999). Cooperative inhibition of T-cell antigen
receptor signaling by a complex between a kinase and a phosphatase. J. Exp.
Med. 189, 111–121. doi: 10.1084/jem.189.1.111

Cocco, E., Murru, M. R., Melis, C., Schirru, L., Solla, E., Lai, M., et al. (2004).
PTPRC (CD45) C77G mutation does not contribute to multiple sclerosis
susceptibility in Sardinian patients. J. Neurol. 251, 1085–1088. doi: 10.1007/
s00415-004-0485-1

Conigliaro, P., Ciccacci, C., Politi, C., Triggianese, P., Rufini, S., Kroegler, B., et al.
(2017). Polymorphisms in STAT4, PTPN2, PSORS1C1 and TRAF3IP2 genes
are associated with the response to TNF inhibitors in patients with rheumatoid
arthritis. PLoS One 12:e0169956. doi: 10.1371/journal.pone.0169956

Cooper, J. D., Smyth, D. J., Smiles, A. M., Plagnol, V., Walker, N. M., Allen, J. E.,
et al. (2008). Meta-analysis of genome-wide association study data identifies
additional type 1 diabetes risk loci. Nat. Genet. 40, 1399–1401. doi: 10.1038/
ng.249

Cordoba, S. P., Choudhuri, K., Zhang, H., Bridge, M., Basat, A. B., Dustin,
M. L., et al. (2013). The large ectodomains of CD45 and CD148 regulate
their segregation from and inhibition of ligated T-cell receptor. Blood 121,
4295–4302. doi: 10.1182/blood-2012-07-442251

Courtney, A. H., Lo, W. L., and Weiss, A. (2018). TCR signaling: mechanisms of
initiation and propagation. Trends Biochem. Sci. 43, 108–123. doi: 10.1016/j.
tibs.2017.11.008

Courtney, A. H., Shvets, A. A., Lu, W., Griffante, G., Mollenauer, M., Horkova, V.,
et al. (2019). CD45 functions as a signaling gatekeeper in T cells. Sci. Signal.
12:eaaw8151. doi: 10.1126/scisignal.aaw8151

Croker, B. A., Lawson, B. R., Berger, M., Eidenschenk, C., Blasius, A. L., Moresco,
E. M. Y., et al. (2008). Inflammation and autoimmunity caused by a SHP1
mutation depend on IL-1. MyD88, and a microbial trigger. Proc. Natl. Acad.
Sci. U.S.A. 105, 15028–15033. doi: 10.1073/pnas.0806619105

Cubas, R., Khan, Z., Gong, Q., Moskalenko, M., Xiong, H., Ou, Q., et al. (2020).
Autoimmunity linked protein phosphatase PTPN22 as a target for cancer
immunotherapy. J. Immunother. Cancer 8:e001439. doi: 10.1136/jitc-2020-
001439

Davidson, D., Bakinowski, M., Thomas, M. L., Horejsi, V., and Veillette, A. (2003).
Phosphorylation-dependent regulation of T-cell activation by PAG/Cbp, a lipid
raft-associated transmembrane adaptor. Mol. Cell Biol. 23, 2017–2028. doi:
10.1128/MCB.23.6.2017-2028.2003

Davidson, D., Zhong, M. C., Pandolfi, P. P., Bolland, S., Xavier, R. J., Seed, B.,
et al. (2016). The Csk-associated adaptor PAG inhibits effector T cell activation
in cooperation with phosphatase PTPN22 and Dok adaptors. Cell Rep. 17,
2776–2788. doi: 10.1016/j.celrep.2016.11.035

Davis, S. J., and van der Merwe, P. A. (2006). The kinetic-segregation model: TCR
triggering and beyond. Nat. Immunol. 7, 803–809. doi: 10.1038/ni1369

de la Puerta, M. L., Trinidad, A. G., Rodriguez Mdel, C., de Pereda, J. M., Sanchez
Crespo, M., Bayon, Y., et al. (2013). The autoimmunity risk variant LYP-W620
cooperates with CSK in the regulation of TCR signaling. PLoS One 8:e54569.
doi: 10.1371/journal.pone.0054569

de Lima, S. C., Adelino, J. E., Crovella, S., de Azevedo Silva, J., and Sandrin-Garcia,
P. (2017). PTPN22 1858C > T polymorphism and susceptibility to systemic
lupus erythematosus: a meta-analysis update. Autoimmunity 50, 428–434. doi:
10.1080/08916934.2017.1385774

Deng, C., Minguela, A., Hussain, R. Z., Lovett-Racke, A. E., Radu, C., Ward, E. S.,
et al. (2002). Expression of the Tyrosine Phosphatase Src Homology 2 Domain-
Containing Protein Tyrosine Phosphatase 1 Determines T cell activation
threshold and severity of experimental autoimmune encephalomyelitis.
J. Immunol. 168, 4511–4518. doi: 10.4049/jimmunol.168.9.4511

Deribe, Y. L., Pawson, T., and Dikic, I. (2010). Post-translational modifications in
signal integration. Nat. Struct. Mol. Biol. 17, 666–672. doi: 10.1038/nsmb.1842

Diaz-Gallo, L. M., Espino-Paisán, L., Fransen, K., Gómez-García, M., van
Sommeren, S., Cardeña, C., et al. (2011). Differential association of two PTPN22
coding variants with Crohn’s disease and ulcerative colitis. Inflamm. Bowel Dis.
17, 2287–2294. doi: 10.1002/ibd.21630

Dieudé, P., Teixeira, V. H., Pierlot, C., Cornélis, F., and Petit-Teixeira, E.
(2008). Testing for linkage and association with rheumatoid arthritis a ptpn22
promoter polymorphism reported to be associated and linked with type 1
diabetes in the Caucasian population. Ann. Rheum. Dis. 67, 900–901. doi:
10.1136/ard.2007.077180

Frontiers in Cell and Developmental Biology | www.frontiersin.org 23 December 2020 | Volume 8 | Article 608747

https://doi.org/10.1016/S1074-7613(03)00351-0
https://doi.org/10.1016/S1074-7613(03)00351-0
https://doi.org/10.1186/1471-2350-10-121
https://doi.org/10.1186/1471-2350-10-121
https://doi.org/10.1155/2017/8701042
https://doi.org/10.1155/2017/8701042
https://doi.org/10.1016/j.celrep.2019.05.041
https://doi.org/10.1016/j.celrep.2019.05.041
https://doi.org/10.1016/0092-8674(92)90598-7
https://doi.org/10.1038/ni.3392
https://doi.org/10.1007/s12026-014-8527-y
https://doi.org/10.1158/2326-6066.CIR-19-0744
https://doi.org/10.1158/2326-6066.CIR-19-0744
https://doi.org/10.4049/jimmunol.180.9.6085
https://doi.org/10.4049/jimmunol.180.9.6085
https://doi.org/10.1007/s00384-013-1671-3
https://doi.org/10.1038/labinvest.3700720
https://doi.org/10.1016/j.clim.2009.05.019
https://doi.org/10.1016/j.clim.2009.05.019
https://doi.org/10.1038/gene.2009.64
https://doi.org/10.1111/cei.12831
https://doi.org/10.1111/cei.12831
https://doi.org/10.1007/BF00918266
https://doi.org/10.1007/BF00918266
https://doi.org/10.1016/j.jaut.2014.09.002
https://doi.org/10.1002/j.1460-2075.1996.tb00871.x
https://doi.org/10.1002/j.1460-2075.1996.tb00871.x
https://doi.org/10.1084/jem.189.1.111
https://doi.org/10.1007/s00415-004-0485-1
https://doi.org/10.1007/s00415-004-0485-1
https://doi.org/10.1371/journal.pone.0169956
https://doi.org/10.1038/ng.249
https://doi.org/10.1038/ng.249
https://doi.org/10.1182/blood-2012-07-442251
https://doi.org/10.1016/j.tibs.2017.11.008
https://doi.org/10.1016/j.tibs.2017.11.008
https://doi.org/10.1126/scisignal.aaw8151
https://doi.org/10.1073/pnas.0806619105
https://doi.org/10.1136/jitc-2020-001439
https://doi.org/10.1136/jitc-2020-001439
https://doi.org/10.1128/MCB.23.6.2017-2028.2003
https://doi.org/10.1128/MCB.23.6.2017-2028.2003
https://doi.org/10.1016/j.celrep.2016.11.035
https://doi.org/10.1038/ni1369
https://doi.org/10.1371/journal.pone.0054569
https://doi.org/10.1080/08916934.2017.1385774
https://doi.org/10.1080/08916934.2017.1385774
https://doi.org/10.4049/jimmunol.168.9.4511
https://doi.org/10.1038/nsmb.1842
https://doi.org/10.1002/ibd.21630
https://doi.org/10.1136/ard.2007.077180
https://doi.org/10.1136/ard.2007.077180
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-608747 December 3, 2020 Time: 17:48 # 24

Castro-Sanchez et al. T-Cell Regulation by Tyrosine Phosphatases

Do, H. T., Baars, W., Borns, K., Windhagen, A., and Schwinzer, R. (2006). The 77C-
> G mutation in the human CD45 (PTPRC) gene leads to increased intensity of
TCR signaling in T cell lines from healthy individuals and patients with multiple
sclerosis. J. Immunol. 176, 931–938. doi: 10.4049/jimmunol.176.2.931

D’Oro, U., Sakaguchi, K., Appella, E., and Ashwell, J. D. (1996). Mutational analysis
of Lck in CD45-negative T cells: dominant role of tyrosine 394 phosphorylation
in kinase activity. Mol. Cell Biol. 16, 4996–5003. doi: 10.1128/MCB.16.9.4996

Dustin, M. L. (2014). The immunological synapse. Cancer Immunol. Res. 2,
1023–1033. doi: 10.1158/2326-6066.CIR-14-0161

Eriksen, K. W., Lovato, P., Skov, L., Krejsgaard, T., Kaltoft, K., Geisler, C., et al.
(2005). Increased sensitivity to interferon-α in psoriatic T cells. J. Invest.
Dermatol. 125, 936–944. doi: 10.1111/j.0022-202X.2005.23864.x

Eriksen, K. W., Woetmann, A., Skov, L., Krejsgaard, T., Bovin, L. F., Hansen, M. L.,
et al. (2010). Deficient SOCS3 and SHP-1 expression in psoriatic T cells. J. Invest.
Dermatol. 130, 1590–1597. doi: 10.1038/jid.2010.6

Espino-Paisan, L., De La Calle, H., Fernández-Arquero, M., Figueredo, M. Á, De
La Concha, E. G., Urcelay, E., et al. (2011). A polymorphism in PTPN2 gene is
associated with an earlier onset of type 1 diabetes. Immunogenetics 63, 255–258.
doi: 10.1007/s00251-010-0500-x

Fan, Z. D., Wang, F. F., Huang, H., Huang, N., Ma, H. H., Guo, Y. H., et al. (2015).
STAT4 rs7574865 G/T and PTPN22 rs2488457 G/C polymorphisms influence
the risk of developing juvenile idiopathic arthritis in Han Chinese patients. PLoS
One 10:e0117389. doi: 10.1371/journal.pone.0117389

Fedele, A. L., Tolusso, B., Totaro, M. C., Bosello, S. L., Canestri, S., Gremese, E.,
et al. (2013). PTPN22 1858C > T polymorphism is a negative biomarker of
(eular good) response to methotrexate in a cohort of early rheumatoid arthritis.
Ann. Rheum. Dis. 71(Suppl. 3):652. doi: 10.1136/annrheumdis-2012-eular.262

Feng, X., Li, Y. Z., Zhang, Y., Bao, S. M., Tong, D. W., Zhang, S. L., et al.
(2010). Association of the PTPN22 gene (−1123G > C) polymorphism with
rheumatoid arthritis in Chinese patients. Tissue Antigens. 76, 297–300. doi:
10.1111/j.1399-0039.2010.01521.x

Feng, X., Petraglia, A. L., Chen, M., Byskosh, P. V., Boos, M. D., and Reder,
A. T. (2002). Low expression of interferon-stimulated genes in active multiple
sclerosis is linked to subnormal phosphorylation of STAT1. J. Neuroimmunol.
129, 205–215. doi: 10.1016/S0165-5728(02)00182-0

Filipp, D., Moemeni, B., Ferzoco, A., Kathirkamathamby, K., Zhang, J., Ballek,
O., et al. (2008). Lck-dependent Fyn activation requires C terminus-dependent
targeting of kinase-active Lck to lipid rafts. J. Biol. Chem. 283, 26409–26422.
doi: 10.1074/jbc.M710372200

Fowler, C. C., Pao, L. I., Blattman, J. N., and Greenberg, P. D. (2010). SHP-1
in T cells limits the production of CD8 effector cells without impacting the
formation of long-lived central memory cells. J. Immunol. 185, 3256–3267.
doi: 10.4049/jimmunol.1001362

Fuertes Marraco, S. A., Neubert, N. J., Verdeil, G., and Speiser, D. E. (2015).
Inhibitory Receptors Beyond T Cell Exhaustion. Front. Immunol. 6:310. doi:
10.3389/fimmu.2015.00310

Fujino, S., Andoh, A., Bamba, S., Ogawa, A., Hata, K., Araki, Y., et al. (2003).
Increased expression of interleukin 17 in inflammatory bowel disease. Gut 52,
65–70. doi: 10.1136/gut.52.1.65

Galic, S., Klingler-Hoffmann, M., Fodero-Tavoletti, M. T., Puryer, M. A., Meng,
T.-C., Tonks, N. K., et al. (2003). Regulation of Insulin Receptor Signaling
by the Protein Tyrosine Phosphatase TCPTP. Mol. Cell. Biol. 23, 2096–2108.
doi: 10.1128/MCB.23.6.2096-2108.2003

Gattinoni, L., Lugli, E., Ji, Y., Pos, Z., Paulos, C. M., Quigley, M. F., et al. (2011).
A human memory T cell subset with stem cell-like properties. Nat. Med. 17,
1290–1297. doi: 10.1038/nm.2446

Gattinoni, L., Zhong, X. S., Palmer, D. C., Ji, Y., Hinrichs, C. S., Yu, Z., et al.
(2009). Wnt signaling arrests effector T cell differentiation and generates
CD8+ memory stem cells. Nat. Med. 15, 808–813. doi: 10.1038/nm.
1982

Ghorban, K., Ezzeddini, R., Eslami, M., Yousefi, B., Sadighi Moghaddam, B.,
Tahoori, M.-T., et al. (2019). PTPN22 1858 C/T polymorphism is associated
with alteration of cytokine profiles as a potential pathogenic mechanism in
rheumatoid arthritis. Immunol. Lett. 216, 106–113. doi: 10.1016/j.imlet.2019.
10.010

Girolomoni, G., Strohal, R., Puig, L., Bachelez, H., Barker, J., Boehncke, W. H., et al.
(2017). The role of IL-23 and the IL-23/T H 17 immune axis in the pathogenesis

and treatment of psoriasis. J. Eur. Acad. Dermatol. Venereol. 31, 1616–1626.
doi: 10.1111/jdv.14433

Gjorloff-Wingren, A., Saxena, M., Han, S., Wang, X., Alonso, A., Renedo, M., et al.
(2000). Subcellular localization of intracellular protein tyrosine phosphatases
in T cells. Eur. J. Immunol. 30, 2412–2421. doi: 10.1002/1521-4141(2000)30:
8<2412::AID-IMMU2412>3.0.CO;2-J

Gjorloff-Wingren, A., Saxena, M., Williams, S., Hammi, D., and Mustelin,
T. (1999). Characterization of TCR-induced receptor-proximal signaling
events negatively regulated by the protein tyrosine phosphatase PEP. Eur. J.
Immunol. 29, 3845–3854. doi: 10.1002/(SICI)1521-4141(199912)29:12<3845::
AID-IMMU3845>3.0.CO;2-U

Glas, J., Wagner, J., Seiderer, J., Olszak, T., Wetzke, M., Beigel, F., et al. (2012).
PTPN2 gene variants are associated with susceptibility to both Crohn’s disease
and ulcerative colitis supporting a common genetic disease background. PLoS
One 7:e33682. doi: 10.1371/journal.pone.0033682

Gloria-Bottini, F., Bottini, N., Renzetti, G., and Bottini, E. (2007). ACP1 and Th
class of immunological disease: Evidence of interaction with gender. Int. Arch.
Allergy Immunol. 143, 170–176. doi: 10.1159/000099308

Gomez-Lira, M., Liguori, M., Magnani, C., Bonamini, D., Salviati, A., Leone, M.,
et al. (2003). CD45 and multiple sclerosis: the exon 4 C77G polymorphism
(additional studies and meta-analysis) and new markers. J. Neuroimmunol. 140,
216–221. doi: 10.1016/S0165-5728(03)00208-X

Gourh, P., Tan, F. K., Assassi, S., Ahn, C. W., McNearney, T. A., Fischbach,
M., et al. (2006). Association of the PTPN22 R620W polymorphism with
anti-topoisomerase I- and anticentromere antibody-positive systemic sclerosis.
Arthritis Rheum. 54, 3945–3953. doi: 10.1002/art.22196

Green, M. C., and Shultz, L. D. (1975). Motheaten, an immunodeficient mutant of
the mouse: I. Genetics and pathology. J. Heredity 66, 250–258. doi: 10.1093/
oxfordjournals.jhered.a108625

Gruber, R. C., Larocca, D., Minchenberg, S. B., Christophi, G. P., Hudson, C. A.,
Ray, A. K., et al. (2015). The control of reactive oxygen species production by
SHP-1 in oligodendrocytes. Glia 63, 1753–1771. doi: 10.1002/glia.22842

Guntermann, C., and Alexander, D. R. (2002). CTLA-4 suppresses proximal TCR
signaling in resting human CD4(+) T cells by inhibiting ZAP-70 Tyr(319)
phosphorylation: a potential role for tyrosine phosphatases. J. Immunol. 168,
4420–4429. doi: 10.4049/jimmunol.168.9.4420

Hammad, H., Vanderkerken, M., Pouliot, P., Deswarte, K., Toussaint, W., Vergote,
K., et al. (2017). Transitional B cells commit to marginal zone B cell fate by
Taok3-mediated surface expression of ADAM10. Nat. Immunol. 18, 313–320.
doi: 10.1038/ni.3657

Han, S., Williams, S., and Mustelin, T. (2000). Cytoskeletal protein tyrosine
phosphatase PTPH1 reduces T cell antigen receptor signaling. Eur. J.
Immunol. 30, 1318–1325. doi: 10.1002/(SICI)1521-4141(200005)30:5<1318::
AID-IMMU1318>3.0.CO;2-G

Hasegawa, K., Martin, F., Huang, G., Tumas, D., Diehl, L., and Chan, A. C.
(2004). PEST Domain-Enriched Tyrosine Phosphatase (PEP) Regulation of
Effector/Memory T cells. Science 303, 685–689. doi: 10.1126/science.1092138

Hauser, S. L., Bar-Or, A., Comi, G., Giovannoni, G., Hartung, H.-P., Hemmer,
B., et al. (2017). Ocrelizumab versus Interferon Beta-1a in Relapsing Multiple
Sclerosis. NEJM 376, 221–234. doi: 10.1056/NEJMoa1601277

Hauser, S. L., Waubant, E., Arnold, D. L., Vollmer, T., Antel, J., Fox, R. J.,
et al. (2009). B-Cell depletion with rituximab in relapsing–remitting multiple
sclerosis. NEJM 358, 676–688. doi: 10.1056/NEJMoa0706383

Hayter, S. M., and Cook, M. C. (2012). Updated assessment of the prevalence,
spectrum and case definition of autoimmune disease. Autoimmun. Rev. 11,
754–765. doi: 10.1016/j.autrev.2012.02.001

Hebbring, S. J., Slager, S. L., Epperla, N., Mazza, J. J., Ye, Z., Zhou, Z., et al. (2013).
Genetic evidence of PTPN22 effects on chronic lymphocytic leukemia. Blood
121, 237–238. doi: 10.1182/blood-2012-08-450221

Hebeisen, M., Baitsch, L., Presotto, D., Baumgaertner, P., Romero, P., Michielin, O.,
et al. (2013). SHP-1 phosphatase activity counteracts increased T cell receptor
affinity. J. Clin. Invest. 123, 1044–1056. doi: 10.1172/JCI65325

Heffetz, D., Bushkin, I., Dror, R., and Zick, Y. (1990). The insulinomimetic agents
H2O2 and vanadate stimulate protein tyrosine phosphorylation in intact cells.
J. Biol. Chem. 265, 2896–2902.

Heinonen, K. M., Nestel, F. P., Newell, E. W., Charette, G., Seemayer, T. A.,
Tremblay, M. L., et al. (2004). T-cell protein tyrosine phosphatase deletion

Frontiers in Cell and Developmental Biology | www.frontiersin.org 24 December 2020 | Volume 8 | Article 608747

https://doi.org/10.4049/jimmunol.176.2.931
https://doi.org/10.1128/MCB.16.9.4996
https://doi.org/10.1158/2326-6066.CIR-14-0161
https://doi.org/10.1111/j.0022-202X.2005.23864.x
https://doi.org/10.1038/jid.2010.6
https://doi.org/10.1007/s00251-010-0500-x
https://doi.org/10.1371/journal.pone.0117389
https://doi.org/10.1136/annrheumdis-2012-eular.262
https://doi.org/10.1111/j.1399-0039.2010.01521.x
https://doi.org/10.1111/j.1399-0039.2010.01521.x
https://doi.org/10.1016/S0165-5728(02)00182-0
https://doi.org/10.1074/jbc.M710372200
https://doi.org/10.4049/jimmunol.1001362
https://doi.org/10.3389/fimmu.2015.00310
https://doi.org/10.3389/fimmu.2015.00310
https://doi.org/10.1136/gut.52.1.65
https://doi.org/10.1128/MCB.23.6.2096-2108.2003
https://doi.org/10.1038/nm.2446
https://doi.org/10.1038/nm.1982
https://doi.org/10.1038/nm.1982
https://doi.org/10.1016/j.imlet.2019.10.010
https://doi.org/10.1016/j.imlet.2019.10.010
https://doi.org/10.1111/jdv.14433
https://doi.org/10.1002/1521-4141(2000)30:8<2412::AID-IMMU2412>3.0.CO;2-J
https://doi.org/10.1002/1521-4141(2000)30:8<2412::AID-IMMU2412>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-4141(199912)29:12<3845::AID-IMMU3845>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1521-4141(199912)29:12<3845::AID-IMMU3845>3.0.CO;2-U
https://doi.org/10.1371/journal.pone.0033682
https://doi.org/10.1159/000099308
https://doi.org/10.1016/S0165-5728(03)00208-X
https://doi.org/10.1002/art.22196
https://doi.org/10.1093/oxfordjournals.jhered.a108625
https://doi.org/10.1093/oxfordjournals.jhered.a108625
https://doi.org/10.1002/glia.22842
https://doi.org/10.4049/jimmunol.168.9.4420
https://doi.org/10.1038/ni.3657
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5<1318::AID-IMMU1318>3.0.CO;2-G
https://doi.org/10.1002/(SICI)1521-4141(200005)30:5<1318::AID-IMMU1318>3.0.CO;2-G
https://doi.org/10.1126/science.1092138
https://doi.org/10.1056/NEJMoa1601277
https://doi.org/10.1056/NEJMoa0706383
https://doi.org/10.1016/j.autrev.2012.02.001
https://doi.org/10.1182/blood-2012-08-450221
https://doi.org/10.1172/JCI65325
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-608747 December 3, 2020 Time: 17:48 # 25

Castro-Sanchez et al. T-Cell Regulation by Tyrosine Phosphatases

results in progressive systemic inflammatory disease. Blood 103, 3457–3464.
doi: 10.1182/blood-2003-09-3153

Hermann, R., Lipponen, K., Kiviniemi, M., Kakko, T., Veijola, R., Simell, O., et al.
(2006). Lymphoid tyrosine phosphatase (LYP/PTPN22) Arg620Trp variant
regulates insulin autoimmunity and progression to type 1 diabetes. Diabetologia
49, 1198–1208. doi: 10.1007/s00125-006-0225-4

Hermiston, M. L., Zikherman, J., Tan, A. L., Lam, V. C., Cresalia, N. M., Oksenberg,
N., et al. (2009). Differential impact of the CD45 juxtamembrane wedge on
central and peripheral T cell receptor responses. Proc. Natl. Acad. Sci. U.S.A.
106, 546–551. doi: 10.1073/pnas.0811647106

Heward, J. M., Brand, O. J., Barrett, J. C., Carr-Smith, J. D., Franklyn, J. A., and
Gough, S. C. (2007). Association of PTPN22 haplotypes with Graves’ disease.
J. Clin. Endocrinol. Metab. 92, 685–690. doi: 10.1210/jc.2006-2064

Hof, P., Pluskey, S., Dhe-Paganon, S., Eck, M. J., and Shoelson, S. E. (1998). Crystal
structure of the tyrosine phosphatase SHP-2. Cell 92, 441–450. doi: 10.1016/
S0092-8674(00)80938-1

Howden, A. J. M., Hukelmann, J. L., Brenes, A., Spinelli, L., Sinclair, L. V., Lamond,
A. I., et al. (2019). Quantitative analysis of T cell proteomes and environmental
sensors during T cell differentiation. Nat. Immunol. 20, 1542–1554. doi: 10.
1038/s41590-019-0495-x

Hu, H., Wang, H., Xiao, Y., Jin, J., Chang, J. H., Zou, Q., et al. (2016). Otud7b
facilitates T cell activation and inflammatory responses by regulating Zap70
ubiquitination. J. Exp. Med. 213, 399–414. doi: 10.1084/jem.20151426

Huang, J. J., Qiu, Y. R., Li, H. X., Sun, D. H., Yang, J., and Yang, C. L. (2012).
A PTPN22 promoter polymorphism 21123G > C is associated with RA
pathogenesis in Chinese. Rheumatol. Int. 32, 767–771. doi: 10.1007/s00296-
010-1705-x

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

Irving, M., Zoete, V., Hebeisen, M., Schmid, D., Baumgartner, P., Guillaume, P.,
et al. (2012). Interplay between T cell receptor binding kinetics and the level
of cognate peptide presented by major histocompatibility complexes governs
CD8+ T cell responsiveness. J. Biol. Chem. 287, 23068–23078. doi: 10.1074/jbc.
M112.357673

Ito, T., Okazawa, H., Maruyama, K., Tomizawa, K., Motegi, S., Ohnishi, H.,
et al. (2003). Interaction of SAP-1, a transmembrane-type protein-tyrosine
phosphatase, with the tyrosine kinase Lck. Roles in regulation of T cell function.
J. Biol. Chem. 278, 34854–34863. doi: 10.1074/jbc.M300648200

Iype, T., Sankarshanan, M., Mauldin, I. S., Mullins, D. W., and Lorenz, U. (2010).
The protein tyrosine phosphatase SHP-1 modulates the suppressive activity of
regulatory T cells. J. Immunol. 185, 6115–6127. doi: 10.4049/jimmunol.1000622

Jacobsen, M., Hoffmann, S., Cepok, S., Stei, S., Ziegler, A., Sommer, N., et al. (2002).
A novel mutation in PTPRC interferes with splicing and alters the structure of
the human CD45 molecule. Immunogenetics 54, 158–163. doi: 10.1007/s00251-
002-0455-7

Jacobsen, M., Schweer, D., Ziegler, A., Gaber, R., Schock, S., Schwinzer, R., et al.
(2000). A point mutation in PTPRC is associated with the development of
multiple sclerosis. Nat. Genet. 26, 495–499. doi: 10.1038/82659

Janelle, V., Rulleau, C., Del Testa, S., Carli, C., and Delisle, J. S. (2020). T-
Cell immunotherapies targeting histocompatibility and tumor antigens in
hematological malignancies. Front. Immunol. 11:276. doi: 10.3389/fimmu.
2020.00276

Janicki, C. N., Jenkinson, S. R., Williams, N. A., and Morgan, D. J. (2008). Loss of
CTL function among high-avidity tumor-specific CD8+ T cells following tumor
infiltration. Cancer Res. 68, 2993–3000. doi: 10.1158/0008-5472.CAN-07-5008

Jansen, C. A., Cruijsen, C. W., de Ruiter, T., Nanlohy, N., Willems, N., Janssens-
Korpela, P. L., et al. (2007). Regulated expression of the inhibitory receptor
LAIR-1 on human peripheral T cells during T cell activation and differentiation.
Eur. J. Immunol. 37, 914–924. doi: 10.1002/eji.200636678

Jelcic, I., Al Nimer, F., Wang, J., Lentsch, V., Planas, R., Jelcic, I., et al. (2018).
Memory B Cells Activate Brain-Homing, Autoreactive CD4 + T cells in multiple
sclerosis. Cell 175, 85–100. doi: 10.1016/j.cell.2018.08.011

Jennette, J. C., Falk, R. J., Hu, P., and Xiao, H. (2013). Pathogenesis of
antineutrophil cytoplasmic autoantibody–associated small-vessel vasculitis.
Annu. Rev. Pathol. 8, 139–160. doi: 10.1146/annurev-pathol-011811-132453

Jofra, T., Galvani, G., Kuka, M., Di Fonte, R., Mfarrej, B. G., Iannacone, M.,
et al. (2017). Extrinsic Protein Tyrosine Phosphatase Non-Receptor 22 Signals

Contribute to CD8 T cell exhaustion and promote persistence of chronic
lymphocytic choriomeningitis virus infection. Front. Immunol. 8:811. doi:
10.3389/fimmu.2017.00811

Johansson, M., Ärlestig, L., Hallmans, G., and Rantapää-Dahlqvist, S. (2006).
PTPN22 polymorphism and anti-cyclic citrullinated peptide antibodies in
combination strongly predicts future onset of rheumatoid arthritis and has a
specificity of 100% for the disease. Arthritis Res. Ther. 8:R19. doi: 10.1186/
ar1868

Johnson, D. J., Pao, L. I., Dhanji, S., Murakami, K., Ohashi, P. S., and Neel, B. G.
(2013). Shp1 regulates T cell homeostasis by limiting IL-4 signals. J. Exp. Med.
210, 1419–1431. doi: 10.1084/jem.20122239

Johnson, K. G., LeRoy, F. G., Borysiewicz, L. K., and Matthews, R. J. (1999).
TCR signaling thresholds regulating T cell development and activation are
dependent upon SHP-1. J. Immunol. 162, 3802–3813.

Johnson, L. A., Morgan, R. A., Dudley, M. E., Cassard, L., Yang, J. C., Hughes, M. S.,
et al. (2009). Gene therapy with human and mouse T-cell receptors mediates
cancer regression and targets normal tissues expressing cognate antigen. Blood
114, 535–546. doi: 10.1182/blood-2009-03-211714

Johnston, A., Gudjonsson, J. E., Sigmundsdottir, H., Love, T. J., and Valdimarsson,
H. (2004). Peripheral blood T cell responses to keratin peptides that share
sequences with streptococcal M proteins are largely restricted to skin-homing
CD8(+) T cells. Clin. Exp. Immunol. 138, 83–93. doi: 10.1111/j.1365-2249.2004.
00600.x

Kaalla, M., Broadway, K. A., Rohani-Pichavant, M., Conneely, K. N., Whiting,
A., Ponder, L., et al. (2013). Meta-analysis confirms association between
TNFA-G238A variant and JIA, and between PTPN22-C1858T variant and
oligoarticular, RF-polyarticular and RF-positive polyarticular JIA. Pediatr.
Rheumatol. Online J. 11:40. doi: 10.1186/1546-0096-11-40

Kalergis, A. M., Boucheron, N., Doucey, M. A., Palmieri, E., Goyarts, E. C., Vegh,
Z., et al. (2001). Efficient T cell activation requires an optimal dwell-time
of interaction between the TCR and the pMHC complex. Nat. Immunol. 2,
229–234. doi: 10.1038/85286

Kariuki, S. N., Crow, M. K., and Niewold, T. B. (2008). PTPN22 C1858T
Polymorphism is Associated with Skewing of Cytokine Profiles Toward High
IFN-α Activity and Low TNF-α in Lupus Patients. Arthritis Rheum. 58, 2818–
2823. doi: 10.1002/art.23728

Karlson, E. W., Chibnik, L. B., Cui, J., Plenge, R. M., Glass, R. J., Maher, N. E.,
et al. (2008). Associations between Human leukocyte antigen, PTPN22, CTLA4
genotypes and rheumatoid arthritis phenotypes of autoantibody status, age at
diagnosis and erosions in a large cohort study. Ann. Rheum. Dis. 67, 358–363.
doi: 10.1136/ard.2007.071662

Knipper, J. A., Wright, D., Cope, A. P., Malissen, B., and Zamoyska, R.
(2020). PTPN22 Acts in a Cell Intrinsic Manner to Restrict the Proliferation
and Differentiation of T Cells Following Antibody Lymphodepletion. Front.
Immunol. 11:52. doi: 10.3389/fimmu.2020.00052

Kokkonen, H., Johansson, M., Innala, L., Jidell, E., and Rantapää-Dahlqvist, S.
(2007). The PTPN22 1858C/T polymorphism is associated with anti-cyclic
citrullinated peptide antibody-positive early rheumatoid arthritis in northern
Sweden. Arthritis Res. Ther. 9:R56. doi: 10.1186/ar2312

Kumagai, C., Kalman, B., Middleton, F. A., Vyshkina, T., and Massa, P. T. (2012).
Increased promoter methylation of the immune regulatory gene SHP-1 in
leukocytes of multiple sclerosis subjects. J. Neuroimmunol. 246, 51–57. doi:
10.1016/j.jneuroim.2012.03.003

Kundu, S., Fan, K., Cao, M., Lindner, D. J., Zhao, Z. J., Borden, E., et al. (2010).
Novel SHP-1 inhibitors tyrosine phosphatase inhibitor-1 and analogs with
preclinical anti-tumor activities as tolerated oral agents. J. Immunol. 184,
6529–6536. doi: 10.4049/jimmunol.0903562

Kung, C., Pingel, J. T., Heikinheimo, M., Klemola, T., Varkila, K., Yoo, L. I., et al.
(2000). Mutations in the tyrosine phosphatase CD45 gene in a child with severe
combined immunodeficiency disease. Nat. Med. 6, 343–345. doi: 10.1038/73208

Kyogoku, C., Langefeld, C. D., Ortmann, W. A., Lee, A., Selby, S., Carlton,
V. E. H., et al. (2004). Genetic association of the R620W polymorphism of
protein tyrosine phosphatase PTPN22 with human SLE. Am. J. Hum. Genet.
75, 504–507. doi: 10.1086/423790

LaFleur, M. W., Nguyen, T. H., Coxe, M. A., Miller, B. C., Yates, K. B., Gillis,
J. E., et al. (2019). PTPN2 regulates the generation of exhausted CD8(+) T cell
subpopulations and restrains tumor immunity. Nat. Immunol. 20, 1335–1347.
doi: 10.1038/s41590-019-0480-4

Frontiers in Cell and Developmental Biology | www.frontiersin.org 25 December 2020 | Volume 8 | Article 608747

https://doi.org/10.1182/blood-2003-09-3153
https://doi.org/10.1007/s00125-006-0225-4
https://doi.org/10.1073/pnas.0811647106
https://doi.org/10.1210/jc.2006-2064
https://doi.org/10.1016/S0092-8674(00)80938-1
https://doi.org/10.1016/S0092-8674(00)80938-1
https://doi.org/10.1038/s41590-019-0495-x
https://doi.org/10.1038/s41590-019-0495-x
https://doi.org/10.1084/jem.20151426
https://doi.org/10.1007/s00296-010-1705-x
https://doi.org/10.1007/s00296-010-1705-x
https://doi.org/10.1126/science.aaf1292
https://doi.org/10.1074/jbc.M112.357673
https://doi.org/10.1074/jbc.M112.357673
https://doi.org/10.1074/jbc.M300648200
https://doi.org/10.4049/jimmunol.1000622
https://doi.org/10.1007/s00251-002-0455-7
https://doi.org/10.1007/s00251-002-0455-7
https://doi.org/10.1038/82659
https://doi.org/10.3389/fimmu.2020.00276
https://doi.org/10.3389/fimmu.2020.00276
https://doi.org/10.1158/0008-5472.CAN-07-5008
https://doi.org/10.1002/eji.200636678
https://doi.org/10.1016/j.cell.2018.08.011
https://doi.org/10.1146/annurev-pathol-011811-132453
https://doi.org/10.3389/fimmu.2017.00811
https://doi.org/10.3389/fimmu.2017.00811
https://doi.org/10.1186/ar1868
https://doi.org/10.1186/ar1868
https://doi.org/10.1084/jem.20122239
https://doi.org/10.1182/blood-2009-03-211714
https://doi.org/10.1111/j.1365-2249.2004.00600.x
https://doi.org/10.1111/j.1365-2249.2004.00600.x
https://doi.org/10.1186/1546-0096-11-40
https://doi.org/10.1038/85286
https://doi.org/10.1002/art.23728
https://doi.org/10.1136/ard.2007.071662
https://doi.org/10.3389/fimmu.2020.00052
https://doi.org/10.1186/ar2312
https://doi.org/10.1016/j.jneuroim.2012.03.003
https://doi.org/10.1016/j.jneuroim.2012.03.003
https://doi.org/10.4049/jimmunol.0903562
https://doi.org/10.1038/73208
https://doi.org/10.1086/423790
https://doi.org/10.1038/s41590-019-0480-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-608747 December 3, 2020 Time: 17:48 # 26

Castro-Sanchez et al. T-Cell Regulation by Tyrosine Phosphatases

Lande, R., Botti, E., Jandus, C., Dojcinovic, D., Fanelli, G., Conrad, C., et al.
(2014). The antimicrobial peptide LL37 is a T-cell autoantigen in psoriasis. Nat.
Commun. 5:5621. doi: 10.1038/ncomms6621

Lei, Z. X., Chen, W. J., Liang, J. Q., Wang, Y. J., Jin, L., Xu, C., et al. (2019).
The association between rs2476601 polymorphism in PTPN22 gene and risk
of alopecia areata: A meta-analysis of case-control studies. Medicine 98:e15448.
doi: 10.1097/MD.0000000000015448

Leupin, O., Zaru, R., Laroche, T., Muller, S., and Valitutti, S. (2000). Exclusion
of CD45 from the T-cell receptor signaling area in antigen-stimulated T
lymphocytes. Curr. Biol. 10, 277–280. doi: 10.1016/S0960-9822(00)00362-6

Li, J., Yang, P., Wu, Q., Li, H., Ding, Y., Hsu, H. C., et al. (2013). Death
receptor 5-targeted depletion of interleukin-23-producing macrophages, Th17,
and Th1/17 associated with defective tyrosine phosphatase in mice and patients
with rheumatoid arthritis. Arthrit. Rheum. 65, 2594–2605.

Li, J. P., Yang, C. Y., Chuang, H. C., Lan, J. L., Chen, D. Y., Chen, Y. M.,
et al. (2014). The phosphatase JKAP/DUSP22 inhibits T-cell receptor signalling
and autoimmunity by inactivating Lck. Nat. Commun. 5:3618. doi: 10.1038/
ncomms4618

Li, K., Baird, M., Yang, J., Jackson, C., Ronchese, F., and Young, S. (2016).
Conditions for the generation of cytotoxic CD4(+) Th cells that enhance
CD8(+) CTL-mediated tumor regression. Clin. Transl. Immunol. 5:e95. doi:
10.1038/cti.2016.46

Lie, B. A., Viken, M. K., Ødegård, S., van der Heijde, D., Landewé, R., Uhlig,
T., et al. (2007). Associations between the PTPN22 1858C→T polymorphism
and radiographic joint destruction in patients with rheumatoid arthritis: results
from a 10-year longitudinal study. Ann. Rheum. Dis. 66, 1604–1609. doi:
10.1136/ard.2006.067892

Liu, W., Guo, W., Shen, L., Chen, Z., Luo, Q., Luo, X., et al. (2017). T lymphocyte
SHP2-deficiency triggers anti-tumor immunity to inhibit colitis-associated
cancer in mice. Oncotarget. 8, 7586–7597. doi: 10.18632/oncotarget.13812

Long, S. A., Cerosaletti, K., Wan, J. Y., Ho, J. C., Tatum, M., Wei, S., et al. (2011).
An autoimmune-associated variant in PTPN2 reveals an impairment of IL-2R
signaling in CD4+ T cells. Genes Immunity 12, 116–125. doi: 10.1038/gene.
2010.54

López-Cano, D. J., Cadena-Sandoval, D., Beltrán-Ramírez, O., Barbosa-Cobos,
R. E., Sánchez-Muñoz, F., Amezcua-Guerra, L. M., et al. (2017). The PTPN22
R263Q polymorphism confers protection against systemic lupus erythematosus
and rheumatoid arthritis, while PTPN22 R620W confers susceptibility to
Graves’ disease in a Mexican population. Inflam. Res. 66, 775–781. doi: 10.1007/
s00011-017-1056-0

Lorenz, U. (2009). SHP-1 and SHP-2 in T cells: two phosphatases functioning
at many levels. Immunol. Rev. 228, 342–359. doi: 10.1111/j.1600-065X.2008.
00760.x

Lorenzen, J. A., Dadabay, C. Y., and Fischer, E. H. (1995). COOH-terminal
sequence motifs target the T cell protein tyrosine phosphatase to the ER and
nucleus. J. Cell Biol. 131, 631–643. doi: 10.1083/jcb.131.3.631

Lovatt, M., Filby, A., Parravicini, V., Werlen, G., Palmer, E., and Zamoyska, R.
(2006). Lck regulates the threshold of activation in primary T cells, while both
Lck and Fyn contribute to the magnitude of the extracellular signal-related
kinase response. Mol. Cell Biol. 26, 8655–8665. doi: 10.1128/MCB.00168-06

Lowes, M. A., Russell, C. B., Martin, D. A., Towne, J. E., and Krueger, J. G.
(2013). The IL-23/T17 pathogenic axis in psoriasis is amplified by keratinocyte
responses. Trends Immunol. 34, 174–181. doi: 10.1016/j.it.2012.11.005

Lu, Y. C., Yao, X., Crystal, J. S., Li, Y. F., El-Gamil, M., Gross, C., et al.
(2014). Efficient identification of mutated cancer antigens recognized by T cells
associated with durable tumor regressions. Clin. Cancer Res. 20, 3401–3410.
doi: 10.1158/1078-0432.CCR-14-0433

Luis, B. S., and Carpino, N. (2014). Insights into the suppressor of T-cell receptor
(TCR) signaling-1 (Sts-1)-mediated regulation of TCR signaling through the
use of novel substrate-trapping Sts-1 phosphatase variants. FEBS J. 281, 696–
707. doi: 10.1111/febs.12615

Luo, Q., Sun, Y., Gong, F. Y., Liu, W., Zheng, W., Shen, Y., et al. (2014). Blocking
initial infiltration of pioneer CD8(+) T-cells into the CNS via inhibition of
SHP-2 ameliorates experimental autoimmune encephalomyelitis in mice. Br. J.
Pharmacol. 171, 1706–1721. doi: 10.1111/bph.12565

Lynch, K. W., and Weiss, A. (2001). A CD45 polymorphism associated with
multiple sclerosis disrupts an exonic splicing silencer. J. Biol. Chem. 276,
24341–24347. doi: 10.1074/jbc.M102175200

Ma, C., Cheung, A. F., Chodon, T., Koya, R. C., Wu, Z., Ng, C., et al. (2013).
Multifunctional T-cell analyses to study response and progression in adoptive
cell transfer immunotherapy. Cancer Discov. 3, 418–429. doi: 10.1158/2159-
8290.CD-12-0383

Maasho, K., Masilamani, M., Valas, R., Basu, S., Coligan, J. E., and Borrego,
F. (2005). The inhibitory leukocyte-associated Ig-like receptor-1 (LAIR-1) is
expressed at high levels by human naive T cells and inhibits TCR mediated
activation. Mol. Immunol. 42, 1521–1530. doi: 10.1016/j.molimm.2005.01.004

Magalhaes, I., Carvalho-Queiroz, C., Hartana, C. A., Kaiser, A., Lukic, A., Mints,
M., et al. (2019). Facing the future: challenges and opportunities in adoptive
T cell therapy in cancer. Expert Opin. Biol. Ther. 19, 811–827. doi: 10.1080/
14712598.2019.1608179

Maine, C. J., Hamilton-Williams, E. E., Cheung, J., Stanford, S. M., Bottini, N.,
Wicker, L. S., et al. (2012). PTPN22 alters the development of regulatory T cells
in the thymus. J. Immunol. 188, 5267–5275. doi: 10.4049/jimmunol.1200150

Maine, C. J., Marquardt, K., Cheung, J., and Sherman, L. A. (2014). PTPN22
controls the germinal center by influencing the numbers and activity of T
follicular helper cells. J. Immunol. 192, 1415–1424. doi: 10.4049/jimmunol.
1302418

Maine, C. J., Teijaro, J. R., Marquardt, K., and Sherman, L. A. (2016). PTPN22
contributes to exhaustion of T lymphocytes during chronic viral infection. Proc.
Natl. Acad. Sci. U.S.A. 113, E7231–E7239. doi: 10.1073/pnas.1603738113

Majeti, R., Xu, Z., Parslow, T. G., Olson, J. L., Daikh, D. I., Killeen, N., et al.
(2000). An inactivating point mutation in the inhibitory wedge of CD45 causes
lymphoproliferation and autoimmunity. Cell 103, 1059–1070. doi: 10.1016/
S0092-8674(00)00209-9
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