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Concomitant deletion of Ptpn6 and Ptpn11 in T
cells fails to improve anticancer responses
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Abstract

Anticancer T cells acquire a dysfunctional state characterized by
poor effector function and expression of inhibitory receptors, such
as PD-1. Blockade of PD-1 leads to T cell reinvigoration and is
increasingly applied as an effective anticancer treatment. Recent
work challenged the commonly held view that the phosphatase
PTPN11 (known as SHP-2) is essential for PD-1 signaling in T cells,
suggesting functional redundancy with the homologous phos-
phatase PTPN6 (SHP-1). Therefore, we investigated the effect of
concomitant Ptpn6 and Ptpn11 deletion in T cells on their ability
to mount antitumour responses. In vivo data show that neither
sustained nor acute Ptpn6/11 deletion improves T cell-mediated
tumor control. Sustained loss of Ptpn6/11 also impairs the thera-
peutic effects of anti-PD1 treatment. In vitro results show that
Ptpn6/11-deleted CD8+ T cells exhibit impaired expansion due to a
survival defect and proteomics analyses reveal substantial alter-
ations, including in apoptosis-related pathways. These data indi-
cate that concomitant ablation of Ptpn6/11 in polyclonal T cells
fails to improve their anticancer properties, implying that caution
shall be taken when considering their inhibition for immunothera-
peutic approaches.
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Introduction

CD8+ effector T cells are essential cytotoxic lymphocytes that kill

pathogen-infected cells and tumors. Their expansion and differentiation

is controlled by signal transduction pathways initiated by antigenic, co-

stimulatory, and cytokine signals and modulated by inhibitory immune

checkpoint receptors (Wherry & Kurachi, 2015). These inhibitory recep-

tors are expressed at high levels in chronically stimulated T cells and

function to dampen T cell activation to prevent autoimmune pathology

during chronic viral infection. However, they also limit antitumour T

cell responses. Hence, the blockade of inhibitory receptors such as pro-

grammed cell death protein 1 (PD-1) is emerging as the key to success-

ful cancer immunotherapy (Topalian, 2017). This has prompted a

focus on the intracellular signaling modules that mediate inhibition of

T cell activation. In this context, cytosolic tyrosine kinases such as

lymphocyte-specific protein tyrosine kinase (LCK) and Zeta-chain-

associated protein kinase 70 (ZAP-70) are the initiators of T cell activa-

tion, whereas cytosolic tyrosine phosphatases are proposed to mediate

the actions of inhibitory receptors (Gaud et al, 2018; Niogret et al,

2019a). Two homologous molecules thought to mediate negative feed-

back control of activated T cells are the cytoplasmic Src homology 2

(SH2) domain–containing phosphatases-1 (SHP-1), also known as and

hereafter called PTPN6, and SHP-2, hereafter called PTPN11 (Poole &

Jones, 2005; Yuan et al, 2020). These phosphatases are recruited into

signalosomes via their SH2 domains, which bind to immunoreceptor

tyrosine-based inhibitory motif (ITIM) and immunoreceptor tyrosine-

based switch motif (ITSM) found in the cytoplasmic tail of inhibitory

receptors such as PD-1 (Chemnitz et al, 2004; Sheppard et al, 2004;

Yokosuka et al, 2012; Celis-Gutierrez et al, 2019; Marasco et al, 2020).

PTPN6 modulates antigen receptor responses by targeting LCK and

ZAP70 as well as adaptors in the pathway (Gaud et al, 2018). The pro-

posal for PTPN11 is that it suppresses T cell function primarily by inac-

tivating the co-stimulatory CD28 signaling (Hui et al, 2017; Kamphorst

et al, 2017).

How good is the evidence that PTPN6 and PTPN11 mediate the

actions of inhibitory receptors and restrict CD8+ T cell effector func-

tion? Key observations are that Ptpn6 deletion in transgenic T cells

causes enhanced sensitivity to antigen receptor engagement,

1 Institute for Research in Biomedicine, Universit�a della Svizzera Italiana, Bellinzona, Switzerland
2 Cell Signalling and Immunology Division, School of Life Sciences, University of Dundee, Dundee, UK
3 Department of Biochemistry, University of Lausanne, Epalinges, Switzerland
4 Biological Services, University of Dundee, Dundee, UK
5 Max-Delbrueck-Center for Molecular Medicine (MDC) in the Helmholtz Society, Berlin, Germany

*Corresponding author. Tel: +44 1382 385156; E-mail: d.a.cantrell@dundee.ac.uk
**Corresponding author. Tel: +41 58 666 7227; E-mail: greta.guarda@irb.usi.ch
†These authors contributed equally to this work
‡These authors contributed equally to this work as senior authors

� 2022 The Authors. Published under the terms of the CC BY 4.0 license. EMBO reports 23: e55399 | 2022 1 of 11

https://orcid.org/0000-0002-5801-6297
https://orcid.org/0000-0002-5801-6297
https://orcid.org/0000-0002-5801-6297
https://orcid.org/0000-0001-9871-2214
https://orcid.org/0000-0001-9871-2214
https://orcid.org/0000-0001-9871-2214
https://orcid.org/0000-0002-1737-0388
https://orcid.org/0000-0002-1737-0388
https://orcid.org/0000-0002-1737-0388
https://orcid.org/0000-0003-2837-7638
https://orcid.org/0000-0003-2837-7638
https://orcid.org/0000-0003-2837-7638
https://orcid.org/0000-0001-9243-6116
https://orcid.org/0000-0001-9243-6116
https://orcid.org/0000-0001-9243-6116


promotes the production of short-lived CD8+ T effector cells, and

improves the efficacy of adoptive immunotherapy against a mouse

model of leukemia (Fowler et al, 2010; Stromnes et al, 2012). How-

ever, another study showed that Ptpn6 knockdown did not promote

anti-tumor immunity against B16 melanoma by transgenic T cells,

unless checkpoint blockade was administered (Snook et al, 2020),

raising questions on the conditions in which PTPN6 is relevant for

antitumor T cell immunity. Instead, the evidence that PTPN11 sup-

presses CD8+ T cell immune responses to tumors stems largely from

PTPN11 binding to inhibitory receptor complexes (Chemnitz et al,

2004; Sheppard et al, 2004; Yokosuka et al, 2012; Celis-Gutierrez

et al, 2019; Marasco et al, 2020) rather than from evidence of

enhanced anticancer T cell responses caused by its deletion. Indeed,

the best-known function of PTPN11 is to act as a positive transducer

of proliferative and antiapoptotic signals, notably in the context of

the Ras/mitogen-activated protein kinase (MAPK) pathway (Dance

et al, 2008; Niogret et al, 2019b). Moreover, T cell-specific Ptpn11

deficiency does not prevent T cell exhaustion, or the therapeutic

effects of PD-1 blockade on the control of solid tumors (Rota et al,

2018). In vitro data suggested that the failure of PTPN11 deletion to

improve the efficacy of effector CD8+ T cells is due to the redun-

dancy between PTPN11 and PTPN6 (Celis-Gutierrez et al, 2019).

This concept has been challenged by recent observations that PD-1

engagement can still suppress the in vitro activation of T cells lack-

ing both phosphatases (Xu et al, 2020). However, the critical test of

whether the combined loss of Ptpn6 and Ptpn11 promotes the ability

of CD8+ T cells to clear solid tumors has not been done. Accord-

ingly, the objective of the present study was to assess first the

impact of the intrinsic loss of Ptpn6 and then of Ptpn6 and Ptpn11

on T cell-mediated immune responses to tumors.

Results and Discussion

T cell-specific deletion of Ptpn6 and Ptpn11 does not enhance
MC38 tumor clearance

To start with, we generated mice with a T cell-specific ablation of

Ptpn6 by using the CD4cre deleter strain and the efficiency of dele-

tion was confirmed by western blot (Fig 1A and B). In line with

previous reports (Johnson et al, 2013; Martinez et al, 2016), we

found that CD4cre Ptpn6fl/fl mice exhibited peripheral CD4+ and

CD8+ T cells with higher levels of the activation marker CD44 and

decreased CD4+ T cells in lymph nodes (Fig EV1A and B). Addition-

ally, splenic regulatory T cell (Treg) numbers were not significantly

altered despite a mild increase in frequency (Fig EV1A). We thus

tested the ability of CD4cre Ptpn6fl/fl mice to control the growth of

the MC38 colon adenocarcinoma cells, an immunogenic cancer

model that is controlled following blockade of PD-1 (Juneja et al,

2017). CD4cre Ptpn6fl/fl and control mice were subcutaneously

engrafted with MC38 cells and injected either with PD-1 antibody

monotherapy or with isotype control antibodies. Our data showed

that tumors grew equally in control versus CD4cre Ptpn6fl/fl mice

(Fig 1C and D). When control mice were treated with PD-1 antibod-

ies, there was a delay in tumor growth. Strikingly, the efficacy of

PD-1 monotherapy was reduced in mice where T cells lacked Ptpn6

expression (Fig 1C and D). These results unexpectedly show that

deletion of Ptpn6 in T cells does not improve cancer control, rather

affecting the response to checkpoint blockade.

To next test if Ptpn6 and Ptpn11 have redundant roles in anti-

cancer T cells, we generated two independent T cell-specific knock-

out strains (Fig 1A). CD4cre mice were crossed onto the Ptpn6fl/fl

and the Ptpn11fl/fl strain, in which exons 3 and 4 are floxed (Gross-

mann et al, 2009), hereafter called Ptpn11fl/flWbm. CD4cre mice were

also crossed onto Ptpn6fl/fl and the Ptpn11fl/fl strain, in which exon

11 is floxed (Zhang et al, 2004), referred to as Ptpn11fl/flBgn. Ptpn6

and Ptpn11 deletion efficiency in T cells from CD4cre Ptpn6fl/fl/Ptp-

n11fl/flWbm mice was confirmed by western blot (Fig 1B). In line

with data from CD4cre Ptpn6fl/fl mice (Martinez et al, 2016), CD4cre

Ptpn6fl/fl/Ptpn11fl/flWbm mice presented reduced output of mature

thymocytes (Fig EV1C). Conventional T cell and Treg numbers

were not significantly altered in the spleens of CD4cre Ptpn6fl/fl/Ptp-

n11fl/flWbm mice (Figs 1E and F, and EV1D), although frequency of

the latter was increased. As with the CD4cre Ptpn6fl/fl mice, both

CD4+ and CD8+ T cells exhibited high levels of CD44 (Figs 1E and F,

and EV1E). Furthermore, a marked reduction in T cell numbers in

lymph nodes isolated from CD4cre Ptpn6fl/fl/Ptpn11fl/flWbm was

noticed (Fig EV1E). When inoculated with MC38 cells, neither

CD4cre Ptpn6fl/fl/Ptpn11fl/flWbm (Fig 1G and H) nor CD4cre Ptpn6fl/fl/

Ptpn11fl/flBgn mice (Fig EV1F) were able to control tumor growth

▸Figure 1. CD4cre Ptpn6fl/fl mice and CD4cre Ptpn6/11fl/fl mice do not exhibit superior antitumor immunity.

A The schematic illustrates CD4cre-mediated deletion of Ptpn6 or Ptpn6/11 during thymic T cell development; double-negative thymocytes (DN) and double-positive
thymocytes (DP) are depicted. Created with Biorender (Biorender.com).

B Total T cells were enriched from spleens of Ptpn6fl/fl/Ptpn11fl/flWbm, CD4cre Ptpn6fl/fl/Ptpn11fl/flWbm, CD4cre Ptpn6fl/fl mice. Expression of Ptpn6 and Ptpn11 was tested
by immunoblot in cell lysates, Gapdh was used as loading control.

C, D CD4cre Ptpn6fl/fl and control mice were subcutaneously injected with MC38 cells. Tumor growth in individual mice is shown for the indicated genotypes and
treatments; number of mice eradicating the tumor is shown within the graphs (C). Survival curves are shown (D).

E, F A representative flow cytometry plot (E), spleen cellularity, CD4+ T cell (gated as TCRb+ CD4+) numbers, CD8+ T cell (gated as TCRb+ CD8+) numbers, and
percentages of CD44+ T cells (F) from the spleens of CD4cre Ptpn6fl/fl/Ptpn11fl/flWbm and control mice are shown.

G, H Tumor growth in individual mice challenged with MC38 and subsequently treated with anti-PD-1 antibody or isotype control is shown for each indicated genotype;
number of mice eradicating the tumor is shown within the graphs (G). Survival curves of CD4cre Ptpn6fl/fl/Ptpn11fl/flWbm and control mice is shown (H).

I, J Ten to twelve days following MC38 tumor inoculation and treatment with anti-PD-1 antibody or isotype control, CD4cre Ptpn6/11wt/wt and CD4cre Ptpn6fl/fl/Ptp-
n11fl/flWbm mice were sacrificed, and TILs analyzed. Graphs depict frequencies of CD8+ T cells (gated as CD45+ TCRb+ CD8+) expressing IFN-c and TNFa upon re-
stimulation (I) and percentages of CD8+ T cells (J).

Data information: Results depict n = 8–10 mice/group (C, D) and n = 8–11 mice/group (G, H); statistical significance was calculated by log-rank (Mantel-Cox) test (D, H).
Results depict mean � SEM of n = 10–12 mice/group (F) and of n = 9–14 mice/group (I, J). Student’s t-test (unpaired, two-tailed) was used to compare differences
between experimental groups (F, I, J). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
Source data are available online for this figure.
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better than control mice, rather showing a worsened response.

Moreover, control mice showed improved antitumoral responses

following PD-1 antibody therapy, while CD4cre Ptpn6fl/fl/Ptpn11fl/

flWbm mice did not (Fig 1G and H), despite similar percentage of PD-1+

CD8+ tumor infiltrating lymphocytes (TILs) in both genotypes

(Fig EV1G). To explore why Ptpn6 and Ptpn11 ablation in T cells

caused reduced antitumoral immunity, we compared the TILs 10–

12 days following tumor engraftment in either control or CD4cre

Ptpn6fl/fl/Ptpn11fl/flWbm mice. The data showed that while the capac-

ity to produce effector cytokines was not significantly altered in both

CD8+ and CD4+ T cells (Figs 1I and EV1H), the frequency of tumor

infiltrating CD8+ – but not CD4+ – T cells was reduced in CD4cre Ptp-

n6fl/fl/Ptpn11fl/flWbm mice compared to control mice (Figs 1J and

EV1I). Taken together, these results indicate that Ptnp6/11 null

T cells fail to show enhanced anti-tumor effectiveness in vivo.

Deletion of Ptpn6 and Ptpn11 in peripheral cytotoxic T cells fails
to promote antitumoral immunity

One possibility we considered was that the loss of these two phos-

phatases in T cells during important steps prior to the cancer chal-

lenge, directly or indirectly affected CD8+ T cell functionality. In

particular, we wondered if quantitative or qualitative changes in the

T cell compartment observed in CD4cre Ptpn6/11fl/fl mice might

have masked any reinvigorating effect of Ptpn6/11 deletion on

tumor-infiltrating T cells. We therefore backcrossed Ptpn6fl/fl/Ptp-

n11fl/flBgn mice to mice carrying the Cre recombinase under the pro-

moter of Granzyme B (Gzmb) (Jacob & Baltimore, 1999) (Fig 2A),

which is activated as T cells differentiate to cytotoxic cells such as

in the context of cancer (Nishida et al, 2021). As expected, analysis

of steady-state Gzmbcre Ptpn6fl/fl/Ptpn11fl/flBgn (thereafter called

Gzmbcre Ptpn6/11fl/fl) mice did not reveal major alterations

(Fig EV2A–D), whereas in vitro cultured cytotoxic T lymphocytes

(CTLs) showed nearly complete deletion of the two phosphatases

(Fig 2B). To determine whether Gzmbcre targets the CD8+ T cells

infiltrating MC38 tumors, we crossed the Gzmbcre mice with

reporter mice expressing yellow fluorescent protein (YFP) upon Cre-

recombinase activation (Srinivas et al, 2001). Half of the tumor-

infiltrating CD8+ T cells in these mice expressed detectable YFP and

were largely PD1+ (Fig 2C and D), indicating that the Gzmbcre sys-

tem is targeting the expected Gzmb/PD1-positive population within

the tumor (Juneja et al, 2017). We thus engrafted MC38 tumors in

Gzmbcre Ptpn6/11fl/fl mice. These mice failed to exhibit improved

survival as compared with their control counterparts (Fig 2E), and

the time from detection of palpable tumors to experimental endpoint

was significantly shorter in Gzmbcre Ptpn6/11fl/fl mice compared

with Ptpn6fl/fl Ptpn11fl/flBgn animals (Figs 2F and EV2E). While our

data from CD4cre Ptpn6/11fl/fl mice might reveal effects contributed

by all T cells, including conventional and regulatory CD4+ T cells,

from the results obtained with Gzmbcre Ptpn6/11fl/fl mice, we can

infer that anticancer responses are also not reinvigorated by the

acute deletion of Ptpn6 and Ptpn11 in cytotoxic T cells.

Ptpn6 and Ptpn11 are required for proteome homeostasis and
survival of CD8+ T cells

Given the failure to improve antitumoral immunity upon deletion of

Ptpn6 and Ptpn11 in developing or effector T cells and their reduced

number in the tumor, we wondered if the absence of these phos-

phatases was undermining T cell expansion. We thus used in vitro

models where na€ıve CD8+ T cells from Gzmbcre Ptpn6/11fl/fl mice

were activated with CD3 and CD28 antibodies in the presence of IL-

2 and IL-12 and then differentiated into effector cells in the presence

of IL-2. The initial activation response of Gzmbcre Ptpn6/11fl/fl mice-

derived T cells did not present major differences as compared with

control T cells in terms of cell size, granularity, expression of the IL-

2 receptor subunit CD25, the inhibitory receptors PD-1 and

Glucocorticoid-induced TNFR-related protein (GITR), and the trans-

ferrin receptor CD71 (Figs 3A and EV3A). After a further 3 days of

growth in IL-2, Gzmbcre Ptpn6/11fl/fl mice-derived T cells expressed

higher cell surface levels of CD25 and PD-1 (Fig 3B), but similar

levels of GITR, CD71, and the activation markers CD44 and CD69

(Fig EV3B). However, a striking difference was that Ptpn6/11-

deleted T cells showed reduced expansion compared with control

cells (Fig 3C).

To understand the phenotype of the Ptpn6/11 null CD8+ T cells

further, we used quantitative high-resolution mass spectrometry to

resolve their proteome. We identified over 6,500 proteins, estimated

protein copy numbers per cell and protein abundance relying on the

“proteomic ruler” method, which uses the histone mass spectrome-

try signal as an internal standard. Of the proteins identified, 313

were downregulated in Gzmbcre Ptpn6/11fl/fl T cells, with a further

157 detected only in control T cells; 25 proteins were upregulated in

Gzmbcre Ptpn6/11fl/fl T cells, with a further 40 proteins detected

only in Gzmbcre Ptpn6/11fl/fl T cells (Fig 3D; full list of proteins

identified in Dataset EV1). Pathway enrichment analysis on the pro-

teins absent or downregulated in Ptpn6/11 null T cells not surpris-

ingly revealed alterations in phosphorylation, but also in

transcription, protein transport, cell cycle, as well as apoptosis

(Fig 3D and E). We therefore analyzed in detail Ptpn6/11-deleted T

cells throughout the in vitro culture and found that their decreased

expansion was not associated with cell cycle arrest but with

increased frequency of cells showing evidence for DNA degradation

(a sub G1 peak) and cell death (Figs 3F and G, and EV3C). Accord-

ingly, proteome analysis of Ptpn6/11 null CD8+ T cells demonstrated

a substantial decrease in tumor necrosis factor (TNF) receptor

superfamily member 1b (Tnfrsf1b, also known as Tnfr2), which

favors survival of early effector CD8+ T cells (Kim & Teh, 2004;

Calzascia et al, 2007), and in myeloid cell leukemia sequence 1

(Mcl-1), an anti-apoptotic protein crucial for the survival of T cells

at multiple stages of development (Dzhagalov et al, 2008; Carring-

ton et al, 2017) (Fig 3H). Together, these data indicate that lack of

Ptpn6 and Ptpn11 impairs T cell survival. A reduced survival could

explain the decreased tumor infiltration and the lack of improved

anticancer immunity observed in vivo.

We have addressed here the question of the redundant role of Ptpn6

and Ptpn11 in anti-tumoral T cell responses. We find that deletion of

both phosphatases is detrimental for CD8+ T cells, leading to consider-

able alterations in their proteome, including reduced levels of pro-

survival molecules. These cells exhibit increased cell death and conse-

quently reduced expansion in vitro. In agreement, tumor infiltration

and control of tumor growth are affected in a model of sustained Ptp-

n6/11 deficiency in T cells, in the presence or absence of anti-PD-1

treatment. Although it is likely that multiple mechanisms – including

increased activation induced cell death or terminal differentiation –

contribute to their defective antitumoral response, our in vitro findings
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that Ptpn6/11-deleted T cells exhibit increased cell death provide a

plausible explanation for the observations in vivo. Importantly, recent

in vitro data by Xu and colleagues showed that PD-1-mediated inhibi-

tion still occurs in T cells lacking both phosphatases (Xu et al, 2020).

Together, these results indicate that the tumor-suppressing effect of

anti-PD-1 antibodies is unlikely to be mediated exclusively by Ptpn6

and Ptpn11 in T cells, implying the involvement of additional mole-

cules. Moreover, a recent report demonstrated that myeloid-specific

PD-1 deletion decreased tumor growth more efficiently than T cell-

specific PD-1 deletion (Strauss et al, 2020), suggesting that the effects

of PD-1 blockade are not solely mediated by T cells but also by other

cells present in the tumor microenvironment.
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Figure 2. Deletion of Ptpn6/11 in effector cells does not lead to enhanced antitumour response.

A The schematic illustrates GzmBcre-mediated deletion of Ptpn6/11 following cancer challenge; CD8+ T cells and cytotoxic T lymphocytes (CTLs) are depicted. Created
with Biorender (Biorender.com).

B Ptpn6 and Ptpn11 copy number, as estimated through high resolution mass spectrometry in GzmBcre Ptpn6/11fl/fl and control CTLs.
C, D GzmBcre R26R-YFP reporter mice were injected subcutaneously with MC38 cells and analyzed after 11 days. Graphs show the percentage of YFP+ cells among

CD45+ CD8+ TILs (C) and the percentage of PD-1+ cells among CD45+ CD8+ YFP+ TILs (D). Results depict n = 4 mice (C, D).
E, F GzmBcre Ptpn6/11fl/fl and control Ptpn6/11fl/fl mice were subcutaneously injected with MC38 cells. Survival curves and statistical comparisons between different

groups are shown (E). The tumor start depicts the time (days) following tumor engraftment after which the tumor is palpable, while tumor endpoint depicts the
time (days) from tumor start until the reaching the maximal allowed tumor size (F).

Data information: Results depict mean � SD of n = 3 biological replicates (B), mean � SEM of n = 4 biological replicates (C, D), mean � SEM (F) of n = 11–12
mice/group (E, F); statistical significance was calculated by log-rank (Mantel-Cox) test (E), and Student’s t-test (unpaired, two-tailed) was used to compare differences
between experimental groups (B, F). **P ≤ 0.01, ***P ≤ 0.001.

Source data are available online for this figure.
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Similar to the deletion of Ptpn6/11, deletion of Ptpn6 in our sys-

tem also fails to improve antitumor responses and impairs the thera-

peutic effect of PD-1 blockade, indicating that Ptpn6 is important for

adequate T cell responses and/or for response to anti-PD-1. Of note,

CD4cre Ptpn11fl/fl mice showed normal responses to PD-1 blockade

(Rota et al, 2018). Therefore, while the phenotype of mice with

Ptpn6/11-deleted T cells suggests some redundancy in the activities

of these phosphatases (Celis-Gutierrez et al, 2019), differences

between CD4cre Ptpn6fl/fl and CD4cre Ptpn11fl/fl mice also underline

the distinct functions of these phosphatases.

Studies by others on Ptpn6 in anticancer T cell immunity deliv-

ered contrasting results, showing that its deletion improved
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anticancer T cell responses or did so for low affinity TCR transgenic

cells upon checkpoint blockade (Stromnes et al, 2012; Snook et al,

2020). Notably, in these studies, Ptpn6 was targeted in TCR-

transgenic T cells, which were adoptively transferred (Stromnes

et al, 2012; Snook et al, 2020). This suggests that the antigen recep-

tor represents an important determinant of the effects of Ptpn6 dele-

tion and that transfer of CD8+ T cells reduces potentially

confounding effects by other T cell subsets affected by this deletion

(Iype et al, 2010). Accordingly, PTPN6 deletion in genetically engi-

neered T cells might benefit adoptive immunotherapy approaches

where predefined antigen receptors are utilized, such as chimeric

antigen receptor-based therapies (Hebeisen et al, 2013; Rafiq et al,

2020).

However, in the current work, we explore the impact of Ptpn6

and Ptpn6/11 loss on the polyclonal T cell population, enabling us

to encompass the breadth of their functions in endogenous T cells

(Zhang et al, 1999; Iype et al, 2010; Martinez et al, 2016). This

gives us insights into the potential effects that small molecule inhibi-

tors blocking both phosphatases might have on endogenous antitu-

mour T cell responses. With PTPN11 inhibitors showing promise

against selected cancer types and the ongoing efforts aimed at tar-

geting PTPN6 (Mullard, 2018; Varone et al, 2020; Yuan et al, 2020),

our data suggest that combined blockade of both phosphatases shall

be carefully considered in relation to the antitumoral effects of the

endogenous T cell population. These results further highlights the

need of elucidating cellular and molecular mechanisms behind PD-1

function, an important area of research for the development of

small molecule inhibitor-based approaches targeting this inhibitory

pathway.

Materials and Methods

Mice

Ptpn6fl/fl mice were obtained from the Jackson Laboratory (JAX

stock #008336) and were on a C57BL/6 background (Viant et al,

2014). Ptpn11fl/flWbm mice (Grossmann et al, 2009) were on a mixed

C57BL/6 background and crossed at least six additional times

on C57BL/6. CD4cre deleter strain, from Jackson Laboratory, were

on a C57BL/6 background and were crossed onto Ptpn6fl/fl, and Ptp-

n6fl/fl/Ptpn11fl/flWbm mice. Male and female 6- to 12-week-old mice

were used in different experiments with appropriate sex and age-

matched controls. Mouse studies were approved by the Veterinary

Office regulations of the State of Ticino, Switzerland, and all meth-

ods were performed in accordance with the Swiss guidelines and

regulations. Ptpn11fl/flBgn mice were on a C57BL/6J background

(Zhang et al, 2004) and were crossed to Ptpn6fl/fl, CD4cre, and Gzm-

bcre mice (Jacob & Baltimore, 1999). Male and female 6- to 12-

week-old mice were used in different experiments with appropriate

sex- and age-matched controls. Mice were bred and maintained at

the University of Dundee in compliance with UK Home Office Ani-

mals (Scientific Procedures) Act 1986 guidelines.

Engrafted tumors

The colon adenocarcinoma cell line MC38 was grown in standard

growing conditions at 37°C in 5% CO2, in a monolayer with DMEM

supplemented with 10% fetal calf serum (FCS), 100 U/ml of peni-

cillin, and 100 mg/ml of streptomycin (Gibco). With respect to

CD4cre Ptpn6fl/fl/Ptpn11fl/flWbm, CD4cre Ptpn6fl/fl, and relative con-

trol mice, tumor cells were resuspended in PBS, and 4.5 × 105

MC38 cells were injected subcutaneously (s.c.) in the flank. Tumor

volume was calculated using the formula V = (L × l2)/2, where L is

the widest diameter and l is the smallest diameter. Animals were

sacrificed when tumor volume reached 1,000 mm3. Five days post-

tumor engraftment, when tumors were palpable, mice were treated

intraperitoneally with a-PD-1 (RMP1-14, BioXcell) or isotype control

(2A3, BioXcell). The treatment was repeated two times at an inter-

val of 3–4 days for a total of three injections of 200 lg/mouse. With

respect with CD4cre Ptpn6fl/fl/Ptpn11fl/flBgn, Gzmbcre Ptpn6fl/fl/Ptp-

n11fl/flBgn, and relative control mice, tumor cells were resuspended

in PBS, and 2 × 105 MC38 cells were injected s.c. in the flank.

Tumor volume was calculated using the formula V = (L × l2)/2.

Animals were sacrificed when tumor size reached 12 mm in either

dimension.

◀ Figure 3. Deletion of Ptpn6 and Ptpn11 impacts on CD8+ T cell proteome and cell survival.

CTLs were generated from splenocytes of GzmBcre Ptpn6/11fl/fl and Ptpn6/11fl/fl mice by anti-CD3, anti-CD28, and IL-12 stimulation and maintained in IL-2.
A, B CD8+ T cells (gated DAPI� cells) were analyzed by flow cytometry for size, granularity, and surface expression of CD25 and PD-1 after 2 days (A) and after 5 days (B);

a quantification of these parameters is shown in the graphs (A, B) and a representative flow cytometry plot is shown for FSC and SSC (A).
C Numbers of CTLs (gated on CD8+ T cells) from Ptpn6/11fl/fl or GzmBcre Ptpn6/11fl/fl mice were counted daily by flow cytometry with the addition of DAPI to monitor

dead cells.
D Quantitative high-resolution mass spectrometry was used to resolve the proteome of Ptpn6/11fl/fl and GzmBcre Ptpn6/11fl/fl CTLs (day 7). The plot depicts protein

copy number in control and GzmBcre Ptpn6/11fl/fl cells. Significantly altered proteins are indicated in red; selected examples are annotated. Results are based on
n = 3 biological replicates and two-tailed, unequal-variance t-test on log10 transformed copy number per cell values was used to compare differences between
experimental groups.

E GO Term analysis shows the enriched pathways with at least 23 proteins and a P-value < 0.05, % indicate the % altered genes on the total genes in a given path-
way.

F Graph shows the percentage of sub-G1 cells as measured by flow cytometry-based cell cycle analysis of Ptpn6/11fl/fl and GzmBcre Ptpn6/11fl/fl CTLs (gated on CD8+

T cells) at the indicated days.
G Graph illustrates the percentage of DAPI+ dead cells of Ptpn6/11fl/fl and GzmBcre Ptpn6/11fl/fl CTLs (gated on CD8+ T cells) at the indicated days as measured by flow

cytometry.
H Protein copy number of Tnfrsf1b and Mcl-1 in GzmBcre Ptpn6/11fl/fl and control CTLs, as estimated through high resolution mass spectrometry.

Data information: Results depict mean � SD of n = 3 (A, B, F, H) or 4 (C, G) biological replicates and Student’s t-test (unpaired, two-tailed) was used to compare differ-
ences between experimental groups (A–C, F–H). *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
Source data are available online for this figure.
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Flow cytometry

For flow cytometry analysis, cells were pre-incubated with a-CD16/
32 (clone 2.4G2) to block Fc receptors and then surface stained

using antibodies against CD4 (RM4-5 or GK1.5), CD8 (53-6.7),

CD11c (N418), CD25 (PC61), CD44 (IM7), CD45 (30-F11), CD69

(H1.2F3), CD71 (R17217), B220 (RA3-6B2), NK1.1 (PK136), F4/80

(BM8), GITR (DTA1), PD-1 (RMP1-30 or 29F.1A12), TCRb (H57-

597), and TCR cd (GL3). Antibodies were purchased from eBio-

science (now Thermo Fisher) or Biolegend. Stainings were per-

formed with appropriate combinations of fluorophores or

streptavidin conjugated fluorophores. Propidium iodide

(ImmunoChemistry Technologies) or 40,6-diamidino-2-phenylindole

(DAPI) was used in some analyses to distinguish live and dead cells.

Data were acquired with FACSCanto I or BD LSRFortessa flow

cytometers and analyzed using the FlowJo software. For the analy-

sis of thymocytes, a lineage cocktail was used, including: B220,

NK1.1, F4/80, TCR cd, CD11c.

Cytokine production/degranulation capacity assay/Foxp3 staining

Tumor cell suspensions (cultured in RPMI 1640 supplemented with

10% FCS, 100 U/ml penicillin, 100 lg/ml streptomycin, 1 mM

sodium pyruvate, 50 lM 2-mercaptoethanol and 10 mM HEPES

buffer (all from Life technologies) at 37°C with 5% CO2) were stimu-

lated with 10 nM PMA (Millipore) and 1 lg/ml Ionomycin (Sigma)

for 1 h followed by 3 h with 5 lg/ml of Brefeldin A (Sigma). After

stimulation, cells were stained extracellularly as described above,

fixed and permeabilized using the Transcription factor fixation/per-

meabilization buffer from eBioscience following the recommended

protocol. After permeabilization, cells were then stained for the indi-

cated cytokines (TNF-a clone MP6-XT22, IFN-c clone XMG1.2). The

same fixation/permeabilization protocol was used for Foxp3 (FJK-

16s) staining of ex vivo cells.

CTL differentiation

T cells were activated and cultured at 37°C with 5% CO2 in

RPMI 1640 containing glutamine (Invitrogen), supplemented with

10% FBS (Gibco), penicillin/streptomycin (Gibco), and 50 lM
b-mercaptoethanol (Sigma) unless otherwise indicated. Spleen was

homogenized, red blood cells lysed, and CD4+ T cells depleted using

the EasySep Mouse Streptavidin RapidSpheres Isolation Kit from

StemCell Technologies. Cells were then cultured at a cell density of

2 million/ml in the presence of CD3 (2C11; 1 lg/ml) and CD28

(37.51; 0.5 lg/ml) antibodies supplemented with 20 ng/ml recom-

binant human IL-2 (Proleukin, Novartis) and 2 ng/ml recombinant

mouse IL-12 (Peprotech) for 48 h. Then, cells were washed and fur-

ther cultured in media with 20 ng/ml IL-2, regularly splitting them

to 0.3 × 106/ml.

Proteomics sample preparation

Peptide extraction and fractionation and LC–MS analysis was per-

formed by the FingerPrints Proteomics Facility (University of Dun-

dee). Cell pellets were processed using S-trap mini protocol (Protifi)

as recommended by the manufacturer with little modification. After

application of the samples on the S-trap mini spin column, trapped

proteins were washed five times with S-TRAP binding buffer. Diges-

tion with trypsin (10 lg) was carried out overnight at 37°C in

160 ll of TEAB at a final concentration of 50 mM. Elution of pep-

tides from S-trap mini spin column was achieved by centrifugation

by adding 160 ll of 50 mM ammonium bicarbonate, then 160 ll of
2% aqueous formic acid and finally 160 ll of 50% acetonitrile/

0.2% formic acid. Resulting tryptic peptides were dried and quanti-

fied using Pierce Quantitative fluorometric Peptide Assay (Thermo

Scientific).

High pH RP fractionation

Peptides (77 lg each sample) were resuspended in 200 ll buffer A
(10 mM ammonium formate in milliQ water pH 9) and then frac-

tionated with an Ultimate 3000 HPLC system (Thermo-Scientific)

(High pH RP Chromatography). A C18 Column from Waters

(XBridge peptide BEH, 130 �A, 3.5 lm 2.1 × 150 mm, Waters, Ire-

land) and a guard column (XBridge, C18, 3.5 lm, 2.1 × 10 mm,

Waters) were used. Fractions were collected using a WPS-3000FC

auto-sampler (Thermo-Scientific) at 1-min intervals.

Column and guard column were equilibrated with 2% Buffer B

(10 mM ammonium formate, pH 9 in 90% acetonitrile) for 18 min

at a constant flow rate of 0.2 ml/min and a constant temperature of

20°C. Samples (190 ll) were loaded onto the column at 0.2 ml/min,

and separation gradient started 1 min after sample were loaded onto

the column. Peptides were eluted from the column with a gradient

of 2% buffer B to 60% B within 19 min, then from 60% B to 100%

B in 5 min. The guard and the column were washed for 10 min at

100% buffer B and equilibrated at 2% buffer B for 18 min as men-

tioned above. A blank was run between each sample using the same

conditions. Fraction collection started 1 min after injection and

stopped after 40 min. The total number of fractions concatenated

was set to 8, and the content of the fractions was dried and sus-

pended in 50 ll 1% formic acid prior to analysis with LC–MS.

Fractions 5–8 of each sample were cleaned up using HiPPR

detergent removal kit (Thermo Scientific) following manufacturer

protocol.

LC–MS/MS analysis

Analysis of peptide readout was performed on a Q ExactiveTM plus,

Mass Spectrometer (Scientific) coupled with a Dionex Ultimate 3000

RS (Thermo Scientific). LC buffers used are the following: buffer A

(0.1% formic acid in Milli-Q water (v/v)) and buffer B (80% ace-

tonitrile and 0.1% formic acid in Milli-Q water (v/v)). Aliquots of

5 ll (equivalent of 1 lg) of each sample were loaded at 10 ll/min

onto a trap column (100 lm × 2 cm, PepMap nanoViper C18

column, 5 lm, 100 �A, Thermo Scientific) equilibrated in 0.1% TFA.

The trap column was washed for 3 min at the same flow rate with

0.1% TFA and then switched in-line with a Thermo Scientific

resolving C18 column (75 lm × 50 cm, PepMap RSLC C18 column,

2 lm, 100 �A). The peptides were eluted from the column at a con-

stant flow rate of 300 nl/min with a linear gradient from 2% buffer

B to 5% buffer B in 5 min then from 5% buffer B to 35% buffer B in

125 min, from 35% buffer B to 98% buffer B in 2 min. The column

was then washed with 98% buffer B for 20 min and re-equilibrated

in 2% buffer B for 17 min. The column was kept at a constant tem-

perature of 50°C.
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Q ExactiveTM plus was operated in data dependent positive ion-

ization mode. The source voltage was set to 2.5 Kv and the capillary

temperature was 250°C.

A scan cycle comprised MS1 scan (m/z range from 350–1,600,

ion injection time of 20 ms, resolution 70,000 and automatic gain

control (AGC) 1 × 106) acquired in profile mode, followed by 15

sequential dependent MS2 scans (resolution 17,500) of the most

intense ions fulfilling predefined selection criteria (AGC 2 × 105,

maximum ion injection time 100 ms, isolation window of 1.4 m/z,

fixed first mass of 100 m/z, spectrum data type: centroid, intensity

threshold 2 × 104, exclusion of unassigned, singly and > 6 charged

precursors, peptide match preferred, exclude isotopes on, dynamic

exclusion time 45 s). The HCD collision energy was set to 27% of

the normalized collision energy. Mass accuracy is checked before

the start of samples analysis.

Processing and analysis of proteomic data

The data were processed, searched, and quantified with the MaxQuant

software package (version 1.6.10.43). Proteins and peptides were

identified using a hybrid database from databases in Uniprot release

2020 06 as described in Marchingo et al (2020). The following search

parameters were used: protein N-terminal acetylation, methionine oxi-

dation, glutamine to pyroglutamate, and glutamine and asparagine

deamidation were selected as variable modifications; car-

bamidomethylation of cysteine residues was set as a fixed modifica-

tion; Trypsin and LysC were selected as the proteolytic enzymes; up

to two missed cleavages were permitted; protein and PSM False dis-

covery rates was set to 0.01 and matching of peptides between runs

was switched off. Perseus software package (version 1.6.6.0) was

used for data filtering and protein copy number quantification.

Proteins were quantified from unique (found only in a specific protein

group) and razor (peptides assigned to a specific protein group with-

out being unique to that group) peptides. The data set was filtered

to remove proteins categorized as “contaminants”, “reverse” and

“only identified by site”. Copy numbers were calculated using the pro-

teomic ruler plugin as previously described (Wisniewski et al, 2014).

Copy numbers of histones in a diploid mouse cell get assigned to the

summed peptide intensities of all histones present in a sample. The

ratio between the histone peptide intensity and the summed peptide

intensities of the other identified proteins is then used to estimate copy

number per cell for all identified proteins in the data set.

Statistics and calculations of proteomic data

Three biological replicates were generated. P-values were calculated

via a two-tailed, unequal-variance t-test on log10 transformed copy

number per cell values in Microsoft Excel. P-values < 0.05 were

considered as being statistically significant. Fold change > 1.5 or

< 0.67 were considered as cut-off.

GO term analysis of proteomic data

Pathway analysis of significantly downregulated genes in Ptpn6/11-

deleted CTLs and of genes expressed only in control CTLs was per-

formed with Database for Annotation, Visualization and Integrated

Discovery (DAVID) bioinformatics tool with GOTERM BP Direct

database (https://david.ncifcrf.gov).

Cell cycle analysis

Cells were washed and fixed with cold 70% ethyl alcohol for

30 min. Cells were then washed with cold PBS and incubated with

200 lg/ml RNase A for 30 min at 37°C. Cells were then stained with

100 lg/ml propidium iodide for 30 min at room temperature and

analyzed by flow cytometry.

Western blot

T cells were enriched by negative selection using the EasySepTM

Mouse T Cell Isolation Kit (STEMCELL Technologies) following the

recommended protocol. T cell purity was over 90%. T cells were

then resuspended in sample buffer (250 mM NaCl, 50 mM HEPES,

pH 7.5, 1% NP-40, 5 mM EDTA) supplemented with protease inhi-

bitor cocktail and phosphatase inhibitor (Roche) for protein lysis

and extraction. Protein concentrations were assessed by Bradford

assay. Rabbit monoclonal antibodies against Ptpn11 (#33975 clone

D50F2), Ptpn6 (#3759 clone C14H6) were used for immunoblotting.

The anti-Gapdh antibody (#G9545 polyclonal) was used as control

for the experiments.

Statistical analysis

Unless otherwise specified, statistical analyses were performed

using Prism software (GraphPad v.5.0). Student’s t-test (unpaired,

two-tailed) was used to compare differences between experimental

groups. Differences were considered significant when *P < 0.05,

very significant when **P < 0.01, and highly significant when

***P < 0.001 and ****P ≤ 0.0001. For survival, comparisons are by

log-rank (Mantel-Cox) test.

Data availability

The mass spectrometry proteomics dataset produced in this study

is available at the PRIDE partner repository with the dataset iden-

tifier PXD034897: https://www.ebi.ac.uk/pride/archive?keyword=

PXD034897.

Expanded View for this article is available online.
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