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Introduction
In the thymus, BM-derived T cell precursors undergo ex-
tensive proliferation and sequential differentiation to generate 
diverse T cell subsets, including MHC-restricted αβ TCR T 
cells, such as CD4+ and CD8+ T cells. The earliest progenitors 
are defined by their lack of cell surface TCRs and CD4 and 
CD8 coreceptors. These CD4−CD8− double-negative (DN) 
thymocytes (also sometimes called CD3−CD4−CD8− triple 
negative) can be subdivided into four subsets (Godfrey et al., 
1993). The DN1 (c-KIT+CD44+CD25−) subset is heteroge-
neous and includes progenitors for the T cell, macrophage, 
dendritic cell, and NK cell lineages (Porritt et al., 2004; Car-
penter and Bosselut, 2010; Rothenberg, 2011). DN1 cells 
differentiate into DN2 (CD44+CD25+) and undergo cellular 
expansion. Immediately before DN2 cells differentiate into 
DN3 cells (CD44−CD25+), early DN2 cells (DN2a) transi-
tion to an intermediate stage (DN2b) where they up-regulate 
T cell lineage genes and become irreversibly committed to 
the T cell lineage (Carpenter and Bosselut, 2010; Yui et al., 

2010; Rothenberg, 2011; Zhang et al., 2012). The expres-
sion of the transcription factor BCL11b is essential for T 
cell lineage commitment, with Bcl11b deletion resulting in 
a profound developmental block at the DN2a stage (Ikawa 
et al., 2010; Li et al., 2010a). Bcl11b expression is first de-
tected at the DN2a stage and increases as cells transition to 
the DN2b stage (Yui et al., 2010; Zhang et al., 2012; Kueh 
et al., 2016). Notch 1 signaling and Notch-activated tran-
scription factors up-regulate and maintain Bcl11b expression 
and thereby establish and maintain T cell identity (Wakaba-
yashi et al., 2003; Li et al., 2010b; Yui et al., 2010; Kueh et 
al., 2016). DN2a thymocyte survival and expansion depend 
on IL-7/IL-7 receptor-α (IL-7R-α) signaling via the JAK-
1/3/STAT5 pathway to promote the expression of survival 
factors, such as BCL-2, and the expression of cell cycle reg-
ulators, such as cyclin D2 (Akashi et al., 1997; Maraskovsky 
et al., 1997; von Freeden-Jeffry et al., 1997; Yao et al., 2006). 
However, beyond affecting DN2a thymocyte survival and 
proliferation, the extent of STAT5 activation also dictates the 
differentiation of cells from the DN2a to the DN2b stage. 
In particular, the repression of IL-7/IL-7R/STAT5 tyrosine 
phosphorylation–dependent signaling is critical for the opti-
mal induction of Bcl11b expression (Ikawa et al., 2010; Kueh 
et al., 2016). Precisely how IL-7/IL-7R signaling is reduced 
to influence T cell lineage specification in vivo remains un-
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known. In part, this may involve a repression of IL-7R ex-
pression, as IL-7R is down-regulated as cells transition from 
DN2 to DN3 (Yu et al., 2004). Alternatively, this may occur 
by the repression of IL-7–induced and JAK-1/3–mediated 
STAT5 signaling by negative regulators, such as protein tyro-
sine phosphatases (PTPs).

At the DN3 stage, Tcrβ, γ, and δ gene rearrangements 
allow for the development of MHC-restricted αβ TCR T 
cells that play a central role in adaptive immunity and a smaller 
population of non-MHC–restricted γδ TCR T cells that dis-
play rapid innate-like, tissue-localized responses to microbial 
and nonmicrobial stresses to influence adaptive immunity 
(Hayday et al., 1985; Carpenter and Bosselut, 2010; Chien et 
al., 2014). DN3 cell commitment to the αβ TCR T cell lin-
eage requires that a chromosomally rearranged and in-frame 
TCR-β pairs with the invariant pre–T-α chain to form the 
pre-TCR. The pre-TCR signals in a CD45-dependent man-
ner (Byth et al., 1996) in the absence of ligand (Yamasaki et al., 
2006) via the SRC family kinase (SFK) lymphocyte-specific 
protein tyrosine kinase (LCK; Molina et al., 1992) and canon-
ical TCR-αβ/CD3 signaling intermediates that include the 
protein tyrosine kinases (PTKs) ζ chain–associated protein ki-
nase 70 (ZAP-70) and spleen tyrosine kinase (SYK; Cheng et 
al., 1997). This is essential for DN3 thymocyte proliferation, 
survival, and maturation through to the DN4 (CD44−CD25−) 
stage and the expression of the CD4 and CD8 coreceptors to 
then form CD4+CD8+ double-positive (DP) cells. DN3 cells 
that lack in-frame Tcrβ gene arrangements and hence are un-
able to generate a pre-TCR signal are arrested in their differ-
entiation and undergo cell death. This process is referred to as 
β selection and marks a critical checkpoint in TCR-αβ T cell 
development (Godfrey et al., 1993; Carpenter and Bosselut, 
2010). To date, the regulation of β selection remains largely 
unexplored. Moreover, the processes that drive common DN3 
precursors to develop into αβ TCR versus γδ TCR T cells are 
also not well understood. It is generally considered that strong 
TCR signaling favors γδ T cell commitment, whereas weaker 
pre-TCR signaling favors TCR-α gene rearrangement and 
the development of αβ T cells (Haks et al., 2005; Hayes et al., 
2005; Kreslavsky et al., 2008; Zarin et al., 2015; Muñoz-Ruiz 
et al., 2016). Akin to pre-TCR signaling, TCR-γδ signaling 
is reliant on the SFKs LCK and FYN (Molina et al., 1992; 
Groves et al., 1996). Importantly, γδ T cell development is also 
reliant on IL-7–induced STAT5 signaling, which is necessary 
for TCR-γ gene rearrangement and expression (Cao et al., 
1995; Maki et al., 1996; Moore et al., 1996; Kang et al., 1999, 
2001; Ye et al., 1999, 2001).

Single nucleotide polymorphisms in the gene encod-
ing the tyrosine phosphatase PTPN2 that result in decreased 
PTPN2 mRNA in T cells have been linked to the devel-
opment of inflammatory disorders and autoimmunity (Well-
come Trust Case Control Consortium, 2007; Todd et al., 
2007; Smyth et al., 2008; Festen et al., 2011; Long et al., 2011). 
PTPN2 is a key negative regulator of TCR-αβ signaling, act-
ing to dephosphorylate the SFKs LCK and FYN (Wiede et 

al., 2011), the most proximal tyrosine kinases activated by the 
TCR (Straus and Weiss, 1992; Iwashima et al., 1994; Pala-
cios and Weiss, 2004). In peripheral T cells, PTPN2 sets the 
threshold for TCR-instigated responses by attenuating SFK 
signaling and preventing overt responses to low-affinity 
self-antigens in the context of antigen cross-presentation and 
T cell homeostasis (Wiede et al., 2011, 2012, 2014a,b). PTPN2 
also negatively regulates cytokine signaling, dephosphorylat-
ing and inactivating the JAK-1 and -3 PTKs and STAT fam-
ily members, including STAT1, STAT3, and STAT5 in a cell 
type– and context-dependent manner (Simoncic et al., 2002; 
ten Hoeve et al., 2002; Fukushima et al., 2010; Loh et al., 
2011; Wiede et al., 2011, 2014b, 2017; Gurzov et al., 2014; 
Spalinger et al., 2015). In particular, PTPN2 attenuates IL-2/
STAT5 signaling in activated CD4+ and CD8+ T cells to re-
press their expansion as well as cytotoxic T cell differentiation 
(Wiede et al., 2011, 2014b). Furthermore, PTPN2 attenuates 
IL-21/STAT3 signaling and CD4+ T cell expansion and the 
generation of T follicular helper cells (Wiede et al., 2017). 
Ptpn2−/− (C57BL/6) mice succumb to wasting disease by 
3–5 wk of age, accompanied by the infiltration of immune 
cells into nonlymphoid tissues, thymic atrophy, and defects in 
hematopoeisis, especially in BM B cell and erythroid devel-
opment (You-Ten et al., 1997; Wiede et al., 2012). Interest-
ingly, at 2 wk of age, Ptpn2−/− (C57BL/6) mice are growth 
retarded, but otherwise appear and behave normally. At this 
stage, Ptpn2 deficiency results in increased thymocyte devel-
opment and enhanced positive selection (Wiede et al., 2012). 
This is also seen in Lck-Cre;Ptpn2fl/fl mice where Ptpn2 is 
specifically deleted in thymocytes and T cells (Wiede et al., 
2011), consistent with the influence being cell autonomous 
and PTPN2 directly influencing thymic T cell development. 
Herein, we have explored the role of PTPN2 in the regula-
tion of SFK and STAT5 signaling in T cell lineage commit-
ment and αβ TCR versus γδ TCR T cell specification.

Results
DN thymocyte development is altered 
in PTPN2-deficient mice
We assessed the impact of PTPN2 deficiency on DN thy-
mocyte development (Fig. S1, A and B; gating strategy) in 
14–16-d-old Ptpn2−/− (C57BL/6) mice, before the onset of 
the overt morbidity that otherwise occurs between 3 and 5 
wk of age (Wiede et al., 2012). In thymi from Ptpn2−/− mice, 
lineage marker negative c-KIT+ DN1 cell numbers were un-
altered, whereas DN2–4 cells were increased, consistent with 
enhanced DN thymocyte development (Fig.  1 A). We also 
assessed the impact of PTPN2 deletion in adult mice by gen-
erating Ptpn2-floxed mice that also contained the Mx1-Cre 
transgene (Cre recombinase under the control of the type 
1 interferon inducible promoter; Kühn et al., 1995) and the 
Rosa26-loxP-stop-loxP-YFP reporter to facilitate the condi-
tional deletion of PTPN2 upon administration of poly (I:C). 
Using this approach, we achieved 86% recombination, as as-
sessed by YFP (reporter for CRE activity) fluorescence, and 
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82% PTPN2 deletion, as assessed by flow cytometry in YFP+ 
DN thymocytes (Fig. S2). After 4 wk of PTPN2 deletion, 
Mx1-Cre;Ptpn2fl/fl (C57BL/6) mice had increased circulating 
inflammatory cytokines, an effector/memory T cell pheno-
type, and increased T follicular helper and B cell development 
(Wiede et al., 2017). Nonetheless, PTPN2 deletion in adult 
Mx1-Cre;Ptpn2fl/fl mice did not cause any significant change 
in lineage-negative (Lin−) c-KIT+ DN1 cells but resulted in 
increased DN2–4 cells (Fig. 1 B). The increase in DN thy-
mocytes in poly (I:C)–treated Mx1-Cre;Ptpn2fl/fl mice was 
accompanied by an increase in DP cells and thereon increased 
numbers of single-positive (SP) CD4+CD8− and CD4−CD8+ 
thymocytes (Fig. S3 A). As noted previously in Ptpn2−/− and 
Lck-Cre;Ptpn2fl/fl mice (Wiede et al., 2011, 2012), PTPN2 
deletion in Mx1-Cre;Ptpn2fl/fl mice was accompanied by in-
creased positive selection (as assessed by CD69 and TCR-β 
expression; Fig. S3 A). The capacity of PTPN2 deficiency to 
enhance DN2–4 development was also evident when either 
whole BM (WBM) cells (Fig. S3 B), purified Lin− c-KIThi 
SCA-1hi BM cells (Fig. S3 C), or purified Lin− c-KIThi DN1 
thymocytes (Fig. 1 C) from Ptpn2+/+ versus Ptpn2−/− mice 
were cultured on OP9 stromal cells expressing the Notch 1 li-
gand, Delta-like 1 (DL1), in the presence of FMS-like tyrosine 
kinase 3 ligand (FLT3L) and IL-7 (Fig. 1 C). The OP9-DL1 
co-culture model also allows for DN thymocytes to develop 
into DP thymocytes and thereon into immature CD24hiT-
CR-β− SP thymocytes ex vivo (Schmitt and Zúñiga-Pflücker, 
2002; Schmitt et al., 2004). We found that PTPN2-deficient 
c-KIThi DN1 thymocytes cultured with OP9-DL1 cells in 
the presence of FLT3L and IL-7 also yielded increased DP 
thymocytes and immature CD24hiTCR-β− SP thymocytes 
compared with cultures of control DN1 thymocytes (Fig. 1 C 
and Fig. S3 D). These results are consistent with PTPN2 elic-
iting cell-intrinsic effects on thymocyte development.

PTPN2 regulates STAT5 signaling in DN thymocytes
IL-7/IL-7R signaling has a critical role during early T cell 
development, promoting DN cell survival, proliferation, and 
differentiation. IL-7 signals via IL-7R-α and the common γ 
chain to the tyrosine kinases JAK-1 and -3 to phosphory-
late STAT5, and this mediates, among other processes, the 
expression of the antiapoptotic protein BCL-2 to promote 
thymocyte survival (Akashi et al., 1997; Maraskovsky et al., 
1997; von Freeden-Jeffry et al., 1997; Yao et al., 2006). Indeed, 
defects in thymic T cell development in IL-7– or IL-7R-α–
deficient mice can be rescued by transgenic overexpression of 
BCL-2 (Akashi et al., 1997; Maraskovsky et al., 1997). PTPN2 
has the capacity to antagonize cytokine receptor signaling, 
including IL-7/IL-7R signaling, through the dephosphoryla-
tion of JAK-1/3 and STAT5 (Simoncic et al., 2002; Gurzov 
et al., 2014). We found that STAT5 Y694 phosphorylation 
(p-STAT5), a marker of STAT5 activation, was increased in 
DN thymocytes from 14-d-old Ptpn2−/− mice compared with 
their WT counterparts (Fig. 1 D). In particular, p-STAT5 was 
increased by approximately four- to fivefold at the DN2a 

and DN2b stages and to a lesser extent at other stages of 
thymocyte development (Fig. 1 D). p-STAT5 was also ele-
vated in DN2 and DN3 thymocytes from poly (I:C)–treated 
Mx1-Cre;Ptpn2fl/fl mice compared with those from control 
animals (Fig. S4 A) and in DN2/3 thymocytes generated ex 
vivo when WBM cells (Fig.  1  E) or Lin−c-KIThiSCA-1hi 
BM cells (Fig.  1  F) from Ptpn2−/− mice were cultured on 
OP9-DL1 stromal cells. The increase in STAT5 activation oc-
curred independently of increases in the expression of the cell 
surface receptors for IL-7 (CD127) and IL-2 (CD25/CD132; 
Fig. S4 B) or overt changes in JAK-1 Y1022/Y1023 phos-
phorylation (Fig. 1 F), a marker of JAK-1 activation. This is in 
keeping with PTPN2 acting directly on STAT5. The increase 
in p-STAT5 caused by the loss of PTPN2 was accompanied 
by the increased expression of BCL-2 (Fig. 1, D and G; and 
Fig. S4 A) and, albeit to a lesser extent, MCL-1 (Fig. 1 G), an-
other antiapoptotic BCL-2 family member that is also critical 
for thymocyte survival (Opferman et al., 2003; Campbell et 
al., 2012). In keeping with the heightened expression of pro-
survival BCL-2 family members, we found that Ptpn2−/− DN 
thymocytes exhibited increased resistance to dexamethasone 
in vitro compared with their WT counterparts (Fig. S4 C). 
The increase in STAT5 activation in Ptpn2−/− DN2 cells in 
vivo was also accompanied by increased DN2a proliferation, 
as assessed by Ki67 staining (Fig. 1 H). The increased DN2a 
proliferation was also evident when FACS-sorted DN2a cells 
were cultured on OP9-DL1 stromal cells (Fig. 2 F). However, 
loss of PTPN2 had no impact on the proliferation of DN2b, 
DN3, and DN4 cells in vivo (Fig. 1 H). These results indicate 
that PTPN2 negatively regulates STAT5 signaling, DN2/3 
thymocyte survival, and DN2a proliferation.

PTPN2 deficiency represses T cell lineage commitment
To begin to understand the role of PTPN2 in DN thymocyte 
development, we sought to dissect the impact of its loss at 
critical developmental checkpoints. DN thymocytes become 
committed to the T cell lineage after the DN2 stage. Before 
this stage, c-KIThi DN1 and early c-KIThi DN2 cells (DN2a) 
undergo self-renewal and retain the potential to differenti-
ate into other hematopoietic lineages, in particular dendritic 
and NK cells (Porritt et al., 2004; Rothenberg, 2011). As pro-
liferation slows, DN2a cells transition into an intermediate 
c-KITlo DN2 stage (DN2b), where they become irreversibly 
committed to the T cell lineage, and thereon differentiate 
into DN3 thymocytes and beyond (Carpenter and Bosselut, 
2010; Rothenberg, 2011). We found that PTPN2 deficiency 
increased the number of DN2a but not that of DN2b cells 
in 14-d-old Ptpn2−/− mice (Fig.  2  A). This suggests that 
PTPN2 deficiency may promote DN2a cell expansion while 
repressing the DN2a to DN2b transition. Although one may 
expect that DN2b cells would be diminished as a consequence 
of such defective transition, this may be countered by the in-
creased STAT5 signaling (Fig. 1, D–F) and the consequently 
increased expression of the prosurvival proteins BCL-2 and 
MCL-1, which is also evident in DN2b cells (Fig. 1 G). This 
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Figure 1.  PTPN2 deficiency influences thymocyte differentiation and increases STAT5 signaling. (A and B) Lineage (Lin)− thymocytes from Ptpn2+/+ 
(C57BL/6) and Ptpn2−/− (C57BL/6) mice (A) and poly (I:C)–treated Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) or Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) mice (B) 
were stained with fluorochrome-conjugated antibodies against CD25, CD44, and c-KIT, and CD4/CD8 (DN) cell subsets were quantified by flow cytometry. (C) 
FACS-purified DN1 thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were cultured for 10 d on OP9-DL1 stromal cells and stained for CD25, 
CD44, CD4, and CD8, and DN cell subsets were quantified by flow cytometry. (D, G, and H) Lin− thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) 
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would be consistent with studies demonstrating that IL-7/
IL-7R-α–induced STAT5 signaling promotes the survival 
of DN2 cells via induction of BCL-2 expression (Akashi et 
al., 1997; Maraskovsky et al., 1997; von Freeden-Jeffry et al., 
1997; Yao et al., 2006).

The impact of PTPN2 deficiency on DN thymo-
cyte development and lineage commitment in Ptpn2−/− 
(C57BL/6) mice or poly (I:C)–treated Mx1-Cre;Ptpn2fl/fl  
(C57BL/6) mice may be thymocyte intrinsic, or it could con-
versely be associated with alterations in the thymic stroma 
(in which PTPN2 is also lost) or the overall inflammatory 
environment in which the DN thymocytes develop. To dis-
criminate between these possibilities, we generated BM chi-
meras by the cotransfer of WBM cells from BALB/c Thy1.1+ 
WT mice with BALB/c Thy1.2+ Ptpn2+/+ or Ptpn2−/− 
mice into lethally irradiated BALB/c Thy1.2+ WT hosts 
(Fig. 2 B). We assessed the capacity of Thy1.2+ Ptpn2+/+ or 
Thy1.2+ Ptpn2−/− T cell progenitors to compete with their 
congenic Thy1.1+ WT counterparts in the chimeric mice 
by examining T cell development after 7 wk. We found that 
PTPN2 deficiency had no effect on the number of c-KIT+ 

CD44+CD25− DN1 cells but increased DN2a cells, but not 
DN2b cells (Fig. 2, C and D), as already observed in 14-d-old 
Ptpn2−/− mice (Fig.  2  A) or poly (I:C)–treated Mx1-Cre; 
Ptpn2fl/fl (C57BL/6) mice (Fig.  5  A). Similar results were 
seen when WBM from C57BL/6 Ly5.1+ mice was cotrans-
ferred with that of C57BL/6 Ly5.2+ Ptpn2+/+ or Ptpn2−/− 
animals into lethally irradiated C57BL/6 Ly5.1/2+ congenic 
WT hosts (Fig. S3, E–G). These results are consistent with 
PTPN2 eliciting cell-intrinsic effects to regulate T cell lin-
eage commitment. Importantly, PTPN2 deficiency also re-
sulted in increased DN3 and DN4 cells and thereon increased 
the numbers of DP and SP thymocytes (Fig. S3 H). Therefore, 
beyond influencing T cell lineage commitment, PTPN2 de-
ficiency may increase progression at the DN3 stage indepen-
dent of its effects on DN2 thymocytes.

To further explore the impact of PTPN2 deficiency 
on T cell lineage commitment, we sorted single DN2a 
Ptpn2+/+ versus Ptpn2−/− cells into a 96-well plate coated 
with OP9-DL1 cells in the presence of FLT3L and IL-7 and 
assessed DN2a expansion and differentiation into DN2b cells, 
thereby testing for commitment to the T cell lineage (Fig. 2, 
E and F). PTPN2 deficiency significantly increased the num-
ber of DN2a cells (Fig. 2 E), and this was accompanied by 

increased cell proliferation, as monitored by staining for Ki67 
(Fig. 2 F). PTPN2 deficiency also increased the expression 
of the antiapoptotic protein BCL-2 (Fig.  2  F), in keeping 
with enhanced cell survival. Importantly, despite the increased 
DN2a cell expansion, we found that DN2b cells were not 
increased numerically (Fig. 2 E). To determine whether the 
transition to the DN2b stage and thereby T cell lineage com-
mitment may be defective, we examined whether the accumu-
lation of PTPN2-deficient DN2a cells may be accompanied 
by the increased generation of non–T cell lineage derivatives, 
including Lin−CD11c+ dendritic and Lin−NK1.1+ NK cells. 
To this end, we compared the fate of DN2a cells cultured on 
OP9 stromal cells that lacked DL1 and did not support pro-
gression to the DN2b stage but promoted alternate lineage 
fates (Porritt et al., 2004) with those cultured on OP9-DL1 
cells in the presence of FLT3L and IL-7, a condition that does 
support further T cell differentiation (Fig. 2, G and H; and 
Fig. S4, D and E). We found that PTPN2 deficiency further 
enhanced the generation of Lin−CD11c+ and Lin−NK1.1+ 
cells when DN2a cells were co-cultured with OP9 cells. Im-
portantly, PTPN2 deficiency even allowed the generation of 
Lin−CD11c+ and Lin−NK1.1+ cells when DN2a cells were 
co-cultured with OP9-DL1 cells, a condition under which 
CD11c+ and NK1.1+ cells otherwise are only rarely produced 
(Fig. 2, G and H). These results are consistent with PTPN2 de-
ficiency perturbing T cell lineage commitment so that accu-
mulated DN2a cells are diverted into non–T cell lineage fates. 
To further explore this, we also assessed the impact of PTPN2 
deficiency on Bcl11b expression, which previous studies have 
shown is repressed by heightened STAT5 signaling to repress 
the DN2a to DN2b transition (Ikawa et al., 2010; Li et al., 
2010a). We found that the increase in Bcl11b gene expression 
that was evident in WT cells that had transitioned from the 
DN2a to the DN2b stage was repressed by PTPN2 deficiency 
(Fig. 2 I). Collectively, these results indicate that PTPN2 de-
ficiency promotes the proliferation and survival of DN2 cells 
while also repressing their transition into the DN2b stage and 
thus their commitment to the T cell lineage.

PTPN2 regulates STAT5-dependent 
DN thymocyte development
To determine the extent to which the elevated STAT5 
signaling might contribute to the alterations in DN thy-
mocyte development, we adopted genetic and pharmaco-

mice were stained for CD25, CD44, and c-KIT and either intracellular p-(Y694) STAT5 (p-STAT5) (D), intracellular BCL-2 and MCL-1 (G), or the cell proliferation 
marker Ki67 (H) were determined in DN subsets by flow cytometry. (E) WBM cells from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were cultured on 
OP9-DL1 stromal cells for 9 d. Lin− thymocytes were harvested and stained for CD25, CD44, and intracellular p-(Y694) STAT5 (p-STAT5). The mean fluores-
cence intensities (MFIs) for intracellular staining of p-STAT5 was determined by flow cytometry. (F) FACS-purified Lin−c-KIThiSCA-1hi BM cells from individual 
Ptpn2+/+ (C57BL/6) (n = 5) and Ptpn2−/− (C57BL/6) (n = 5) mice were cultured on OP9-DL1 stromal cells for 9 d. DN2/3 thymocytes were harvested and 
stained for CD25 and CD44, and DN subsets were determined by flow cytometry. DN2/3 thymocyte lysates were resolved by SDS-PAGE and immunoblotted 
for p-STAT, STAT5, p-(Y1022/1023) JAK-1 (p-JAK1), JAK-1, PTPN2, and tubulin. Representative results (means ± SEM; Ptpn2+/+, n = 4–7; Ptpn2−/−, n = 4–9; 
Rosa26-eYFP;Ptpn2fl/fl, n = 4; Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl, n = 4) and representative cytometry profiles (C, D, and F) and immunoblots (F) from at least 
two independent experiments are shown. In F, each lane represents the cell lysate from one individual mouse. Significance was determined using two-tailed 
Mann-Whitney U test; *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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logical approaches to correct the enhanced STAT5 signaling. 
To this end, we first assessed the impact of superimposing 
STAT5 deficiency on Mx1-Cre;Ptpn2fl/fl mice. We crossed 
Mx1-Cre;Ptpn2fl/fl mice onto a Stat5fl/+ (Cui et al., 2007) 
background (generating Mx1-Cre;Ptpn2fl/fl;Stat5fl/+ mice) 
and treated these animals with poly (I:C) to reduce STAT5 
levels in PTPN2-deleted cells by 50%. Stat5 heterozygosity 
reduced the numbers of DN2, DN3, and DN4 cells to the 
levels seen in control (WT) animals (Fig. 3 A). To examine 
whether the impact of Stat5 heterozygosity on DN thymo-
cyte development might be cell autonomous, we tested the 
consequences of genetically reducing STAT5 protein levels 
or pharmacologically inactivating JAK/STAT5 signaling on 
DN thymocyte development in culture. For this, we cultured 
WBM cells from poly (I:C)–treated Ptpn2fl/fl, Mx1-Cre; 
Ptpn2fl/fl, or Mx1-Cre;Ptpn2fl/fl;Stat5fl/+ mice on OP9-DL1 
stromal cells (Fig. 3 B) or cultured WBM cells from Ptpn2+/+ 
or Ptpn2−/− mice on OP9-DL1 cells in the presence or ab-
sence of the JAK inhibitor CMP6 and assessed DN thymo-
cyte development (Fig. 3 C). Notably, Stat5 heterozygosity 
(Fig. 3 B) or the inhibition of JAK PTKs (Fig. 3 C), with 
the consequent repression of p-STAT5 levels to those in 
control cells, significantly reduced the numbers of DN2 and 
DN3 cells (Fig.  3, B and C; and Fig. S4, F and G). Col-
lectively, these results demonstrate that PTPN2 deficiency 
impacts on DN thymocyte development through the atten-
uation of STAT5 signaling.

The effects of PTPN2 on DN thymocyte develop-
ment and STAT5 signaling might be mediated directly via 
the dephosphorylation of STAT5 and/or indirectly via the 
dephosphorylation of JAK PTKs, or may even be indepen-
dent of PTPN2 phosphatase activity. The 45-kD form of 
PTPN2 that predominates in T cells shuttles between the 
nucleus, where it dephosphorylates STAT family mem-
bers, and the cytoplasm, where it dephosphorylates cyto-
plasmic tyrosyl-phosphorylated substrates, such as JAK-1/3 
and SFKs (Simoncic et al., 2002; ten Hoeve et al., 2002; 
van Vliet et al., 2005; Tiganis and Bennett, 2007; Loh et al., 
2011). The 45-kD PTPN2 protein is actively transported 

to the nucleus by a bipartite nuclear localization sequence 
(Tiganis et al., 1997) but passively diffuses out of the nu-
cleus (Lam et al., 2001). We have shown previously that fus-
ing GFP to 45-kD PTPN2 prevents exit from the nucleus 
(Lam et al., 2001), as its mass (72 kD) exceeds the diffusion 
limits of the nuclear pore complex (Nigg, 1997). There-
fore, to determine whether PTPN2 may elicit its effects on 
DN thymocyte development through the dephosphoryla-
tion of STAT5 in the nucleus or cytoplasmic PTKs, such 
as JAK-1/3, we assessed the impact of overexpressed WT 
or catalytically inactive PTPN2 versus GFP-PTPN2 on this 
process. WBM cells from C57BL/6 mice were transduced 
with mCherry-expressing control retroviruses or ones en-
coding WT PTPN2, catalytically inactive PTPN2-R222M, 
or exclusively nuclear GFP-PTPN2 and then transplanted 
into lethally irradiated congenic hosts. DN thymocyte 
development in recipient animals was assessed after 7 wk 
(Fig.  4). The WT PTPN2 was overexpressed by approxi-
mately twofold over the endogenous PTPN2, and this de-
creased the numbers of c-KIThiCD44+CD25− DN1 cells 
by 30% (Fig. 4 B). The decrease in DN1 cells might have 
been caused by a direct effect on the DN1 cells themselves 
or by an effect on more immature BM progenitors, given 
that PTPN2 has been implicated in hematopoietic stem  
cell expansion (You-Ten et al., 1997; Bourdeau et al., 2013). 
Regardless, PTPN2 overexpression resulted in yet a further 
reduction in the number of DN2 cells and their progression 
into DN3 and DN4 (Fig. 4 B). In contrast, the catalytically 
inactive PTPN2-R222M had no measurable impact on DN 
thymocyte development (Fig. 4 C). Finally, the GFP-PTPN2 
fusion protein that was restricted to the nucleus in DN thy-
mocytes (not depicted) was able to reduce the number of 
DN2 cells (Fig. 4 B). PTPN2- and GFP-PTPN2–repressed 
p-STAT5, but not p-JAK-1, in DN2/3 thymocytes derived 
from transduced Lin− c-KIThi SCA-1hi BM cells that had 
been allowed to differentiate on OP9-DL1 cells in culture 
(Fig. S4 H). Together, these findings indicate that PTPN2 
can exert effects on DN thymocyte development through 
the dephosphorylation of STAT5 in the nucleus.

Figure 2.  PTPN2 deficiency represses T cell lineage commitment. (A) Lin− thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were 
stained for CD25, CD44, and c-KIT, and DN cell subsets were quantified by flow cytometry. (B–D) Equal numbers of donor WBM cells (2 × 106) from 
Thy1.2+Ptpn2+/+ (BALB/c) or Thy1.2+Ptpn2−/− (BALB/c) mice and congenic Thy1.1+ (BALB/c) competitor cells were transferred into lethally irradiated (2 × 550 
cGy) BALB/c recipient animals. Donor cell contribution in the thymus was assessed at 7 wk after transplantation. (B) Representative FACS profiles showing 
percent donor (Thy1.2)-derived DN thymocyte subset reconstitution. (C) Donor Thy1.2+Ptpn2+/+ (BALB/c) or Thy1.2+Ptpn2−/− (BALB/c) cells and Thy1.1+ 
competitor (BALB/c) DN subset ratios. (D) Absolute numbers of donor Thy1.2+Ptpn2+/+ (BALB/c) versus Thy1.2+Ptpn2−/− (BALB/c) DN subsets. (E and F) DN2a 
thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were single-cell sorted, cultured on OP9-DL1 stromal cells for 72 h, and then stained with 
fluorochrome-conjugated antibodies against CD25 and c-KIT. DN2a and DN2b cells were quantified by flow cytometry (E), and intracellular BCL-2 and Ki67 
MFIs in DN2 cells were determined (F). (G and H) 102 DN2a thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were FACS purified, cultured 
on OP9 (G) or OP9-DL1 (H) stromal cells for 5 d, and then stained with fluorochrome-conjugated antibodies against Lin markers, CD11c, and NK1.1. Cell 
subsets were quantified by flow cytometry. (I) Bcl11b mRNA levels in Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) DN thymocyte subsets were assessed by 
quantitative RT-PCR. Representative results (means ± SEM; Ptpn2+/+, n = 3–6; Ptpn2−/−, n = 3–6; Thy1.2+.Ptpn2+/+, n = 6–8; and Thy1.2+.Ptpn2−/−, n = 6–8) 
and representative cytometry profiles (A and B) from at least three independent experiments are shown. In E and F, pooled data from three independent 
experiments are shown. In A, C, D, G, and H, significance was determined using two-tailed Mann-Whitney U test; *, P < 0.05; **, P < 0.01; ***, P < 0.001. In 
E and F, significance was determined using two-tailed Student’s t test. **, P < 0.01; ***, P < 0.001.
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PTPN2 regulates STAT5-dependent T 
cell lineage commitment
Despite the critical role of IL-7/IL-7R signaling in DN2 cell 
survival and proliferation (Maraskovsky et al., 1996, 1997; 
Akashi et al., 1997; von Freeden-Jeffry et al., 1997), the repres-
sion of this pathway is thought to be necessary for BCL11b 
expression and hence the transition of cells from the DN2a 
stage to the DN2b stage with consequent T cell lineage com-
mitment (Ikawa et al., 2010; Li et al., 2010a; Kueh et al., 2016). 
The molecular basis for the repression of IL-7/IL-7R signal-
ing at this development checkpoint remains unknown. Our 
studies indicate that Bcl11b expression is decreased, T cell 
lineage commitment is repressed, and p-STAT5 is increased 
in DN2a/DN2b cells in the absence of PTPN2. Accordingly, 
we reasoned that PTPN2 deficiency may repress the transi-
tion from DN2a to DN2b and thereby favor the generation 
of alternate cell lineages by increasing STAT5 signaling. To 
test this, we determined whether attenuating STAT5 signal-
ing in Ptpn2−/− DN2a thymocytes could alleviate the oth-
erwise repressed T cell lineage commitment. To this end, we 
used a genetic approach and compared the DN2a and DN2b 
cell numbers between poly (I:C)–treated Ptpn2fl/fl, Mx1-Cre; 
Ptpn2fl/fl, and Mx1-Cre;Ptpn2fl/fl;Stat5fl/+ mice (Fig. 5 A). In 

addition, we cultured purified DN2a cells from poly (I:C)–
treated Ptpn2fl/fl, Mx1-Cre;Ptpn2fl/fl, or Mx1-Cre;Ptpn2fl/fl; 
Stat5fl/+ mice on OP9-DL1 (Fig. 5 B) versus OP9 (Fig. 5 C) 
stromal cells and assessed the influence on DN2a and DN2b 
cell numbers and the generation of CD11c+ dendritic and 
NK1.1+ NK cells, respectively. Stat5 heterozygosity corrected 
the increased DN2a cell numbers both in vivo (Fig. 5 A) as 
well as on OP9-DL1 cells ex vivo (Fig. 5 B) and the increased 
diversion of PTPN2-deficient DN2a cells to the NK and 
dendritic cell lineages when cultured on OP9 cells (Fig. 5 C). 
Interestingly, although DN2b cells were not significantly de-
creased in Mx1-Cre;Ptpn2fl/fl mice (Fig. 5 A), as one might 
expect from defective T cell lineage commitment, we noted 
that Stat5 heterozygosity decreased DN2b cell numbers 
below those seen in Ptpn2fl/fl control mice in vivo (Fig. 5 A) 
or after DN2a OP9-DL1 co-culture ex vivo (Fig. 5 B). This 
is in keeping with the notion that enhanced STAT5 signaling 
promotes DN2b cell survival. To complement these studies, 
we also used a pharmacological approach and cultured DN2a 
Ptpn2+/+ and Ptpn2−/− thymocytes on OP9-DL1 (Fig. 5 D) 
or OP9 (Fig. 5 E) stromal cells and tested whether JAK inhi-
bition with the drug CMP6 might repress the accumulation 
of DN2a cells on OP9-DL1 cells (Fig. 5 D) or the generation 

Figure 3.  STAT5 heterozygosity versus JAK PTK inhibition corrects DN thymocyte development associated with PTPN2 deficiency. (A) Lin− thymo-
cytes from poly (I:C)–treated Rosa26-YFP;Ptpn2fl/fl (C57BL/6), Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;Stat5+/− (C57BL/6), Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6), 
and Rosa26-eYFP;Ptpn2fl/fl;Stat5+/− (C57BL/6) mice were stained for CD25, CD44, and c-KIT, and DN cell subsets were quantified by flow cytometry. (B) WBM 
cells from Rosa26-eYFP;Ptpn2fl/fl (C57BL/6), Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl(C57BL/6);Stat5+/− (C57BL/6), and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) 
mice were cultured on OP9-DL1 stromal cells. Lin− thymocytes were harvested after 10 d and stained for CD25 and CD44, and DN cell subsets were quan-
tified by flow cytometry. (C) WBM cells from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were cultured on OP9-DL1 stromal cells in the presence of 
the JAK PTK inhibitor CMP6 or vehicle control (DMSO). DN2 and DN3 cell numbers were quantified by flow cytometry. Representative results (means ± 
SEM; Ptpn2+/+, n = 4; Ptpn2−/−, n = 4; Rosa26-eYFP;Ptpn2fl/fl, n = 5–6; Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl, n = 5–7; Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;STAT5fl/+, n 
= 5–8; and Rosa26-eYFP;Ptpn2fl/fl;STAT5fl/+, n = 7) from at least three independent experiments are shown. Significance was determined using two-tailed 
Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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of Lin−CD11c+ dendritic and Lin−NK1.1+ NK cells on OP9 
cells (Fig. 5 E). Notably, JAK inhibition corrected the increased 
numbers of PTPN2-deficient DN2a cells on OP9-DL1 cells 
(Fig. 5 D) and the increased diversion of PTPN2-deficient 
DN2a cells to NK and dendritic cell lineages when cultured 
on OP9 cells (Fig. 5 E). In contrast, treatment with inhibi-
tors of SFKs (SU6656 or Saracatinib [AZD0503]), which are 
instrumental in β selection (Molina et al., 1992; Groves et 
al., 1996; Palacios and Weiss, 2004), had no significant impact 
on DN2a cell numbers on OP9-DL1 cells (Fig. 5 D) or the 
generation of NK and dendritic cells on OP9 stromal cells 

(Fig. 5 E). These findings indicate that the increased STAT5 
signaling associated with PTPN2 deficiency may contribute 
to the attenuation of T cell lineage commitment.

PTPN2 regulates αβ T cell development
In addition to impacting on DN2 thymocytes and T cell lin-
eage commitment, our studies indicate that PTPN2 can also 
independently affect the later stages of T cell development. 
This is based on the observations that PTPN2 deficiency in-
creased the numbers of DN3 and DN4 cells and the gener-
ation of DP and SP thymocytes in vivo and ex vivo, despite 

Figure 4.  PTPN2 overexpression represses DN thymocyte development. (A–C) 5 × 105 WBM cells from C57BL/6 mice were transduced with control 
mCherry-expressing retrovirus (MSCV) or retroviruses expressing mCherry plus WT PTPN2, nuclear-restricted GFP-PTPN2 (A and B), or catalytically inac-
tive PTPN2-R222M (C) and were transplanted into lethally irradiated (2 × 550 cGy) C57BL/6 hosts. DN thymocyte development was assessed after 7 wk. 
(A) Intracellular PTPN2 levels (MFI) in Lin− mCherry+ DN thymocytes from mice reconstituted with WBM transduced with MSCV control–, WT PTPN2–, or 
GFP-PTPN2–expressing retroviruses were determined by flow cytometry. (B and C) Relative mCherry+ DN1–4 cells from mice reconstituted with WBM cells 
infected with control MSCV or MSCV encoding WT PTPN2 or GFP-PTPN2 (B), or mice reconstituted with WBM cells infected with control MSCV or MSCV 
encoding PTPN2-R222M (C). Representative results (means ± SEM; MSCV, n = 4–8; PTPN2, n = 4–6; PTPN2-GFP, n = 4–6; and PTPN2-R222M, n = 7) and 
representative cytometry profiles from at least two independent experiments are shown. Significance was determined using two-tailed Mann-Whitney U 
test. *, P < 0.05; **, P < 0.01.
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DN2b cell numbers being unaltered (Figs. 1, A–C; 2, A–D; 
and S3, A and E–H). This suggests that PTPN2 deficiency 
may enhance the expansion and/or survival and differentia-
tion of cells that transition to the DN3 stage. For successful β 
selection, TCR-β chains resulting from productive Tcrb gene 
rearrangement must pair with the pre–T-α protein to form 
the pre-TCR, which signals via the SFKs LCK and FYN 
to promote progression of the preselected TCR-βloCD27lo 
DN3a cells into the post-selected TCR-βhiCD27hi DN3b 
stage (Molina et al., 1992; Groves et al., 1996; Palacios and 

Weiss, 2004; Taghon et al., 2006). Pre-TCR signaling pro-
motes DN3b cell survival, proliferation, and differentiation 
into DN4s and thereafter into the DP stage (Palacios and 
Weiss, 2004). To assess the impact of PTPN2 deletion on 
TCR-β selection, independent of any effects on DN2 cells 
and T cell lineage commitment, we adopted two strategies. 
First, we purified c-KITloCD27lo DN3a cells by FACS and 
assessed their proliferation by CellTrace violet (CTV) dilu-
tion to monitor sequential cell divisions and differentiation 
when cultured on OP9-DL1 stromal cells (Fig. 6 A). PTPN2 

Figure 5.  PTPN2 regulates STAT5-dependent T cell lineage commitment. (A) Lin− thymocytes from poly (I:C)–treated Rosa26-YFP;Ptpn2fl/fl (C57BL/6), 
Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6), and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;Stat5fl/+ (C57BL/6) mice were stained for CD25, CD44, and c-KIT, and DN2a 
and DN2b cell subsets were quantified by flow cytometry. (B and C) FACS-purified Lin− DN2a thymocytes from poly (I:C)–treated Rosa26-eYFP;Ptpn2fl/fl 
(C57BL/6), Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;Stat5+/− (C57BL/6), and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) mice were cultured on OP9-DL1 stromal cells 
for 3 d (B) or OP9 cells for 5 d (C) and then stained for c-KIT, CD44, and CD25 or lineage markers CD11c and NK1.1 and DN2a versus DN2b (B) or CD11c+ 
(C), and NK1.1+ cells were quantified by flow cytometry. (D and E) FACS-purified Lin− DN2a thymocytes from Ptpn2+/+ (C57BL/6) versus Ptpn2−/− (C57BL/6) 
mice were cultured on OP9-DL1 stromal cells for 3 d (D) or OP9 stromal cells for 5 d (E) in the presence of DMSO vehicle control, or the SFK PTK inhibi-
tors SU6656 or AZD0503, or the JAK PTK inhibitor CMP6, and then stained for c-KIT, CD44, and CD25 or lineage markers CD11c and NK1.1. DN2a versus 
DN2b (D) or CD11c+ and NK1.1+ (E) cells were quantified by flow cytometry. Representative results (means ± SEM; Ptpn2+/+, n = 4–6; Ptpn2−/−, n = 4–6; 
Rosa26-eYFP;Ptpn2fl/fl, n = 4–7; Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl, n = 4–7; and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;STAT5fl/+, n = 4–9) from at least three (A) or 
two independent experiments (B–E) are shown. In B and D, triplicates from four individual mice per genotype are shown. Significance was determined using 
two-tailed Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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deficiency did not alter the number of divisions that DN3a 
cells underwent when cultured on OP9-DL1 stromal cells 
(Fig. 6 A). This is in keeping with the unaltered Ki67 stain-
ing observed in vivo (Fig. 1 H). However, PTPN2 deficiency 
increased the total number of cells at each division (Fig. 6 A). 
This is in keeping with the increased BCL-2 and MCL-1 
expression (Fig. 1 G) and increased survival of DN3 cells ex 
vivo (Fig. S4 C). PTPN2 deficiency also increased the dif-
ferentiation of DN3a cells and the generation of TCR-β–
positive cells at each cellular division (Fig.  6 A). Therefore, 
these results reveal that loss of PTPN2 increases DN3 survival 
and the generation of TCR-β cells, at least ex vivo. Next, 
we took advantage of Lck-Cre;Ptpn2fl/fl mice (Wiede et al., 
2011, 2014a,b) because this Lck-Cre transgene (Gu et al., 
1994; Hennet et al., 1995) facilitates deletion of floxed genes 
only after the DN2 stage (Shi and Petrie, 2012). We intro-
duced the RosaA26-YFP reporter into the Lck-Cre;Ptpn2fl/fl  
strain to identify cells that had recombined their Ptpn2fl/fl al-
leles by YFP fluorescence. In keeping with previous studies 
(Hennet et al., 1995; Shi and Petrie, 2012), we found that 
CRE-mediated recombination of Ptpn2fl/fl was only evident 
after the DN2 stage, with 11 ± 1.1% of DN3 but 46 ± 3.6% 
of DN4 being YFP positive (Fig. S5 A). To investigate the im-
pact of PTPN2 deletion, we compared the proportions of 
TCR-βloCD27lo DN3a versus TCR-βhiCD27hi DN3b cells 
within the YFP-negative (i.e., PTPN2 expressing) versus 
YFP-positive (i.e., PTPN2 deficient) thymocyte populations 
(Fig.  6  B). We found that PTPN2 deficiency (marked by 
YFP positivity) was accompanied by an approximately three-
fold increase in DN3b cells and a concomitant decrease in 
DN3a cells (Fig.  6 B). Consistent with this, we found that 
the numbers of ΤCR-β+ DN3 and DN4 cells were signifi-
cantly increased in both 14-d-old Ptpn2−/− mice and in adult 
Mx1-Cre;Ptpn2fl/fl mice after poly (I:C)–induced PTPN2 
deletion (Fig. 6 C). Collectively, these results demonstrate that 
PTPN2 deficiency enhances β selection.

PTPN2 deficiency promotes SFK-dependent β selection
At least one way by which PTPN2 may regulate β selec-
tion is through the dephosphorylation and inactivation of the 
proximal pre-TCR/TCR PTKs LCK and FYN (Straus and 
Weiss, 1992; Iwashima et al., 1994; Palacios and Weiss, 2004). 
The importance of these SFKs at this developmental check-
point is demonstrated by the observations that thymocytes 
deficient for LCK exhibit a profound block in β selection, 
whereas thymocytes lacking both LCK and FYN are com-
pletely defective in progression past the DN3 stage (Molina 
et al., 1992; Groves et al., 1996; Palacios and Weiss, 2004). We 
have shown previously that LCK and FYN, but not ZAP-70, 
can serve as direct substrates for PTPN2 (Wiede et al., 2011) 
and that PTPN2 deficiency in thymocytes as well as mature 
T cells is accompanied by enhanced TCR/SFK signaling and 
T cell immune responses (Wiede et al., 2011, 2014a,b, 2017). 
We monitored Y394 LCK and Y416 FYN phosphorylation, 
markers of activation of these SFKs, using antibodies specific 

to Y418-phosphorylated c-SRC by flow cytometry. We found 
that the enhanced β selection in Ptpn2−/− mice was accompa-
nied by increased c-SRC Y418 phosphorylation specifically 
at the DN3 and DN4 stages (Fig. 7 A). Enhanced SFK phos-
phorylation (p-SFK) and activation were also noted in DN3 
and DN4 thymocytes generated in vitro by culturing WBM 
cells on OP9-DL1 stromal cells (Fig. 7 B). These results in-
dicate that the enhanced β selection associated with PTPN2 
deficiency is accompanied by increased SFK signaling.

To determine the extent to which the elevated SFK 
activation may contribute to the enhanced β selection seen 
in the absence of PTPN2, we first took advantage of a ge-
netic approach. We assessed the impact of superimposing 
LCK deficiency on β selection (Fig.  7, C–H). We crossed 
Ptpn2−/− (C57BL/6) mice onto the Lck+/− (C57BL/6) het-
erozygous background to reduce total LCK protein by 50%. 
Lck heterozygosity had no effect on STAT5 phosphorylation 
in DN thymocytes (Fig. 7 C) but reduced the otherwise in-
creased p-SFK in Ptpn2−/− DN3, DN4, DP, and SP thymo-
cytes so that p-SFK more closely approximated that found in 
Ptpn2+/+ controls (Fig. 7, D and E). These results demonstrate 
that PTPN2 primarily affects LCK Y394 phosphorylation in 
thymocytes. Lck heterozygosity had no impact on DN1 or 
DN2 cell numbers but completely corrected the increase in 
DN3, DN4, and TCR-β+ thymocytes otherwise associated 
with PTPN2 deficiency (Fig. 7 F). Moreover, Lck heterozy-
gosity corrected the increases in DP and SP thymocytes and 
peripheral splenic CD4+, as well as CD8+ T cells otherwise 
associated with PTPN2 deficiency at 14 d of age (Fig. 7 G). 
To determine whether the effects on β selection were cell 
intrinsic, we cultured purified DN3a thymocytes from 
Ptpn2+/+, Ptpn2−/−, or Ptpn2−/−;Lck+/− mice on OP9-DL1 
stromal cells in the presence of FLT3L and IL-7 and assessed 
the generation of TCR-β+ thymocytes after 4 d (Fig. 7 H). 
Lck heterozygosity corrected the enhanced generation of 
TCR-β+ thymocytes (Fig. 7 H). In contrast, Stat5 heterozy-
gosity in PTPN2-deficient DN3a thymocytes (i.e., isolated 
from poly (I:C)–treated Mx1-Cre;Ptpn2fl/fl;Stat5fl/+ mice) did 
not correct the enhanced generation of TCR-β+ thymocytes 
evident when DN3a thymocytes from poly (I:C)–treated 
Mx1-Cre;Ptpn2fl/fl mice where cultured on OP9-DL1 cells 
(Fig. 7 I). These results indicate that PTPN2 deficiency drives 
β selection and T cell development specifically through the 
promotion of LCK, but not STAT5, signaling.

To complement our genetic studies and to further ex-
plore the cell-intrinsic contributions of SFK signaling in the 
promotion of β selection, we also treated PTPN2-deficient 
YFP+ DN3a thymocytes (from Lck-Cre;Ptpn2fl/fl;RosaA26- 
YFP mice) differentiating in vitro with SU6656 or Sar-
acatinib (AZD0503) and assessed the impact of these SFK  
inhibitors on the generation of DN3 and DN4 cells and the 
total numbers of T lymphoid cells. Both drugs repressed the 
enhanced SFK signaling in PTPN2-deficient DN3 and DN4 
cells to the levels seen in YFP− control thymocytes (Fig. 8 A), 
and this significantly diminished the increase in the num-
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bers of DN3/DN4 cells (Fig. 8 B) and the overall numbers 
of thymocytes (Fig. S5 B). Finally, we assessed the relative 
contributions of the SFK versus JAK/STAT5 signaling path-
ways to the enhanced β selection and increased generation 
of TCR-β+ thymocytes associated with PTPN2 deficiency 
by incubating PTPN2-deficient YFP+ DN3a thymocytes 
differentiating ex vivo with the SFK inhibitor SU6656 or 
the JAK inhibitor CMP6. SU6656 corrected the increased 
generation of TCR-β+ thymocytes, whereas CMP6 had no 

significant impact (Fig. 8 C). Collectively, these genetic and 
pharmacological inhibitor studies demonstrate that PTPN2 
controls β selection through the specific dephosphorylation 
and inactivation of the SFK LCK.

PTPN2 deficiency promotes SFK- and STAT5-dependent 
γδ TCR T cell development
The development of DN3 cells into αβ TCR versus γδ TCR 
T cells is thought to be dependent on TCR signal strength, 

Figure 6.  PTPN2 deficiency enhances β selection. (A) FACS-purified, CTV-labeled Lin− DN3a thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) 
mice were cultured on OP9-DL1 stromal cells. Thymocytes were harvested after 48 or 96 h and stained for TCR-β and CD45 and then examined by flow cy-
tometry for CTV dilution. Ptpn2−/− (C57BL/6) versus Ptpn2+/+ (C57BL/6) total CD45+ thymocytes or CD45+TCR-βhi cells per division and the generation of total 
CD45+ thymocytes or CD45+TCR-βhi cells were determined. (B) Lin− thymocytes from Lck-Cre;Rosa26-YFP;Ptpn2fl/fl (C57BL/6) mice were stained for CD25, 
CD44, CD27, and intracellular TCR-β. DN3 (CD25+CD44−) and DN4 (CD25−CD44−) thymocytes were gated for eYFP− (PTPN2 expressing) and eYFP+ (PTPN2 
deleted) cells, and the relative DN3a (intracellular TCR-βloCD27lo), DN3b (intracellular TCR-βhiCD27hi), and DN4 (intracellular TCR-βhiCD27hi) cell abundance 
was determined by flow cytometry. (C) Lin− thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice or poly (I:C)–treated Rosa26-eYFP;Ptpn2fl/fl 
(C57BL/6) and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) mice were stained for CD25, CD44, and intracellular TCR-β (icTCRβ+). icTCRβ+ DN3 (CD25+CD44−) 
and (CD25−CD44−) DN4 cell numbers were quantified by flow cytometry. Representative results (means ± SEM; Ptpn2+/+, n = 6–7; Ptpn2−/−, n = 5–8; 
Lck-Cre;Rosa26-YFP;Ptpn2fl/fl, n = 6; Rosa26-eYFP;Ptpn2fl/fl, n = 5; and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl, n = 5) (A–C) and representative cytometry profiles (A 
and B) from at least three independent experiments are shown. Significance was determined using two-tailed Mann-Whitney U test. **, P < 0.01.
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with strong TCR signaling favoring γδ TCR T cell develop-
ment and weaker signaling favoring αβ TCR T cell devel-
opment (Haks et al., 2005; Hayes et al., 2005; Kreslavsky et 
al., 2008; Fahl et al., 2014; Zarin et al., 2015; Muñoz-Ruiz 
et al., 2016). TCR signal strength further variably influences 
the generation of IL-17 (IL-17+)– versus IFN-γ (IFN-γ+)–
producing γδ T cell subsets (Jensen et al., 2008; Ribot et 
al., 2009; Turchinovich and Hayday, 2011; Prinz et al., 2013; 
Muñoz-Ruiz et al., 2016). Both TCR-γδ and pre-TCR 
signaling are reliant on SFKs, as reflected by the complete 
absence of both αβ TCR and γδ TCR T cells and the accu-
mulation of DN3 thymocytes in Lck−/−Fyn−/− mice (Molina 
et al., 1992; Groves et al., 1996). Beyond TCR signal strength, 
other factors can also contribute to the thymic generation of 
γδ TCR T cells. They include IL-7, which signals through 
STAT5 to influence TCR-γ gene rearrangement and ex-
pression (Kang et al., 1999, 2001; Ye et al., 2001). Given that 
PTPN2 deficiency enhanced both SFK and STAT5 signaling, 
we reasoned that the absence of PTPN2 might also drive 
the generation of γδ TCR T cells. Indeed, we found that γδ 
TCR thymocytes were increased by 2.7-fold in Ptpn2−/− 
mice (Fig. 9 A) and by 4.5-fold in adult Mx1-Cre;Ptpn2fl/fl 
mice after PTPN2 deletion (Fig. 9 B). In particular, we found 
that PTPN2 deficiency increased the development of IFN-γ+ 
TCR-δ+ thymocytes (Fig. 9 C). In contrast, the development 
of CD1d-dependent TCR-β+ NKT cells, which arise from 
DP thymocytes expressing randomly generated semi-invariant 
lipid-binding TCRs (Godfrey et al., 2010), was unaltered 
(Fig.  9 D), whereas the generation of CD4+CD25+FoxP3+ 
regulatory T cells (T reg cells) was increased (Fig. 9 D). The 
latter is in agreement with a study demonstrating that the 
PTPN2-mediated inhibition of IL-2–induced JAK/STAT5 
signaling represses the thymic generation of T reg cells (Yi 
et al., 2014). To determine whether PTPN2 deficiency may 
promote the cell-autonomous differentiation of γδ TCR 
thymocytes, we cultured CTV-stained, FACS-purified 
c-KITloCD27lo DN3a cells on OP9-DL1 stromal cells and 

assessed the generation of TCR-δ+ thymocytes at each cellu-
lar division. PTPN2 deficiency did not alter the proliferation 
of DN3 cells, as assessed by the dilution of CTV dye (not de-
picted), but resulted in increased TCR-δ+ thymocyte devel-
opment at each cellular division (Fig. 9 E). This is consistent 
with the increased generation of γδ TCR thymocytes being 
an outcome of enhanced differentiation. Importantly, the in-
crease in γδ TCR thymocytes was associated with a 9.5-fold 
increase in intestinal TCR-δ+ CD3+ intraepithelial lympho-
cytes (IELs) and a 5.5-fold increase in lamina propria (LP) 
TCR-δ+ CD3+ T cells in adult Mx1-Cre;Ptpn2fl/fl mice 4 wk 
after PTPN2 deletion (Fig. 9 F). Most of the TCR-δ+ CD3+ 
T cells were IFN-γ+ γδ TCR T cells (Fig. 9 G). Collectively, 
these results demonstrate that PTPN2 deficiency enhances γδ 
TCR T cell development.

To determine whether PTPN2 deficiency may drive 
γδ TCR T cell development through the enhancement of 
SFK and/or STAT5 signaling, we assessed the generation of 
TCR-δ+ cells in PTPN2-deficient thymocytes heterozygous 
for Lck or Stat5. Lck heterozygosity partially decreased the 
elevated TCR-δ+ thymocyte generation in Ptpn2−/− mice 
(Fig. 9 H). Lck heterozygosity also tended to decrease TCR-δ+ 
thymocyte generation ex vivo when PTPN2-deficient DN3a 
thymocytes were co-cultured with OP9-DL1 stromal cells 
(Fig.  9  I). Conversely, Stat5 heterozygosity completely re-
versed the increased TCR-δ+ thymocyte generation ex vivo 
(Fig. 9 J) but had no effect on TCR-β+ thymocyte genera-
tion (Fig. 7 I). To complement these studies, we also assessed 
the impact of SFK versus JAK inhibition on the generation 
of TCR-δ+ thymocytes when DN3a cells were cultured on 
OP9-DL1 cells. The inhibition of SFKs with SU6656 par-
tially decreased the enhanced generation of Ptpn2−/− TCR-δ+ 
thymocytes (Fig. 9 K), whereas JAK inhibition with CMP6 
completely reversed the increased TCR-δ+ thymocyte gen-
eration (Fig. 9 K). Collectively, these results indicate that the 
enhanced STAT5 signaling associated with PTPN2 deficiency 
is essential for the increased differentiation of DN3 cells to 

Figure 7.  PTPN2 deficiency promotes LCK-dependent β selection. (A) Lin− thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were 
stained for cell surface CD25, CD44, or intracellular SFK phosphorylation (p-SFK) with antibodies to Y418-phosphorylated c-SRC, and DN1–4 p-SFK MFIs 
were determined by flow cytometry. (B) WBM cells from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were cultured for 9 d on OP9-DL1 stromal cells. 
DN3–4 p-SFK MFIs were determined by flow cytometry. (C) Lin− thymocytes from Ptpn2+/+ (C57BL/6), Ptpn2−/− (C57BL/6), and Ptpn2−/−;Lck+/− (C57BL/6) 
mice were stained for CD25, CD44, and intracellular p-STAT5, and DN1–4 p-STAT5 MFIs were determined by flow cytometry. (D and E) Lin− thymocytes (D) 
or total thymocytes (E) from Ptpn2+/+(C57BL/6), Ptpn2+/+;Lck+/− (C57BL/6), Ptpn2−/− (C57BL/6), or Ptpn2−/−;Lck+/− (C57BL/6) mice were stained for CD25 
and CD44 (D) or CD4 and CD8 (E), and DN1–4 p-SFK MFIs (D) or DP and SP p-SFK MFIs (E) were determined by flow cytometry. (F) Lin− thymocytes from 
Ptpn2+/+(C57BL/6), Ptpn2+/+;Lck+/− (C57BL/6), Ptpn2−/− (C57BL/6), and Ptpn2−/−;Lck+/− (C57BL/6) mice were stained for CD25, CD44, c-KIT, and intracel-
lular TCR-β (icTCRβ+) and DN cell subsets, and icTCRβ+ cells were quantified by flow cytometry. (G) Thymocytes or splenocytes from Ptpn2+/+ (C57BL/6), 
Ptpn2+/+;Lck+/− (C57BL/6), Ptpn2−/− (C57BL/6), and Ptpn2−/−;Lck+/− (C57BL/6) mice were stained for CD4, CD8, and DP. CD4 SP and CD8 SP thymocytes or 
CD4+ and CD8+ T cells were quantified by flow cytometry. (H and I) FACS-purified Lin− DN3a thymocytes from Ptpn2+/+ (C57BL/6), Ptpn2−/− (C57BL/6), or 
Ptpn2−/−;Lck+/− (C57BL/6) mice (H) or from poly (I:C)–treated Rosa26-YFP;Ptpn2fl/fl (C57BL/6), Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6), and Mx1-Cre;Ro-
sa26-eYFP;Ptpn2fl/fl;Stat5fl/+ (C57BL/6) mice (I) were cultured on OP9-DL1 stromal cells for 4 d. Cells were harvested and stained for TCR-β. TCR-β+ T 
cell numbers were determined by flow cytometry. Representative results (means ± SEM; Ptpn2+/+, n = 5–7; Ptpn2−/−, n = 5–8; Ptpn2+/+;Lck+/−, n = 5–6;  
Ptpn2−/−;Lck+/−, n = 5–6; Rosa26-eYFP;Ptpn2fl/fl, n = 5; Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl, n = 5; and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;STAT5fl/+, n = 5) and 
representative cytometry profiles (A) from at least two (C–I) or three (A and B) independent experiments are shown. Significance was determined using 
two-tailed Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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the γδ TCR T cell lineage. Therefore, both elevated STAT5 
and TCR/LCK signaling may contribute to the increased 
generation of γδ TCR T cells in PTPN2-deficient mice. This 
contrasts with the dependence on elevated SFK/LCK, but not 
STAT5 signaling, for the increased β selection and αβ TCR T 
cell generation accompanying PTPN2 deficiency.

PTPN2 is elevated in DN2/3 cells postnatally to repress 
γδ TCR T cell development
γδ TCR T cells first appear during fetal thymic ontogeny be-
fore αβ TCR T cell maturation. In adults, the proportion of 

γδ TCR T cells declines so that they constitute only 1–4% 
of the total TCR+ T cells in the thymus and peripheral lym-
phoid organs (Prinz et al., 2013; Chien et al., 2014). The 
molecular basis for the postnatal decline in γδ TCR T cell 
production remains unclear. We investigated whether PTPN2 
levels may be increased postnatally to suppress TCR-induced 
SFK and STAT5 signaling and thereby diminish the develop-
ment of γδ TCR T cells. The proportion of thymic TCR-δ+ 
cells was lower in 6-wk-old adult mice compared with em-
bryonic day 18 (E18) embryos, and this was accompanied by 
a significant increase in TCR-β+ thymocytes (Fig. 10 A). Im-

Figure 8.  SFK inhibition corrects the enhanced β selection associated with PTPN2 deficiency. (A–C) DN3a eYFP− (i.e., PTPN2 expressing) cells from 
Rosa26-YFP;Ptpn2fl/fl (C57BL/6) mice or DN3a eYFP+ (i.e., PTPN2 deleted) cells from Lck-Cre;Rosa26-YFP;Ptpn2fl/fl (C57BL/6) mice were cultured on OP9-DL1 
stromal cells in the presence of DMSO vehicle control, or the SFK PTK inhibitors SU6656 or AZD0503 (A and B), and SU6656 or the PTK JAK inhibitor CMP6 
(C). (A) p-SFK MFIs in DN3 and DN4 thymocytes were determined by flow cytometry. (B) DN3 and DN4 cell numbers were determined by flow cytometry. 
(C) TCR-β+ T cell numbers were determined by flow cytometry. Representative results (means ± SEM; Rosa26-YFP;Ptpn2fl/fl, n = 4; and Lck-Cre;Rosa26-YFP; 
Ptpn2fl/fl, n =4) and representative cytometry profiles from at least two (C) or three (A and B) independent experiments are shown. Significance was deter-
mined using two-tailed Mann-Whitney U test. *, P < 0.05; **, P < 0.01.
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portantly, we found that PTPN2 levels (as assessed by flow 
cytometry using a validated PTPN2 antibody; Wiede et al., 
2014a) in 6-wk-old mice were increased by approximately 
twofold in DN2 and DN3 cells when compared with the 
DN1 cells but then declined at the DN4 stage (Fig. 10 B). In 
contrast, the increase in PTPN2 in DN2/DN3 versus DN1 
cells was modest in E18 (Fig. 10 B) or E16 embryos (Fig. S5 
C). These results are consistent with the notion that PTPN2 
is a critical regulator of the DN2 and DN3 developmental 
checkpoints. Moreover, these results suggest that the relative 
increase in PTPN2 might suppress SFK and STAT5 signaling 
in adult versus embryonic DN2/3 thymocytes and repress the 
postnatal development of γδ TCR T cells. To explore this, we 
compared the impact of PTPN2 deficiency on TCR-β+ ver-
sus TCR-δ+ thymocyte development in E18 embryos versus 
16-d-old mice. PTPN2 deficiency increased the total num-
bers of TCR-β+ and TCR-δ+ thymocytes in E18 embryos 
(Fig. 10 C). However, whereas relative TCR-δ+ thymocyte 
abundance declined in 16-d-old versus E18 Ptpn2+/+ con-
trol mice, the proportion of TCR-δ+ thymocytes in 16-d-old 
Ptpn2−/− mice remained elevated and was comparable to 
that of E18 Ptpn2−/− embryos, so that the relative abundance 
of TCR-β+ thymocytes declined and the TCR-δ/TCR-β 
ratio increased (Fig. 10, D–F). These findings are consistent 
with the notion that the postnatal increase in PTPN2 at the 
DN2/3 stages may contribute to the postnatal reduction in 
γδ TCR T cell production.

Discussion
We have taken advantage of different mouse models and 
genetic and pharmacological approaches to establish that 
PTPN2 deficiency promotes STAT5-dependent DN2a 
cellular expansion and survival and represses T cell lineage 
commitment in a cell-autonomous manner. The repression 

of STAT5 signaling is required for the optimal induction of 
Bcl11b expression and the irreversible commitment of oth-
erwise multipotent progenitors to the T cell lineage (Ikawa 
et al., 2010; Kueh et al., 2016). Although previous studies 
have suggested that this may be caused by a reduction in the 
cell surface levels of IL-7R-α (Yu et al., 2004; Ikawa et al., 
2010), we found that IL-7R-α levels were not significantly 
reduced at the DN2b stage and instead that the repression 
of STAT5 signaling, induction of Bcl11b, and differentiation 
of DN2a cells to the DN2b stage may be mediated by an 
increase in PTPN2. In the absence of PTPN2, STAT5 Y694 
phosphorylation (a marker of STAT5 activation) was mark-
edly increased and accompanied by increased DN2a cells in 
the absence of any commensurate increase in DN2b cells. 
Conversely, the increase in Bcl11b that normally occurs as 
cells transition into DN2b was decreased and, importantly, 
was accompanied by the increased generation of non–T lym-
phoid lineage cells. Inhibitors of the JAK/STAT5 pathway, 
but not inhibitors of SFKs, not only attenuated the expan-
sion of DN2a cells ex vivo but also inhibited the generation 
of NK and dendritic cells that otherwise resulted from the 
co-culture of PTPN2-deficient DN2a cells with OP9 stro-
mal cells with or without Notch ligand. Collectively, these 
results are consistent with PTPN2 deficiency repressing the 
DN2a to DN2b transition, thus impairing T cell lineage 
commitment. A caveat is that PTPN2 deficiency and the en-
hancement of STAT5 signaling did not lead to a reduction 
of DN2b cells. One reason for this might be that STAT5 can 
also regulate the survival of DN2b cells, so that the enhanced 
DN STAT5 signaling associated with PTPN2 deficiency 
may not only repress the progression to the DN2b stage, but 
also promote the survival of cells that ultimately transition to 
this stage. Consistent with this, we found that expression of 
the prosurvival proteins BCL-2 and MCL-1 in DN2b cells 

Figure 9.  PTPN2 deficiency promotes STAT5- and LCK-dependent γδ TCR T cell development. (A and B) Lin− thymocytes from Ptpn2+/+ (C57BL/6) 
and Ptpn2−/− (C57BL/6) mice (A) or from poly (I:C)–treated Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) mice (B) were 
stained for CD25, CD44, CD27, and TCR-δ. The numbers of TCR-γδ+ thymocytes were quantified by flow cytometry. (C) intracellular IFN-γ and IL-17A in 
Lin−TCR-δ+ thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice. (D) Thymocytes from poly (I:C)–treated Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) 
and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) mice were stained with α-galactosylceramide–loaded CD1d tetramers (CD1d/α-GC) and α-TCR-β or 
α-CD4, α-CD25, and intracellular α-FoxP3. CD1d/αGC tetramer+TCR-β+ NKT cells or CD4+CD25+FoxP3+ T reg cells were quantified by flow cytometry. 
(E) FACS-purified, CTV-labeled Lin− DN3a thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were cultured on OP9-DL1 stromal cells. 
Thymocytes were harvested after 96 h and stained for TCR-δ and CD45. CTV dilution and the generation of total and CD45+TCR-δhi T cells per division 
were monitored by flow cytometry. (F) CD45+CD3+TCR-δ+ IEL and LP lymphocytes in poly (I:C)–treated Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) and Mx1-Cre;Ro-
sa26-eYFP;Ptpn2fl/fl (C57BL/6) mice were determined by flow cytometry. (G) The levels of intracellular IFN-γ and IL-17A in CD45+TCR-δhi IELs from poly 
(I:C)–treated Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6) mice were determined by flow cytometry. (H) Lin− thymocytes 
from Ptpn2+/+ (C57BL/6), Ptpn2+/+;Lck+/− (C57BL/6), Ptpn2−/− (C57BL/6), or Ptpn2−/−;Lck+/− (C57BL/6) mice were stained for TCR-δ, and TCR-δ+ cells were 
quantified by flow cytometry. (I and J) FACS-purified Lin− DN3a thymocytes from Ptpn2+/+ (C57BL/6), Ptpn2−/− (C57BL/6), and Ptpn2−/−;Lck+/− (C57BL/6) mice 
(I) or poly (I:C)–treated Rosa26-YFP;Ptpn2fl/fl (C57BL/6), Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl (C57BL/6), and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;Stat5fl/+ (C57BL/6) 
mice (J) were cultured on OP9-DL1 stromal cells for 4 d. Cells were harvested and stained for TCR-δ. TCR-δ+ T cell numbers were determined by flow 
cytometry. (K) FACS-purified Lin− DN3a thymocytes from Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) mice were cultured on OP9-DL1 stromal cells in the 
presence of DMSO vehicle control, the SFK PTK inhibitor SU6656, or the PTK JAK inhibitor CMP6 for 4 d. Cells were harvested and stained for TCR-δ, and 
TCR-δ+ T cell numbers were quantified by flow cytometry. Representative results (means ± SEM; Ptpn2+/+, n = 4–7; Ptpn2−/−, n = 4–8; Ptpn2+/+;Lck+/−, n = 
6; Ptpn2−/−;Lck+/−, n = 5–6; Rosa26-eYFP;Ptpn2fl/fl, n = 4–6; Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl, n = 4–6; and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl;STAT5fl/+, n = 5) 
and representative cytometry profiles (A, F, and G) from at least two (D and H–K) or three (A–C and E–G) independent experiments are shown. Significance 
was determined using two-tailed Mann-Whitney U test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure 10.  A postnatal increase in PTPN2 attenuates γδ TCR T cell development. (A) Lin− thymocytes from E18 and 6-wk-old C57BL/6 mice were 
stained for TCR-δ and intracellular TCR-β (icTCRβ+). The proportions of TCR-δ+ and TCR-β+ thymocytes were determined by flow cytometry. (B) Lin− thy-
mocytes from E18 and 6-wk-old C57BL/6 mice were stained for CD25, CD44, and intracellular PTPN2. Relative PTPN2 levels (MFI) adjusted to cell size 
(PTPN2 MFI/FSC), as well as PTPN2 DN2/DN1 and DN3/DN1 ratios in E18 versus 6-wk-old C57BL/6 mice, were determined by flow cytometry. (C) Lin− thy-
mocytes from E18 Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) embryos were stained for TCR-δ and icTCRβ. TCR-δ+ and intracellular TCR-β+ cells were 
quantified by flow cytometry. (D–F) Lin− thymocytes from E18 Ptpn2+/+ (C57BL/6) and Ptpn2−/− (C57BL/6) embryos and 16-d-old Ptpn2+/+ (C57BL/6) and 
Ptpn2−/− (C57BL/6) mice were stained for TCR-δ and icTCRβ. The proportions of TCR-δ+ versus intracellular TCR-β+ cells (D and E) and TCR-δ+/icTCRβ+ cell 
ratios (F) were determined by flow cytometry. Representative results (means ± SEM; C57BL/6, n = 5; Ptpn2+/+, n = 5–6; and Ptpn2−/−, n = 5–7) and represen-
tative cytometry profiles (A and D) from at least three independent experiments are shown. Significance was determined using two-tailed Mann-Whitney 
U test. *, P < 0.05; **, P < 0.01.
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was increased in the absence of PTPN2, whereas Stat5 het-
erozygosity in the context of PTPN2 deficiency not only re-
pressed the increase in DN2a cells in vivo, but also decreased 
DN2b cell numbers relative to those seen in control animals.

Beyond controlling DN2 expansion/survival and T cell 
lineage commitment, PTPN2 also influenced β selection. In 
three different models of PTPN2 deficiency, we found that 
DN3 cells were increased despite DN2b cells being unaltered 
in vivo. The ability of PTPN2 deficiency to independently 
affect DN3 cells and β selection was substantiated in 
Lck-Cre;Ptpn2fl/fl mice, where Ptpn2 deletion occurred after 
the DN2 stage, and by comparison of co-cultures of purified 
Ptpn2+/+ versus Ptpn2−/− DN3a cells with OP9-DL1 stromal 
cells. The increase in DN3 cells caused by PTPN2 deficiency 
could not be ascribed to increased cellular division/prolifera-
tion. Instead, the increase in DN3 cells was likely caused by an 
increase in their survival as a result of enhanced STAT5- and/
or pre-TCR–LCK-driven BCL-2 expression. Several lines of 
evidence point toward PTPN2 deficiency promoting β se-
lection independent of effects on DN3 cell abundance. First, 
when purified DN3a cells were co-cultured with OP9-DL1 
stromal cells, we found that the relative increase in TCR-β+ 
thymocyte generation accompanying PTPN2 deficiency ex-
ceeded the relative increase in total thymocytes at each cell 
division. Second, the increase in DN3b cells in Lck-Cre; 
Ptpn2fl/fl mice was accompanied by a commensurate de-
crease in DN3a cells. Third, Stat5 heterozygosity, or JAK/
STAT5 pathway inhibition ex vivo, corrected the increase in 
DN3/4 cells without repressing the increased generation of 
TCR-β+ thymocytes. Our results demonstrate that the en-
hanced αβ TCR T cell generation in PTPN2-deficient mice 
was specifically caused by the enhanced LCK signaling. Lck 
heterozygosity reduced the increased DN3/4 SFK signaling 
accompanying PTPN2 deficiency and corrected the increase 
in TCR-β+ thymocytes and the generation of DP and SP 
thymocytes and peripheral CD4+ and CD8+ T cells. There-
fore, the increased LCK signaling is essential for the enhanced 
β selection and αβ TCR T cell generation. Could other path-
ways contribute to the increased β selection? Previous studies 
have variably implicated IL-7 signaling in β selection, report-
ing that IL-7 is either dispensable or conversely required for 
β selection and thereon the expansion and/or differentiation 
of DN3b and DN4 cells (Trigueros et al., 2003; Van De Wiele 
et al., 2004; Yu et al., 2004; Balciunaite et al., 2005; Boudil 
et al., 2015). In particular, a recent study indicates that IL-7 
inhibits the differentiation of DN3 and DN4 cells but allows 
for their greater expansion/self-renewal (Boudil et al., 2015). 
Although the enhanced STAT5 signaling in Ptpn2−/− DN3a 
cells did not influence the generation of TCR-β+ cells, it is 
important to note that IL-7 may influence β selection via al-
ternate pathways, including via phosphatidylinositol 3-kinase 
(PI3K) signaling, which is activated by JAK PTKs in parallel 
to STAT5 (Pallard et al., 1999). Indeed, the hyperactivation 
of PI3K signaling accompanying PTEN deficiency has been 
shown to rescue the defective DN thymocyte development 

in Il7−/− mice (Hagenbeek et al., 2004). Although we did 
not directly assess the PI3K pathway, PTPN2 deficiency did 
not affect the activation of JAK-1 and therefore is unlikely 
to alter PI3K signaling.

Precisely how αβ TCR and γδ TCR T cells develop 
from common DN3 precursors remains unclear. One favored 
model is the TCR signal strength model, which dictates that 
weak TCR signals promote the development of αβ TCR T 
cells, whereas stronger signals, irrespective of whether they 
emanate from αβ or γδ TCRs, promote γδ TCR T cell com-
mitment (Haks et al., 2005; Hayes et al., 2005; Kreslavsky et al., 
2008; Carpenter and Bosselut, 2010; Turchinovich and Hay-
day, 2011; Wencker et al., 2014; Zarin et al., 2015). TCR sig-
nal strength also influences the maturation of γδ T cells, with 
stronger TCR signaling favoring IFN-γ+ γδ T cells (Jensen et 
al., 2008; Ribot et al., 2009; Turchinovich and Hayday, 2011; 
Prinz et al., 2013; Muñoz-Ruiz et al., 2016). PTPN2 defi-
ciency resulted in a 4.5-fold increase in TCR-δ+ thymocytes 
and a 9.5-fold increase in IEL γδ T cells in Mx1-Cre;Ptpn2fl/fl  
mice. The expansion in IEL γδ TCR T cells was predomi-
nated by an increased proportion of IFN-γ+ γδ TCR T cells 
and a decrease in IL-17+ γδ TCR T cells. Whereas IFN-γ+ γδ 
TCR T cells can originate from DN2 and DN3 thymocytes, 
IL-17+ γδ TCR T cells are thought to only develop from 
DN2 thymocytes (Ciofani et al., 2006; Prinz et al., 2006; Shi-
bata et al., 2014). Given that PTPN2 deficiency resulted in a 
block in T cell lineage commitment and concomitantly en-
hanced TCR–SFK signaling in DN3/4 cells, we propose that 
PTPN2 deficiency increased γδ TCR T cell development 
and IFN-γ+ γδ TCR T cell generation through the enhance-
ment of DN3 TCR/SFK signaling. Consistent with this, Lck 
heterozygosity in vivo or SFK inhibition in DN3a cells ex 
vivo partially reduced the increased generation of TCR-δ+ 
thymocytes associated with PTPN2 deficiency. However, it is 
important to note that γδ TCR T cell development is also de-
pendent on IL-7/IL-7R-α signaling. The importance of IL-7 
signaling in γδ TCR T cell development is underscored by 
the complete absence of γδ TCR T cells in Il7−/− or Il7ra−/− 
mice (Cao et al., 1995; Maki et al., 1996; Moore et al., 1996). 
This contrasts with the incomplete block in αβ TCR T cell 
production seen in Il7- or Il7ra-deficient mice (von Freed-
en-Jeffry et al., 1995; Maraskovsky et al., 1996). Strikingly, 
we found that Stat5 heterozygosity or the inhibition of JAK/
STAT5 signaling in purified Ptpn2−/− DN3a cells reversed 
the increased generation of TCR-δ+ thymocytes without al-
tering TCR-β+ thymocyte development. These results indi-
cate the PTPN2 deficiency selectively drives the generation 
of γδ TCR T cells through the enhancement of DN3 STAT5 
signaling, which may then act together with the elevated 
TCR signaling to promote γδ TCR T cell maturation.

The context in which PTPN2 may affect thymic αβ 
TCR and γδ TCR T cell development remains to be estab-
lished. Our studies suggest that postnatal increases in PTPN2 
at the DN2/3 stage may repress the generation of γδ TCR T 
cell subsets that otherwise predominate during embryogen-
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esis, but further studies are required to specifically compare 
the Ptpn2−/− γδ TCR T cell repertoire during embryogene-
sis and postnatal development. Nonetheless, considering that 
γδ TCR T cell development in Ptpn2−/− mice was skewed 
toward the IFN-γ–producing subsets, it is possible that al-
terations in PTPN2 may influence γδ TCR T cell–mediated 
immunity. In human diseases, such as Crohn’s disease and ul-
cerative colitis, γδ TCR T cells have been reported to accu-
mulate in inflamed tissues (McVay et al., 1997; Yeung et al., 
2000), and there is increasing evidence that IEL γδ TCR T 
cell expansion can perturb intestinal homeostasis and con-
tribute to the development of colitis (Mizoguchi et al., 1996; 
Nanno et al., 2008; Park et al., 2010). PTPN2 single nucleo-
tide polymorphisms that result in decreased PTPN2 mRNA 
and protein levels have been associated with the development 
of inflammatory bowel disease, in particular Crohn’s disease 
(Wellcome Trust Case Control Consortium, 2007; Festen et 
al., 2011; Scharl et al., 2012). Although a recent study points 
toward this being caused by aberrant CD4+ T cell differenti-
ation (Spalinger et al., 2015), it is possible that γδ TCR T cell 
alterations accompanying PTPN2 deficiency may also exac-
erbate disease progression.

The results of this study provide insight into the mo-
lecular mechanisms by which two critical early T cell devel-
opmental checkpoints are regulated. Our findings reveal that 
PTPN2 is instrumental in the coordination of T cell lineage 
commitment through the control of STAT5 signaling and αβ 
TCR versus γδ TCR T cell specification by controlling SFK 
and STAT5 signaling. This highlights the possibility that al-
terations in the levels and/or function of PTPN2 at the DN 
stage of thymocyte differentiation may impact on the T cell 
repertoire in different physiological or pathological contexts.

Materials and methods
Mice
Mice were maintained on a 12-h light/dark cycle in a tem-
perature-controlled high barrier facility (Animal Research 
Laboratory, Monash University) with free access to food and 
water. Ptpn2−/− mice backcrossed for eight generations onto 
a BALB/c background (You-Ten et al., 1997; Wiede et al., 
2012) or generated on a C57BL/6 background have been 
described previously (Wiede et al., 2012). Unless otherwise 
stated in the figure legend, Ptpn2−/− mice used throughout 
the study were on the C57BL/6 background. C57BL/6J 
mice were purchased from the Monash Animal Research 
Platform (MARP; Monash University). C57BL/6.Ly5.1 
(B6.SJL-PtprcaPepcb/BoyJ) mice were purchased from The 
Walter and Eliza Hall Institute of Medical Research An-
imal Facility and bred with C57BL/6J mice (MARP) to 
generate C57BL/6.Ly5.1+/2+ mice. BALB/c.Thy1.1 were 
purchased from MARP and backcrossed for five genera-
tions. B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/J and B6.Cg-
Tg(Mx1-Cre)1Cgn/J mice were purchased from The Jackson 
Laboratory and were bred with Ptpn2fl/fl (C57BL/6) mice 
to generate Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl mice. Stat5fl/fl  

(C57BL/6) mice have been described previously (Gurzov 
et al., 2014) and were bred with Mx1-Cre;Rosa26-eYFP; 
Ptpn2fl/fl mice to generate Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl; 
Stat5fl/+ mice. B6.129S2-Lck<tm1Mak>/J mice were a gift 
from A. Veillette (McGill University, Montreal, Canada) and 
were bred with Ptpn2+/− mice to generate Ptpn2−/−;Lck+/− 
mice. For irradiation and adoptive transfer experiments, 
6–8-wk-old BALB/c.Thy1.2, C57BL/6.Ly5.1+.Ly5.2+, 
or C57BL/6.Ly5.2+ female recipient mice were used, and 
donor mice were 2–8 wk old and sex matched. Age- and sex-
matched littermates were used in all experiments.

Materials
The SFK PTK inhibitors Saracatinib (AZD0530) and 
SU6656 and the JAK PTK inhibitor CMP6 were purchased 
from Merck Millipore. Recombinant mouse IL-7, murine 
stem cell factor, IL-3, IL-6, and FLT3L were purchased from 
Peprotech. Antibodies against STAT5, p-(Y694) STAT5, 
p-(Y1022/1023) JAK-1, and JAK-1 were purchased from 
Cell Signaling. Tubulin was purchased from Sigma-Aldrich. 
Retronectin was purchased from Takara. Poly (I:C), Per-
coll, and Dnase I were from Sigma-Aldrich; FBS was from 
Thermo Fisher; Dulbecco-PBS (D-PBS) and HBSS were 
from Invitrogen; and collagenase D was from Roche. The 
mouse antibody against PTPN2 (6F3) and plasmid encoding 
murine PTPN2 (Ptpn2-pcDNA3.1) were provided by M. 
Tremblay (McGill University).

Flow cytometry
Single-cell thymic suspensions were obtained by gently com-
pressing thymi between two frosted glass slides. Cell suspen-
sions were homogenized further with an 18-gauge needle 
followed by a wash with ice-cold D-PBS supplemented with 
2% (vol/vol) FBS (D-PBS/2% FBS) and incubated for 5 
min on ice in red blood cell lysing buffer (Sigma-Aldrich) 
to remove contaminating erythrocytes. Lymphocyte counts 
(4–15 µm) were determined with a Z2 Coulter Counter 
(Beckman Coulter). For surface staining, 106/10  µl cells 
were resuspended in D-PBS/2% FBS containing the anti-
body cocktail in 96-well microtiter plates (BD Biosciences) 
for 20 min on ice in the dark. For FACS sorting, cells were 
stained in 15-ml Falcon tubes (BD Biosciences) for 30 min 
on ice. Thymocytes were stained with biotinylated antibodies 
against lineage (Lin) markers (CD4, CD8, CD3, GR-1, B220, 
CD19, CD11b, CD11c, NK1.1, and TER119; Miltenyi) and 
fluorochrome-conjugated antibodies against CD25, CD27, 
CD44, and c-KIT, incubated with fluorochrome-conju-
gated streptavidin (to label cells stained with the bioti-
nylated antibodies), and analyzed using an LSR​II, Fortessa 
(BD Biosciences), or CyAn advanced digital processing ana-
lyzer (Beckman Coulter).

For FACS purification of DN cell subsets, thymocytes 
were stained with biotinylated antibodies against CD3 (145-
2C11), CD4 (RM4-5), and CD8 (53–6.7; BD Biosciences) 
and then with streptavidin beads (Miltenyi) in D-PBS supple-
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mented with 0.5% (wt/vol) BSA. DP and SP thymocytes were 
then depleted with the autoMACS Separator (Miltenyi). These 
DP/SP-depleted thymocytes were then incubated with bioti-
nylated antibodies against Lin markers (see above) and fluoro-
chrome-conjugated antibodies against CD25, CD27, CD44, 
and c-KIT followed by fluorochrome-conjugated streptavi-
din (to label cells stained with the biotinylated antibodies). 
DN cell subsets were purified using a cell sorter (Influx; BD 
Biosciences). FACS-purified DN1 (Lin−CD25−CD44+c-
KIThi), DN2a (Lin−CD25+CD44+c-KIThi), and DN3a 
(Lin−CD25+CD27−CD44−c-KIT−) cells or FACS-purified 
Lin−SCA-1+c-KIT+ hematopoietic stem cells isolated from 
WBM were routinely tested for purity (>99%). Lympho-
cytes were gated for eYFP+ cells to discriminate between 
PTPN2-positive and PTPN2-negative cells after poly (I:C)–
induced Ptpn2 deletion in Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl 
mice. Data were analyzed using FlowJo8.7 or FlowJo10 (Tree 
Star Inc.) software. For cell quantification, a known number 
of Calibrite beads (BD Biosciences) or Nile red beads (Prosi-
tech) were added to samples before analysis.

The following antibodies from BD PharMingen, Bi-
oLegend, or eBioscience were used for flow cytometry: 
FITC or V450-conjugated CD44 (IM7); PE–cyanine 7 (PE-
Cy7)–conjugated or Pacific blue (PB)–conjugated CD69 
(H1.2F3); PE-conjugated CD3 (145-2C11); allophycocyanin 
(APC)-Cy7–conjugated TCR-β (H57-597); PE–cyanine 
5 (PE-Cy5)–conjugated, BD Horizon V421–conjugated, 
or FITC-conjugated TCR-δ (GL3); PE-Cy7–conjugated 
CD4 (RM4-5); PB-conjugated or Alexa Fluor 647–conju-
gated CD8 (53–6.7); Alexa Fluor 647–conjugated CD11c 
(N418); PE-conjugated or PE-Cy7–conjugated NK1.1 
(PK136); FITC-conjugated CD24 (M1/69); FITC-, PE-, or 
APC-Cy7–conjugated CD25 (PC61); PE-Cy7–conjugated 
CD27 (LG.7F9); APC-conjugated CD45 (30-F11); PE-con-
jugated CD45.1 (A20); PB-conjugated CD45.2 (104); 
FITC-conjugated CD90.2 (53–2.1); PE-conjugated CD122 
(TM-β1); PE-conjugated CD127 (SB/199); PE-conjugated 
CD132 (4G3); PE-, APC-, or PerCP-Cy5.5–conjugated 
c-KIT (2B8); PE-Cy7–conjugated SCA-1 (D7); FITC- or 
BD Horizon V421–conjugated IL-17A (TC11-18H10.1); 
PE- or PE-Cy7–conjugated IFN-γ (XMG1.2); Alexa Fluor 
647–conjugated BCL-2 (10C4); PE-Cy7–conjugated Ki67 
(SolA15); PB-conjugated FoxP3 (MF23); and eFluor 660–
conjugated p-(Y418) Src (SC1T2M3). APC-, PE-Cy7–con-
jugated, or BD Horizon V500–conjugated streptavidin was 
used to detect cells stained with biotinylated antibodies. 
APC-labeled α-galactosylceramide (α-GalCer)–loaded CD1 
tetramers were produced in house.

Intracellular staining for flow cytometry
3 × 106 freshly isolated thymocytes were stained with bioti-
nylated antibodies against Lin markers followed by incuba-
tion with fluorochrome-conjugated streptavidin and fixation 
in 300 µl Cytofix fixation buffer (BD Biosciences) for 15 min 
at 37°C. Cells were washed twice with D-PBS to remove 

excess paraformaldehyde and were permeabilized in 300 µl 
methanol/acetone (50:50) for 30 min on ice or overnight 
at −20°C. Permeabilized cells were washed three times with 
D-PBS/5% (vol/vol) FBS and processed for intracellular 
staining for PTPN2 (6F3) or p-STAT5 (Y694) (D47E7 XP 
rabbit; Cell Signaling) in D-PBS/5% (vol/vol) FBS for 1 h at 
room temperature. Secondary antibodies against mouse IgG 
(H+L) F(ab′)2 fragment conjugated to FITC or Alexa Fluor 
647 (Molecular Probes/Invitrogen) and antibodies against 
rabbit IgG (H+L) F(ab′)2 fragment coupled to DyLight 
649 (Jackson ImmunoResearch) were used for staining for 
PTPN2 and p-(Y694) STAT5, respectively.

For detection of intracellular TCR-β, Ki67, BCL-2, or 
FoxP3, the Foxp3/Transcription Factor Staining Buffer set 
(eBioscience) was used according to the manufacturer’s in-
structions. For the detection of intracellular cytokines, cells 
were stimulated with the cell stimulation cocktail (plus pro-
tein transport inhibitors; eBioscience) for 4 h in complete T 
cell medium at 37°C. Cells were harvested, fixed, and per-
meabilized with the BD Cytofix/Cytoperm kit according to 
the manufacturer’s instructions. Cells were stained with the 
specified antibodies at room temperature for 30 min and pro-
cessed for flow cytometry.

Thymocyte culture on OP9-DL1 stromal cells
2 × 105 OP9-DL1 cells were seeded in 6-well dishes in com-
plete MEM (supplemented with 10% (vol/vol) FBS, 2 mM 
l-glutamine, 100 U/ml penicillin/100 µg/ml streptomycin, 
nonessential amino acids, 1  mM sodium-pyruvate, 10  mM 
Hepes, 50 µM 2-mercaptoethanol, 1 ng/ml IL-7, and 5 ng/
ml FLT3L). 2 × 105 WBM cells or 5 × 104 FACS-purified 
Lin−SCA-1+c-KIT+ hematopoietic stem cells isolated from 
WBM were added and incubated at 37°C for 5 d. At day 
5, differentiated DN thymocytes were harvested and fil-
tered through a 100 µM cell strainer to remove OP9-DL1 
stromal cells. 2 × 105 DN cells were replated on a 6-well 
dish seeded with 2 × 105 OP9-DL1 stromal cells in com-
plete MEM. At the indicated times, cells were harvested and 
stained with biotinylated antibodies against Lin markers, flu-
orochrome-conjugated antibodies against CD25 and CD44, 
and then fluorochrome-conjugated streptavidin (to label 
cells stained with biotinylated antibodies) and finally ana-
lyzed by flow cytometry.

For the assessment of DN2a thymocyte differentiation, 
freshly isolated Lin−c-KIThiCD44hiCD25hi DN2a thymocytes 
were first bulk sorted on two-drop enrichment mode with the 
Influx sorter. Enriched DN2a cells were sorted into flat-bottom 
96-well plates on single cell sort mode (Influx sorter) seeded 
with 2.5 × 103 OP9-DL1 stromal cells in complete MEM. At 
day 3, cells were harvested and stained with fluorochrome-con-
jugated antibodies against CD25 and c-KIT and then analyzed 
by flow cytometry. For quantification of the DN2a and DN2b 
cells, Nile red beads were added to samples before analysis.

To assess the impact of SFK PTK inhibition on the 
DN3a to DN4 cell transition, FACS-purified Lin−c-KITlo 
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CD44loCD25hiCD27lo DN3a cells (3 × 103) from Rosa26-YFP; 
Ptpn2fl/fl (C57BL/6) and Lck-Cre;Rosa26-YFP;Ptpn2fl/fl  
(C57BL/6) mice were added to OP9-DL1 stromal cells (5 
× 104/well in a 24-well dish) and incubated at 37°C for 
2–3 d in the presence of vehicle (DMSO), 400 nM Saraca-
tinib, or 200 nM SU6566. At the indicated times, cells were 
harvested and stained with fluorochrome-conjugated anti-
bodies against CD25, CD44, CD4, and CD8 and finally ana-
lyzed by flow cytometry.

To assess the impact of SFK versus JAK PTK inhibi-
tion on the generation of TCR-δ+ and TCR-β+ thymocytes 
in vitro, FACS-purified Lin−c-KITloCD44loCD25hiCD27lo 
DN3a cells (104) were added to OP9-DL1 stromal cells (2 
× 103/well in a 96-well dish) and incubated at 37°C for 4 d 
in the presence of vehicle (DMSO), 200 nM SU6566, and 
100 nM CMP6. At the indicated times, cells were harvested 
and stained with fluorochrome-conjugated antibodies against 
TCR-β and TCR-δ and finally analyzed by flow cytometry.

To assess the impact of SFK versus JAK PTK inhi-
bition on DN2a differentiation in vitro, FACS-purified 
Lin−c-KIThiCD44hiCD25hi DN2a cells (2 × 102) were added 
to OP9-DL1 stromal cells (2 × 103/well in a 96-well dish) 
and incubated at 37°C for 3 d in the presence of vehicle 
(DMSO), 400 nM Saracatinib, 200 nM SU6566, and 100 
nM CMP6. At the indicated times, cells were harvested and 
stained with biotinylated antibodies against Lin markers, flu-
orochrome-conjugated antibodies against CD25, CD44, and 
c-KIT, and then fluorochrome-conjugated streptavidin and 
finally analyzed by flow cytometry.

Thymocyte culture on OP9 stromal cells
For the assessment of the generation of NK1.1+ NK cells and 
CD11+ dendritic cells, FACS-purified Lin−c-KIThiCD44hi 

CD25hi DN2a thymocytes (102) were added to OP9 stromal 
cells (2 × 103/well in a 96-well dish) and incubated at 37°C 
for 5 d in the presence of 1 ng/ml IL-7 and 5 ng/ml FLT3L 
in complete MEM. To assess the impact of SFK PTK inhibi-
tion versus JAK PTK inhibition, 2 × 102 DN2a thymocytes 
were incubated in the presence of vehicle (DMSO), 400 nM 
saracatinib, 200 nM SU6566, and 100 nM CMP6. Cells were 
harvested and stained with biotinylated antibodies against Lin 
markers, fluorochrome-conjugated antibodies against NK1.1 
and CD11c, and then fluorochrome-conjugated streptavidin 
and analyzed by flow cytometry.

Assessment of DN3a cell proliferation ex vivo
For the assessment of thymocyte proliferation by CTV (Invit-
rogen/Molecular Probes) dilution, freshly isolated thymocytes 
were incubated with CTV in D-PBS supplemented with 
0.1% (wt/vol) BSA at a final concentration of 5 µM for 15 
min at 37°C. Cells were then washed three times with D-PBS 
supplemented with 10% (vol/vol) FBS. Lin−c-KITloCD44lo 

CD25hiCD27loCTV+ DN3a thymocytes were first bulk 
sorted on two-drop enrichment mode with the Influx sorter. 
5 × 103 enriched DN3a cells were further sorted into flat-bot-

tom 96-well plates seeded with 2.5 × 103 OP9-DL1 stromal 
cells in complete MEM. At various time points, proliferating 
cells were harvested and stained with fluorochrome-conju-
gated antibodies against CD45, TCR-δ, and TCR-β. CTV 
dilution and the generation of TCR-δ+ and TCR-β+ T cells 
were monitored by flow cytometry. For cell quantification, 
Nile red beads were added to samples before analysis.

BM chimeras
WBM cells were isolated by flushing the tibias and femurs 
from 6–8-wk-old mice with ice-cold DMEM supplemented 
with 10% FBS using a 26-gauge needle. Cells were then gen-
tly dissociated using a 22-gauge needle and filtered through a 
40-µm cell strainer. Cell suspensions were recovered by cen-
trifugation (300 g for 5 min at 4°C), and red blood cells were 
removed with red blood cell lysis buffer (Sigma-Aldrich). 
Recipient C57BL/6.Ly5.1/Ly5.2+ or BALB/c.Thy1.2+ mice 
were lethally irradiated with two split doses of 550 cGy total 
body irradiation (137Cs source) separated by 4 h. 1 d after the 
final irradiation, 200 µl, comprising 4 × 106 total WBM cells, 
was injected into the tail vein of recipient mice. Recipients 
received antibiotics (Baytril; Bayer) in their drinking water for 
2 wk after irradiation.

Retroviral plasmids
MSCV-PTPN2 was generated by PCR using Platinum Pfx 
DNA Polymerase (Invitrogen) and Ptpn2-pcDNA3.1 as a 
template. For cloning murine Ptpn2 cDNA into MSCV-
IRES-mCherry (Addgene), the oligonucleotides incorpo-
rated a BamH1 site immediately 5′ to the initiation codon 
and a XhoI site immediately 3′ to the terminating codon. 
MSCV-PTPN2-R222M was generated by site-directed mu-
tagenesis using Ptpn2-pcDNA3.1 as a template before PCR 
amplification and cloning into the BamH1–XhoI sites in 
MSCV-IRES-Cherry. MSCV-GFP-PTPN2 was generated 
by PCR amplifying Ptpn2, cloning into the BglII–EcoRI 
sites of pEGFP-C1 (Clontech), and then PCR amplifying the 
GFP-Ptpn2 cDNA using Ptpn2-pEGFP-C1 as a template and 
cloning into the BamH1–XhoI sites in MSCV-IRES-Cherry. 
The fidelity of all constructs was confirmed by sequencing.

Retroviral BM cell transduction
2 × 106/ml WBM cells isolated from 6–8-wk-old C57BL/6 
mice were incubated with 100 ng/ml murine stem cell fac-
tor, 20 ng/ml IL-3, and 50 ng/ml IL-6 in DMEM supple-
mented with 20% (vol/vol) FBS, 100 U/ml penicillin/100 
µg/ml streptomycin, 2 mM l-glutamine, and 50 µM 2-mer-
captoethanol for 48 h at 37°C. WBM cells were harvested 
and spun down onto 15 µg/ml retronectin-coated 12-well 
plates containing MSCV-IRES-mCherry control retrovirus 
or MSCV-PTPN2, MSCV-PTPN2-GFP, or MSCV-PT-
PN2-R222M retroviruses generated using Phoenix pack-
aging cells transfected with the corresponding retroviral 
plasmids and incubated overnight. WBM cells were har-
vested, and a second viral transduction was performed. At 
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48 h after the last transduction, WBM cells were harvested 
and FACS purified for mCherry+ (MSCV, MSCV-PTPN2 
and MSCV-PTPN2-R222M) or mCherry+GFP+ (MSCV-
PTPN2-GFP) cells (5 × 105), which were injected together 
with 5 × 105 WT WBM cells into the tail vein of lethally 
irradiated C57BL/6 mice.

Isolation of intraepithelial and LP lymphocytes
For the isolation of IELs, the cecum was cut into 0.5–1-cm 
pieces, which were incubated twice with agitation (250 rpm) 
in Ca2+- and Mg2+-free HBSS supplemented with 5% (vol/
vol) FBS, 2  mM EDTA, 1  mM DTT, and 10  mM Hepes 
for 15 min at 37°C. Intestinal pieces were filtered with a 
100 µM cell strainer, and the flow-through containing the 
intraepithelial cell fraction was washed twice with DMEM 
supplemented with 10% (vol/vol) FBS. Intestinal pieces 
were further digested with agitation (250 rpm) in Ca2+ 
and Mg2+ containing HBSS supplemented with 5% (vol/
vol) FBS, 1.5 mg/ml collagenase D, and 0.02 mg/ml DNase 
I for 1 h at 37°C to extract LP lymphocytes. LP lympho-
cytes were subsequently enriched with a two-layer Percoll 
gradient at 40 and 80% (vol/vol) in DMEM supplemented 
with 10% (vol/vol) FBS.

Real-time PCR
RNA was extracted with TRIzol reagent (Invitrogen), and 
RNA quality and quantity were determined using a fluo-
rospectrometer (NanoDrop 3300; Thermo Fisher). mRNA 
was reverse transcribed using a High-Capacity cDNA 
Reverse Transcription kit (Applied Biosystems) and pro-
cessed for quantitative real-time PCR using the TaqMan 
Universal PCR Master mix. Bcl11b (Mm00480516_m1) 
gene expression was determined using TaqMan Gene Ex-
pression assays (Applied Biosystems) and normalized to 
Gapdh (Mm99999915_g1). Relative quantification was 
achieved using the ΔΔCt method.

Poly (I:C) treatment
Rosa26-YFP;Ptpn2fl/fl and Mx1-Cre;Rosa26-eYFP;Ptpn2fl/fl 
mice were injected intraperitoneally three times with 250 µg 
poly (I:C) in D-PBS every other day. 4 wk after the last poly 
(I:C) injection, mice were processed for experiments.

Statistical analyses
Statistical analyses were performed with Prism software 
(GraphPad) using the nonparametric two-tailed Mann-Whit-
ney U test. P < 0.05 was considered to be significant.

Animal ethics
All experiments were performed in accordance with the Na-
tional Health and Medical Research Council (NHM​RC) 
Australian Code of Practice for the Care and Use of Ani-
mals. All protocols were approved by the Monash University 
School of Biomedical Sciences Animal Ethics Committee 
(ethics numbers MARP/2012/124 and MARP/2014/100).

Online supplemental material
Fig. S1 shows gating strategies for DN thymocyte subsets. 
Fig. S2 shows PTPN2 protein levels after inducible PTPN2 
deletion in DN thymocytes. Fig. S3 shows the effects of 
PTPN2 deficiency on the generation of DN thymocyte 
subsets and DP, CD4+, and CD8+ cells in vivo and ex vivo. 
Fig. S4 shows the impact of PTPN2 deficiency on STAT5 
signaling and DN thymocyte survival. Fig. S5 shows the ef-
fects of PTPN2 deficiency on SFK signaling and changes in 
PTPN2 protein levels in DN thymocytes isolated from E16 
embryos and mature mice.
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