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e PTPN2 deletion increases the expansion and survival of
effector T cells

e PTPN2-deficient CD8* T cells expand 11-fold more efficiently

upon activated T cell transfer

e PTPN2 deletion permits the re-expansion of T cells with a
terminal effector phenotype
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In Brief

Manipulating PTPN2 has potential for
advancing immunotherapies. However, it
is unclear how PTPN2 impacts the
activation, survival, and memory
formation of T cells. Flosbach et al.
demonstrate that PTPN2-deficient T cells
are less dependent on cytokines and
show increased programmed expansion,
and short-lived effector T cells have
enhanced survival and expansion
capacity.
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SUMMARY

Manipulating molecules that impact T cell receptor (TCR) or cytokine signaling, such as the protein tyrosine
phosphatase non-receptor type 2 (PTPN2), has significant potential for advancing T cell-based immunother-
apies. Nonetheless, it remains unclear how PTPN2 impacts the activation, survival, and memory formation of
T cells. We find that PTPN2 deficiency renders cells in vivo and in vitro less dependent on survival-promoting
cytokines, such as interleukin (IL)-2 and IL-15. Remarkably, briefly ex vivo-activated PTPN2-deficient T cells
accumulate in 3- to 11-fold higher numbers following transfer into unmanipulated, antigen-free mice. Moreover,
the absence of PTPN2 augments the survival of short-lived effector T cells and allows them to robustly re-
expand upon secondary challenge. Importantly, we find no evidence for impaired effector function or memory
formation. Mechanistically, PTPN2 deficiency causes broad changes in the expression and phosphorylation of
T cell expansion and survival-associated proteins. Altogether, our data underline the therapeutic potential of tar-
geting PTPN2in T cell-based therapies to augment the number and survival capacity of antigen-specific T cells.

INTRODUCTION AT cell-specific deletion of PTPN2 promotes the development

of systemic inflammation and autoimmunity in otherwise non-

Protein tyrosine phosphatase non-receptor type 2 (PTPN2) is a
ubiquitously expressed tyrosine phosphatase found at high levels
in resting and activated T cells (Tiganis and Bennett, 2007; Wiede
et al., 2011). Genome-wide association studies (GWASSs) raised
particular interest in this molecule because loss-of-function sin-
gle-nucleotide polymorphisms (SNP) in PTPN2 can confer a pre-
disposition for the development of autoimmune diseases. These
include type 1 diabetes (Burton et al., 2007; Todd et al., 2007),
rheumatoid arthritis, Crohn’s disease, and celiac disease (Es-
pino-Paisan et al., 2011; Festen et al., 2011; Smyth et al., 2008).

Gheck for
Updates

autoimmune-prone C57BL/6 mice and accelerates the onset of
type 1 diabetes in autoimmune-prone non-obese diabetic (NOD)
mice (Wiede et al., 2011, 2019; Zikherman and Weiss, 2011).
Mechanistically, PTPN2 has been shown to directly dephosphory-
late Lck and Fyn, two major mediators of T cell receptor (TCR)
signaling in CD4 and CD8 T cells (Wiede et al., 2011; Zikherman
and Weiss, 2011). PTPN2 deficiency in T cells leads to increased
antigen sensitivity in vitro and in vivo. This enhances the prolifera-
tive potential of T cells upon encountering antigen, as well as their
capacity to undergo homeostatic proliferation, and favors the
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development of autoreactive T cells (Goldrath et al., 2004; Wiede
et al., 2011, 2014a, 2019). Additionally, PTPN2 is known to atten-
uate cytokine signaling via dephosphorylation of Janus-activated
kinases (JAK)-1 and -3 and signal transducers and activators of
transcription (STAT)-1, -3, -5, and -6 in a cell context-dependent
manner (Fukushima et al., 2010; ten Hoeve et al., 2002; Loh
et al., 2011; Lu et al., 2007; Shields et al., 2013; Simoncic et al.,
2002; Tiganis and Bennett, 2007; Yamamoto et al., 2002). The
inflammation and spontaneous autoimmunity caused by PTPN2
deficiency in T cells can therefore be attributed to self-antigen-
mediated increases in TCR sensitivity and the enhanced re-
sponses to common y-chain cytokines (Fukushima et al., 2010;
Wiede et al., 2011, 2014a; Zikherman and Weiss, 2011). Despite
these documented and wide-ranging effects of PTPN2 on T cell
signaling in the context of autoimmunity, it remained unknown
how PTPN2 affects T cell differentiation in an acute infection in
terms of clonal expansion, effector function, and the formation of
autoantigen- or foreign antigen-specific memory T cells (van Lier
et al., 20083; Tscharke et al., 2015).

To address this, we used a well-controlled, previously estab-
lished experimental system for the T cell-specific conditional
deletion of PTPN2 (Wiede et al., 2011) in combination with
different infection models. We found that the complete absence
of PTPN2 did not affect the principal ability to generate KLRG1*
effector and CD127" memory T cells, but it delayed the decline of
KLRG1* T cells during the contraction phase and promoted their
re-expansion capacity. The enhanced survival was associated
with increased common y-chain cytokine signaling and a mark-
edly increased adoptive transfer capacity of briefly ex vivo-acti-
vated T cells. Altogether our data underline that eliminating
PTPN2 has significant potential to enhance the efficacy of
T cell-based immunotherapies.

RESULTS

PTPN2 Deficiency Promotes the Long-Term
Maintenance of T Cells that Lack a Typical CD127*
Memory Phenotype

To explore how PTPN2 impacts T cell differentiation, we took
advantage of TCR-transgenic mice that develop MHC class |-
restricted and ovalbumin-specific CD8" T cells (OT-I T cells), in
which the fifth exon of PTPN2 is flanked by LoxP sites (Loh
et al., 2011). T cell-specific recombination and PTPN2 inactiva-
tion were achieved through lymphocyte-specific protein tyrosine
kinase (Lck)-driven expression of Cre recombinase (Wiede et al.,
2011). Because this leads to the deletion of PTPN2 in the thymus
at double-negative stage 3/4 (Wiede et al., 2017), we first
measured whether thymic development of OT-I T cells is
impacted in the absence of PTPN2. Neither the cellularity of
CD4*CD8" double-positive and CD8 single-positive T cells, nor
the frequency of mature CD24 ™~ cells among CD8 single-positive
OT-I T cells or the CD69 expression status of double-positive
OT-I T cells had changed without PTPN2 (Figures S1A-S1D).
We also characterized CD44 and CD62L levels in the 6- to 10-
week-old OT-l donor mice we used for our experiments. We
found that they were similar, and that the majority of donor cells
showed a CD44"" CD62L"" naive phenotype (Figure S1E).
Therefore, we concluded that there is no evidence for a pre-ex-
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isting condition in peripheral OT-I T cells at the time we used
them. Having established that PTPN2 deletion did not alter
thymocyte and T cell development, we next determined how
PTPN2 deficiency impacts T cell differentiation in pathogenic
infection. To this end, we transferred low numbers of PTPN2-
deficient Lck-Cre;Ptpn2™™ OT-I (knockout [KO]) and control
Pton2™™ OT-1 CD8 T cells (wild-type [WT]) into CD45.1 congenic
C57BL/6 hosts and infected the mice with recombinant Listeria
monocytogenes (Lm), which was modified to express
the ovalbumin-derived SIINFEKL ligand (N4). We observed that
the absence of PTPN2 caused a clear shift in the ratio of
CD127~KLRG1* terminal effector versus CD127*KLRG1~ mem-
ory precursor CD8 T cells upon infection with Lm-N4 (Figures 1A
and 1B). This was detectable at 7 days post infection, continued
until day 28, and was evident in the spleen and blood of infected
animals (Figure 1B). Surprisingly, although WT and PTPN2-defi-
cient OT-I T cells displayed major phenotypic differences, they
still responded similarly in magnitude as the ratio of KO over
WT T cells remained constant throughout the response (Figures
1C and S1B). Alongside, we noted that PTPN2-deficient CD8
T cells showed prolonged expression of the interleukin (IL)-2 re-
ceptor o chain (CD25) when stimulated with Lm-N4 (Figure 1D).
This was reflected in an at least 3-fold higher geometric mean
fluorescent intensity of CD25 in PTPN2-deficient OT-I CD8
T cells at 4 days post infection (Figure 1D). The enhanced survival
of T cells occurred independently of the level of stimulation, as a
similar persistence of T cells with a terminal effector phenotype
was observed in response to previously described high- and
low-affinity OT-I ligands (Figure S2) (Turner et al., 2008; Zehn
et al.,, 2009). Moreover, following low-affinity stimulation, we
even observed that absence of PTPN2 temporary shifted the ra-
tio in favor of KO over WT cells (Figure S2), indicating that low-af-
finity T cell survival is improved, or their transition into the T cell
contraction phase is delayed, in the absence of PTPN2. The ef-
fects on survival may in part be caused by the increased surface
CD25 levels, but the intracellular enhancement of common -
chain signal transduction in the absence of PTPN2 needs to be
considered as a major contributing factor. Of note, PTPN2-defi-
cient OT-1 CD8 T cells did not display functional differences on a
cell-by-cell basis compared with WT cells. This was demon-
strated in an ex vivo cytotoxicity assay in which PTPN2-deficient
versus WT effector T cells at day 7 post Lm-N4 infection were
isolated and incubated with peptide-pulsed splenocytes as
target cells in specific ratios (Figure 1E). Altogether, the data
demonstrate that the deletion of PTPN2 augments the long-
term persistence and expansion capacity of T cells that lack a
typical CD127" memory phenotype.

PTPN2 Deficiency Enables the Re-expansion of KLRG1*
T Cell Populations

As a next step, we thought to determine the functional capacity of
the CD127-KLRG1* T cells that survive in the absence of PTPN2.
To this end, we isolated and transferred CD127*KLRG1~ and
CD127 KLRG1* WT and KO OT-I T cells at 7 days post infection
with Lm-N4 into naive secondary host mice (Figure 2A). Of note,
both types of donor cells showed similar levels of engraftment af-
ter the transfer (Figure 2B), although there was a tendency toward
slightly lower engraftment of PTPN2-deficient T cells. However,
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although KLRG1* WT T cells were, as expected, barely detect-
able 3 weeks later, we found KLRG1" PTPN2-deficient T cells in
detectable numbers (Figure 2C). Most significantly, the trans-
ferred KLRG1* PTPN2-deficient T cells mounted a robust sec-
ondary T cell response following pathogen challenge (Figure 2D).
Thus, absence of PTPN2 does not only increase the survival ca-
pacity of T cells that lack a typical CD127* memory phenotype,
it also enables these cells to undergo secondary expansion.
Moreover, taking into consideration the potential to manipulate
PTPN2 expression for immunotherapies, it is important to note
that we did not find any evidence that eliminating PTPN2 nega-
tively impacts the effector capacity of T cells.

PTPN2 Deficiency Largely Enhances the Expansion of
Ex Vivo-Stimulated and Adoptively Transferred T Cells
The efficacy of adoptive T cell therapies critically depends on
the number of engrafted T cells and their in vivo expansion
magnitude. Adoptive therapies are typically performed with

ratio target:effectors

tion of PTPN2 enhances the survival
and maintenance of effector T cells
prompted us to test how the absence
of PTPN2 impacts the adoptive transfer capacity of ex vivo-
activated T cells. To address this, we used a previously estab-
lished in vitro stimulation system in which T cells undergo the
following steps: (1) exposure to antigen and co-stimulation on
artificial antigen-presenting cells (APC) for a defined period, (2)
separation from the APCs, and (3) then transfer into antigen-
free host mice (van Stipdonk et al., 2001). Interestingly,
when cells were transferred into antigen-free hosts 1 day after
the stimulation, we detected ~3 times more PTPN2-deficient
T cells in the spleen compared with WT cells, ~11 times
more in the blood, and ~7 times more in the liver (Figure 3A).
Phenotypically, the recovered KO OT-I T cells displayed again
a bias toward an increased frequency of KLRG1" T cells (Fig-
ure 3B). Similar observations with respect to increased T cell
expansion and the bias toward KLRG1" effector cells were
made for cells stimulated ex vivo for 2 days prior to the trans-
fer (Figure 3C). However, this effect was not evident when
cells were transferred after 7 days of ex vivo culture
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Figure 2. PTPN2-Deficient KLRG1* T Cells
Can Undergo Robust Secondary Expansion

(A) Experimental outline: CD45-congenic C57BL/6J
host mice received 10* WT or PTPN2-deficient

5dpi (D) T cells and 24 h later 1,000 CFUs of Lm-N4. At
7 days post infection, either KLRG1* effector or
¢ T CD127* memory precursor PTPN2-deficient or WT
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(Figure 3D), whereupon PTPN2-deficient T cells accumulated
in much lower numbers than the WT cells, consistent with a
negative effect on engraftment. This reveals the existence of
a critical window during which the absence of PTPN2 aug-
ments autonomous expansion of activated T cells. We also
tested the in vivo cytotoxic activity of briefly ex vivo-activated
and transferred WT and PTPN2-deficient T cells. As expected,
we saw higher cytotoxic activity when peptide-loaded and
reference target splenocyte populations (Figure 3E) or anti-
gen-negative and antigen-positive tumor cells were injected
into host mice that received PTPN2-deficient OT-I cells (Fig-
ure 3F). We attribute this higher cytotoxic activity to the
increased overall number of PTPN2-deficient T cells but
cannot exclude contributions from cell-intrinsic differences in
cytotoxic activity as noted previously (Wiede et al., 2014b,
2020). Notably, numbers of PTPN2-deficient and WT OT-I
T cells were comparable 20 h after the transfer (Figure 3G).
This indicates that better autonomous proliferation and not dif-
ferences in the transfer efficacy accounts for the increased
numbers of PTPN2-deficient T cells. Finally, we evaluated
how the ex vivo-activated OT-I T cells would respond to
cognate antigen stimulation in an infection. We transferred
OT-1 T cells into mice infected with recombinant Lm-N4 that
produce the SIINFEKL ligand for OT-I T cells. In this setup,
both WT and PTPN2-deficient OT-I T cells underwent similar
expansion (Figure S3C). This excludes that the ex vivo-stimu-
lated PTPN2-deficient T cells are in a state of hyperactivation
where additional stimulation would lead to activation-induced

4 Cell Reports 32, 107957, July 28, 2020

OT-I T cells were sorted and adoptively transferred
into new hosts.

(B-D) Hosts were sacrificed and OT-I numbers were
analyzed 24 h (B, KLRG1* grafts only) or 3 weeks
after the transfer (C) (shown are data for KLRG1*
grafts). (D) In addition, 3 weeks after the transfer, the
host mice were infected with 1,000 CFUs Lm-N4
and analyzed 5 days later. Shown are data for
KLRG1* and CD127* grafts. The data are repre-
sentative of three independent experiments with
four to five mice each. One dot represents one
mouse, and the horizontal line the mean in all plots.
Statistical analysis: unpaired t test, **p < 0.001, *p
< 0.01, "p > 0.05.

cell death. In contrast, the ratio shifted on
average 160:1 in favor of the PTPN2-defi-
cient OT-I T cells following transfer into
WT Listeria-infected mice, which do not
provide a cognate ligand for OT-I T cells
(Lm-WT; Figure S3C). We concluded
that the absence of PTPN2 enhances
the capacity of T cells to expand autono-
mously after cessation of TCR signaling.
In the past, the capacity for T cells to expand autonomously
after being stimulated by antigen and co-stimulation for a brief
period has been termed programmed T cell expansion (Bevan
and Fink, 2001; van Stipdonk et al., 2001). Therefore, we
conclude that the deletion of PTPN2 enhances programmed
T cell expansion and increases the size of the T cell population
that forms after transferring previously activated T cells into
host mice.

Deletion of PTPN2 Alters Cytokine Signal Transduction
in Recently Activated T Cells

The greatly improved expansion capacity of briefly activated
T cells in the absence of PTPN2 prompted us to use prote-
omics to assess the mechanisms by which elimination of
PTPN2 can enhance T cell survival and programmed expan-
sion. We analyzed 30-h ex vivo-activated WT or PTPN2-defi-
cient OT-I T cells and detected 1,566 differentially expressed
proteins and 2,030 phosphorylated sites with differential
abundance (Figure 4A). Of these, 24 were phospho-tyrosine
sites. This low number is not unexpected given that they are
generally underrepresented compared with serine and threo-
nine phosphorylations (Huttlin et al., 2010; Lundby et al.,
2012). The detected tyrosine residues include many known
but also previously unrecognized sites (Table S1). To explore
connections between the alterations in protein and phosphor-
ylation levels, we took advantage of the network enrichment
tool KeyPathwayMiner (List et al., 2016; Pauling et al., 2014),
which extracts de novo pathways, i.e., enriched sub-networks
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that are part of a protein-protein interaction network (for de-
tails, see the STAR Methods). Known protein-protein interac-
tions were obtained from the murine STRING network (v.11,
Szklarczyk et al., 2019) and the database embedded in the In-
genuity pathway analysis tool (IPA; v.46901286; QIAGEN)
(Kramer et al., 2014). Figure 4 shows the largest sub-network
reported by KeyPathwayMiner. Hub nodes in this network are
STAT3, STAT4, and STAT5, which are hyperphosphorylated
and in a transcriptionally active state in the absence of
PTPN2. These hubs are linked to a larger number of differen-
tially expressed proteins. These include increased levels of
proliferation-associated proteins, such as IL-2, IL-2ra, inter-
feron (IFN)-v, IL-4, CD44, and several others (Figure 4B). Sub-
sequently, we analyzed the changes directly via IPA and
determined the probability index (Z score) that links PTPN2
deficiency-related proteome alterations to specific functions
and disease-related signatures. The absence of PTPN2 was

shown to correlate with enhanced proliferation-related signa-
tures and decreased apoptosis activity scores (Figure 4C).
Altogether, our data suggest that the absence of PTPN2
predominantly increases the responsiveness to common y-
chain cytokines and consequently augments co-stimulation-
independent expansion and survival of recently activated
T cells.

PTPN2 Deficiency Increases IL-2- and IL-15-Induced
Signal Transduction in T Cells during Programmed
Expansion

Our proteomic data indicate a higher capacity of recently acti-
vated PTPN2-deficient T cells to respond to common y-chain
cytokines, a notion that is well in line with prior reports of
the function of PTPN2 (Wiede et al., 2011; Zikherman and
Weiss, 2011). To experimentally verify this, we activated
OT-lI T cells for 36 h, starved them for 8 h in serum-free
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medium, and stimulated them with IL-2, IL-7, or IL-15 for a
defined period. We observed that PTPN2-deficient OT-I
T cells show increased IL-2- and IL-15-induced signaling,
which was reflected in enhanced phosphorylation levels of
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Figure 4. Proteome Analysis of Briefly
Stimulated WT and PTPN2-Deficient T Cells
(A) Volcano plots showing quantitative changes of
protein and phosphosite levels of PTPN2-defi-
cient versus WT OT-I T cells that were activated
for 30 h in vitro with anti-CD3/anti-CD28-coupled
beads. Significant hits (black) compared with
non-significant hits (gray) were determined via a
constant SO, which was calculated in R (version
3.4.1, function “samr”) and further corrected for
multiple testing by applying a permutation-based
5% false discovery rate (FDR) calculation.

(B) To extract signaling cascades that are
markedly deregulated in the absence of PTPN2,
we used the de novo network enrichment tool
KeyPathwayMiner. This used the interactome
of the murine STRING network (v.11) and
known interactions of differentially phosphory-
lated tyrosine phosphosites curated in the IPA
database to extract the key regulatory network
of these datasets: (1) differentially phosphory-
lated tyrosine phosphoproteins (absolute log2
KO/WT fold change > 0.5 and p < 0.05), and (2)
differential protein expression (absolute log2
fold change > 0.5 and p < 0.05). Depicted is
the largest subnetwork that has been extracted
by KeyPathwayMiner. This has been overlaid
with protein expression data and function of
differentially phosphorylated tyrosine residues.
Highlighted with a green border are the proteins
that are associated with an increased quantity
of T lymphocytes as designated by the IPA
analysis.

(C) Analysis of changes in protein expression
and phosphorylation status via the IPA soft-
ware. Probability index (Z score) that links
PTPN2 KO versus WT datasets to specific sig-
natures.

STAT5-Y694 (Figure 5A), confirming
our proteomic data. Subsequently, we
explored whether activated PTPN2-
deficient T cells also show an altered
TCR signal transduction capacity as
occurs in naive cells (Wiede et al,
2011, 2014b, 2017). To this end, we
stimulated naive versus activated WT
and PTPN2-deficient OT-I T cells with
SIINFEKL pulsed bone marrow-derived
dendritic cells (BMDCs) and monitored

for the TCR-induced extracellular
signal-regulated kinases 1 and 2
(ERK1/2) signaling. In naive OT-I

T cells, PTPN2 deficiency increased
TCR-induced ERK1/2 phosphorylation
(p-ERK1/2) (Figure 5B). By contrast,
PTPN2-deficient OT-I T cells that

were previously activated and underwent programmed
expansion did not display increased p-ERK1/2 after re-stimu-
lation with SIINFEKL or with lower-avidity SIIQFEKL peptide
when compared with WT cells (Figure 5C). This demonstrates
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Figure 5. PTPN2 Deficiency Enhances Com-

mon y-Chain-Mediated Cytokine Signaling
. (A) PTPN2-deficient or WT OT-I T cells were acti-

vated in vitro with SIINFEKL, H-2Kb, and CD80 ex-
pressing artificial APCs (MEC.B7.SigOVA) for 36 h,
rested for 1 h, and then stimulated with IL-2 (5 ng/
mL), IL-7 (10 ng/mL), or IL-15 (20 ng/mL) for the
indicated times. Cells were then intracellularly
stained with anti-(pY694)-STAT5 (p-STAT5), and the
MFI for p-STAT5 was determined by flow cytometry.
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(B) A total of 10° naive CD8* T cells from WT and
PTPN2-deficient mice were incubated with 3 x 10°
bone marrow-derived dendritic cells pulsed with
SIINFEKL (0.1 mg/mL) for the indicated time
points. Cells were intracellularly stained with anti-
p-ERK1/2, and the percentage of p-ERK1/2 was
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determined by flow cytometry.

(C) The activated OT-I T cells were serum starved
for 8 h and stimulated with SIINFEKL (0.1 mg/mL)
or SIIQFEKL (0.1 mg/mL) for the indicated time
points. Cells were intracellularly stained with fluo-
rochrome-conjugated anti-(pT202/pY204)-ERK1/
2 (p-ERK1/2), and the percentage of p-ERK1/2

-
Q4| wt was determined by flow cytometry. The data are

-~ ko

0
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T representative of two independent experiments

15 30 45 60 with 3-5 mice each. Dots in all panels represent the

Time (min)

mean, and error bars the SEM. Statistical analysis:
unpaired t test, **p < 0.0001, **p < 0.001, *p <

that PTPN2 deficiency enhances the capacity of recently acti-
vated T cells to respond to IL-2 and IL-15, but not to TCR
ligation.

PTPN2 Deficiency Enhances IL-2 Sensitivity and

Survival Capacity of Recently Activated T Cells

Our signaling data showed increased responses of recently
activated PTPN2-deficient T cells to common y-chain cyto-
kines. Nonetheless, it remained unclear whether this had
functional consequences on T cell proliferation. To address
this, we activated OT-l T cells using anti-CD3/anti-CD28-
coated beads and exposed them to titrated doses of IL-2.
To correct for the increased cellular expansion, we split cells
every 24 h and re-seeded them at a similar density in fresh
wells and supplemented with 50% conditioned medium and
50% fresh medium and the respective amounts of IL-2. We
observed that PTPN2-deficient cells showed better survival
following the provision of limited IL-2 levels compared with
WT cells (Figure 6A). As a hallmark of robust and functional
proliferation, we also assessed the ability of cells to form
proliferative clusters. As determined via microscopy and
automated cluster determination and counting, we observed
that PTPN2-deficient cells showed higher cluster-forming ca-
pacity following exposure to low IL-2 levels (Figure 6B). Our
data demonstrate that recently activated PTPN2-deficient
T cells go through an interval of heightened IL-2 sensitivity,
and that much lower IL-2 concentrations are sufficient to
maintain PTPN2-deficient T cells in a proliferating state. Alto-
gether, our data strongly suggest that this improved IL-2
sensitivity results in the increased expansion of PTPN2-defi-
cient T cells.

+ N4/Q4 0.01, "p > 0.05.

DISCUSSION

PTPN2 has received considerable attention because reductions
in its expression correlate with the development of autoimmune
diseases (Espino-Paisan et al., 2011; Smyth et al., 2008; Todd
et al., 2007; Zikherman and Weiss, 2011). Moreover, its known
role in negatively regulating TCR sensitivity through dephosphor-
ylation of SRC family kinases and in attenuating JAK-STAT-
mediated cytokine signaling has made it an attractive target for
immunotherapy (LaFleur et al., 2019; Wiede et al., 2020). Howev-
er, how complete absence of PTPN2 impacts basic aspects of
CD8 T cell effector and memory differentiation and their protec-
tive capacity has remained unknown. Our data revealed that the
absence of PTPN2: (1) augments or prolongs the survival of
short-lived effector T cell populations, and (2) alters the develop-
mental plasticity of transferred effector T cell populations, and
also that (3) targeting PTPN2 in recently activated T cells prom-
ises to have significant therapeutic benefits.

KLRG1-specific T cells are known to arise in large numbers in
many types of acute infection (Joshi et al., 2007; Kaech et al.,
2003; Wherry et al., 2003). They are thought to predominantly
mark cells that have turned toward the final stage of differentia-
tion and lost the ability to form memory T cells. This was
concluded given the limited capacity of transferred KLRG-1*
T cells to undergo secondary expansion (Sallusto et al., 2000;
Sarkar et al., 2008; Schluns et al.,, 2000; Weinreich et al.,
2009). Although the concept of exclusive terminal differentiation
of KLRG1* T cells was recently challenged (Herndler-Brandstet-
ter et al., 2018), the notion that these cells have a limited capacity
to become engrafted into new hosts is well established. Much
to our surprise, we noted that transferred PTPN2-deficient
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antigen receptors (CAR T cells) could be
very beneficial as reported recently (Wiede
etal., 2020). Here, cells could be activated
for 24-36 h, transduced with a CAR, and in
parallel the expression of PTPN2 could be
manipulated, and shortly thereafter the
cells could be transferred into patients. Ac-
cording to our mouse studies, this should
resultin a significant increase in transfer ef-
ficacy, improving the overall therapeutic
outcome.

CD127 " KLRG1* T cells showed superior secondary expansion
capacity. These results indicate that absence of PTPN2 en-
hances the survival of KLGR1* cells and enables responses of
these cells that resemble the function of conventional memory
T cells.

Most strikingly, our data underline the potential benefits that
may result following manipulations of PTPN2 expression in thera-
peutically relevant adoptive T cell transfer settings. We demon-
strate that the absence of PTPN2 enables cells to undergo better
programmed expansion following a limited period of stimulation.
Notably, we saw that the engraftments of WT and KO cells were
initially similar. Only subsequently did the PTPN2-deficient cells
expand better, which is why we consider that the absence of
PTPN2 augments programmed T cell expansion. This ability could
be clinically beneficial because it remains a major challenge to
engraft patients with sufficient numbers of functional T cells.
Increasing the efficacy of T cell transfers by 3- to 10-fold would
constitute a major advantage. However, the limited time window
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All of our observations suggest that the
absence of PTPN2 enhances the survival
of activated T cells. Given the previously identified increases in
common y-chain-mediated cytokine signaling, we addressed
the possible contribution to the improved transfer capacity using
a proteomics approach. Using the de novo network enrichment
tool KeyPathwayMiner, we observed strong correlations be-
tween alterations in total protein levels and increased phosphor-
ylation status of known and newly identified PTPN2 interaction
partners. This included heightened phosphorylation status and
activity in STAT3, STAT4, and STAT5, and enhanced expression
of proliferation-associated proteins, such as IL-2, IL-2ra, IFN-y,
IL-4, CD44, CCL5, JUN, and several others. Altogether, these
observations imply that PTPN2-deficient T cells are less depen-
dent on receiving pro-survival signals than WT cells or may
enable T cells to still effectively respond to limiting cytokine sour-
ces, both of which could explain improved transfer efficacy.
Functionally, we were able to demonstrate that these changes
render PTPN2-deficient T cells much less dependent on IL-2
signaling in vitro. Likewise, absence of PTPN2 might render
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CD8 T cells more responsive to IL-2 that is pharmacologically
applied in combinatorial therapies. Furthermore, we observed
that the absence of PTPN2 increased the capacity to form clus-
ters in in vitro cultures, which is considered a hallmark of robust
T cell proliferation. This augmented cluster formation also
matches the observed changes in PTPN2-deficient T cell
expression of integrin alpha-2 (ITGA2) and integrin alpha-M (IT-
GAM), as well as its corresponding binding partner intercellular
adhesion molecule 1 (ICAM1) (Figure 4). Moreover, our proteo-
mic network analysis also suggests potential novel interactors
or downstream affected molecules of PTPN2. This includes
PTPNG6 (SHP-1), which has been extensively studied as a nega-
tive regulator of TCR signaling (Carter et al., 1999; Johnson et al.,
2013). Similarly, the decreased expression of the tumor suppres-
sor and apoptosis-inducing factor PDCD4 might play a role in the
increased survival of PTPN2 KO T cells (Shibahara et al., 1995;
Yang et al., 2003). It has recently been described that cytotoxic
T cells lacking PDCD4 expression show increased expression of
effector molecules and display superior tumor control (Lingel
et al., 2017).

Our data also complement and extend the recently described
role of PTPN2 in the differentiation of T cells in chronic infections
(LaFleur et al., 2019). This study demonstrates that TIM3* termi-
nal effector T cells proliferate more strongly and can in enhanced
numbers contribute to viral control, which is biologically compa-
rable with our conclusion of prolonged effector T cell survival in
the absence of PTPN2. Likewise, PTPN2-deficient T cells were
also able to markedly improve tumor therapy in syngeneic tumor
models (LaFleur et al., 2019; Wiede et al., 2020).

Overall, our work reveals PTPN2 as a critical factor for effector
and recently activated T cell populations. Notably, we did not
observe any adverse effects of eliminating PTPN2, because
neither effector capacity nor the ability to form memory or to un-
dergo secondary expansion was compromised. In conclusion,
our data further support the development of PTPN2 inhibitors
for adoptive T cell-based therapies, because the deletion or inhi-
bition of PTPN2 would significantly improve the survival and
expansion of transferred T cells and confer improved immunity
through strengthened T cell numbers.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD44 (IM7) Biolegend 103012; RRID: AB_312963
CD25 (PC61.5) eBioscience 25-0251-82; RRID:AB_469608
CD8u. (53-6.7) Biolegend 100714; RRID: AB_312753
CD45.1 (A20) eBioscience 48-0453-82; RRID: AB_1272189
CD45.2 (104) eBioscience 17-0454-82; RRID: AB_469400
CD127 (A7R34) eBioscience 17-1271-82; RRID: AB_469435
KLRG1 (2F1) eBioscience 48-5893-82; RRID: AB_10852843
Va2 TCR (B20.1) eBioscience 17-5812; RRID: AB_1659733
FITC (NAWESLEE) eBioscience 12-7691-82; RRID: AB_2572663
PE (eBioPE-DLF) eBioscience 13-4120-82; RRID: AB_529611

Phospho-Stat5 (Y694)

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
Anti-rabbit IgG DyLight 649

CD69 (H1.2F3)

CD90.1 (OX-7)

CD24 (M1/69)

TCR VB 5.1/5.2 (MR9-4)

CD62L (MEL-14)

Cell signaling technologies
Cell signaling technologies
JacksonlmmunoResearch
eBioscience

Biolegend

BDBiosciences
eBioscience

eBioscience

#9351; RRID: AB_2315225
#9101; RRID: AB_331646
211-492-171; RRID: AB_2339164
12-0691-82; RRID: AB_465732
202503; RRID: AB_314014
563060; RRID: AB_2737981
46-5796-82; RRID: AB_10853817
25-0621-82; RRID: AB_469633

Bacterial and Virus Strains

Vesicular stomatitis virus (VSV), VSV-N4, VSV-V4

(Kim et al., 1998)

Ref-SKU: 014V-02165

Listeria monocytogenes (Lm), Lm-N4, Lm-V4, (Zehn et al., 2009) N/A
Lm-Q4, Lm-wt
Chemicals, Peptides, and Recombinant Proteins
Recombinant murine IL-2 Peprotech 5696121
Dynabeads Mouse T-Activator antiCD3/antiCD28 beads Thermo Fisher 11456D
SIINFEKL JPT Peptide Technology BAP-201
and EMC microcollections
SIIQFEKL JPT Peptide Technology N/A
and EMC microcollections
Recombinant murine IL-7 Peprotech 217-17
Recombinant murine IL-15 Peprotech 210-15
Critical Commercial Assays
TMTsixplex reagents Thermo Fisher 90066
CD8" T cell-enrichment kit Miltenyi Biotech 130-096-495
Deposited Data
Proteomics data have been deposited with the PRIDE ProteomeXchange Consortium PRIDE:
partner repository (Vizcaino et al., 2013) PXD013122

Experimental Models: Cell Lines

RMA cells M.J. Bevan, University of RRID:CVCL_J385
Washington, batch of 9.11.1989

MEC.B7.SigOVA (express SIINFEKL, H-2Kb and CD80) (van Stipdonk et al., 2001) N/A

Experimental Models: Organisms/Strains

OT-I;Lck-Cre;Pton2™" (KO) (Wiede et al., 2011) N/A

OT-I;Ptpn2™" (WT) (Wiede et al., 2011) N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

C57BL/6J host mice (Schluns et al., 2002) MGI: J:109854

Software and Algorithms

MaxQuant (v1.6.0.16) (Cox and Mann, 2008) https://www.maxquant.org/

Imaged (v1.5) (Schneider et al., 2012) https://imagej.nih.gov/ij/

KeyPathwayMiner (List et al., 2016) https://keypathwayminer.compbio.sdu.dk/
keypathwayminer/

IPA version 46901286 (Kramer et al., 2014), QIAGEN Inc N/A

ilastik object classification and segmentation (Sommer et al., 2011) https://www.ilastik.org/index.html

software (v. 1.3.2, 53)

Prism 8.0 Graphpad Software N/A

FlowdJo (v10.1) Treestar https://www.flowjo.com/

Graphical abstract created with BioRender.com Biorender https://biorender.com/

RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dietmar
Zehn (dietmar.zehn@tum.de).

Materials Availability
This study did not generate new unique reagents.

Data and Code Availability

The MS proteomics data and unprocessed MaxQuant search results have been deposited with the ProteomeXchange Consortium
(http://www.proteomexchange.org/) via the PRIDE partner repository (Vizcaino et al., 2013) with the dataset identifier PRIDE:
PXD013122.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and adoptive T cell transfers

OT-I;Lck-Cre;Pton2™" (KO) and OT-1;Ptpn2™" (WT) mice have been described previously (Wiede et al., 2011). Donor cells were adop-
tively transferred into CD45.1 congenic C57BL/6J host mice (Schluns et al., 2002) for proliferation tests and infection experiments. In
some experiments, WT (CD45.1/2) and PTPN2-deficient OT-I T cells (CD45.2/2) were co-transferred into CD45.1 congenic host mice.
All mouse breeding was performed in specific pathogen-free facilities and experimental procedures were performed in six to twelve
week old female or male mice in modified specific pathogen-free animal facilities. Initial experiments were performed at the University
of Lausanne in Switzerland and were in compliance with institutional and governmental regulations of the Swiss Canton Vaud. Later,
experiments were performed at the Technical University of Munich in Germany and in accordance with institutional and governmental
regulations of the Regierung von Oberbayern. Experimental groups were non-blinded, animals were randomly assigned to experi-
mental groups and no specific method was used to calculate sample sizes.

Infections

Previously described recombinant versions of Vesicular stomatitis virus (Indiana strain) that express either the normal high avidity
OT-I epitope SIINFEKL (N4) Kim et al., 1998 or the low avidity OT-I altered peptide ligand SIVFEKL (V4) Zehn, 2010 were grown
and titrated on BHK cells. Mice were infected intravenously (i.v.) with 2 x 10 PFU. Wild-type Listeria monocytogenes and recom-
binant Listeria monocytogenes strains expressing wt ovalbumin or ovalbumin containing K®/Ova-derived APL were also previously
described (Zehn et al., 2009). All Listeria were grown in brain heart infusion broth (Oxoid, Thermo Fisher) to mid-log phase and bac-
terial numbers were determined by measuring the ODggo. Mice were i.v.-infected with 1000 colony-forming units (CFU).

In vitro T cell activation and proliferation assays

Isolated naive PTPN2-deficient and WT CD8 T cells were activated with Dynabeads Mouse T-Activator antiCD3/antiCD28 beads
(Thermo Fisher), in accordance with the manufacturer’s instructions, and varying concentrations of recombinant IL-2 in RPMI me-
dium supplemented with 10% heat inactivated FCS, 5 mM HEPES (Invitrogen), 50 uM B-Mercaptoethanol (Invitrogen), and 100 U/
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ml of Penicillin and Streptomycin (Amimed). Cell numbers were determined in Neubauer counting chambers as well as by flow cy-
tometry. For determination of proliferative clusters the ilastik object classification and segmentation software (v. 1.3.2, 53) was used
and clusters were counted automatically using the ilastik segmentation classification criteria for proliferative clusters of a size over
200 pm in Imaged (v1.5). For testing T cell programing and autonomous expansion, PTPN2-deficient and WT OT-I T cells were iso-
lated and activated in accordance with a previously established in vitro stimulation system. Briefly, OT-I T cells were co-cultured with
IFN-y primed MEC.B7.SigOVA adherent fibroblasts engineered to express SINFEKL, H-2K® and CD80 (van Stipdonk et al., 2001).
Cells were cultured in IL-2 supplemented medium as indicated above. After 1, 2 or 7 days of in vitro culture, antigen, and co-stim-
ulation was terminated via separation from the APCs. Then, 10° activated T cells were transferred into antigen-free CD45-congenic
C57BL/6J host mice and organs were harvested 5-7 days later.

METHOD DETAILS

Donor cell preparation, purification, and labeling

Single-cell suspensions were obtained by mincing spleens with a scalpel and then by mashing them through a 100 um nylon cell
strainer (BD Falcon). Red blood cells were lysed with hypotonic ammonium-chloride-potassium (ACK) lysis buffer. The mouse
CD8™" T cell-enrichment kit (Miltenyi Biotech) was used for CD8 T cell-isolation. Memory OT-I T cells were generated by transferring
low numbers of naive OT-I T cells into CD45.1 congenic host mice and by infecting the hosts with 1000 CFU of Lm-N4. Memory cells
were re-isolated via staining and positive selection of live cells in 2% FCS RPMI medium (Sigma Aldrich). First, cells were stained with
fluorescein isothiocyanate (FITC)-KLRG1, or phycoerythrin (PE)-CD127, and biotin-conjugated CD45.2 antibodies, and then en-
riched via MACS separation using anti-biotin MicroBeads (Miltenyi Biotech), in accordance with the manufacturer’s instructions. Af-
terward, cells were sorted for KLRG1* or CD127* populations using a FACS Aria Fusion instrument (BD) and then transferred into new
CD45.1/1-congenic C57BL/6J host mice.

Surface protein antibody staining and flow cytometry analysis of mouse cells

Staining of extracellular proteins was performed with the aforementioned antibodies for 30 min at 4 °C in FACS buffer: PBS (Invitro-
gen) supplemented with 2% FCS (Sigma Aldrich) and 0.01% azide (Sigma-Aldrich). Then, cells were fixed for 10 min at room tem-
perature in PBS supplemented with 4% formaldehyde, 2% glucose and 0.03% azide. After resuspension in FACS buffer, flow cytom-
etry analysis was performed on an LSR-Fortessa or LSR-II flow cytometer (BD). All data were analyzed using FlowJo (v9.1 and v10.3,
TreeStar).

Detection of cytokine signaling

OT-I T cells were co-cultured with IFN-y primed MEC.B7.SigOVA for 36 h and then rested in RPMI supplemented with 1% FCS for 1
h. Afterward, they were stimulated with mouse recombinant IL-2 (5 ng/ml), IL-7 (10 ng/ml) or IL-15 (20 ng/ml) (Peprotech). Then, cells
were fixed in Cytofix Fixation Buffer (BD Biosciences) for 15 min at 37°C, washed with D-PBS and permeabilized in methanol/acetone
(50:50) overnight at —20°C. The next day, the cells were stained with Phospho-Stat5 (Y694) (D47E7 XP® rabbit, Cell Signaling Tech-
nology, 1:400) in D-PBS supplemented with 5% FCS for 1 h at room temperature. Secondary antibodies against rabbit IgG (H+L)
F(ab’)2 fragment coupled to DyLight 649 (Jackson ImmunoResearch; 1:800) were used for detection of p(Y694)-STATS.

Generation of bone marrow derived dendritic cells (BMDCs) to assess TCR signaling

Bone marrow was isolated from the tibia and femur of one 8 week old C57BL/6 mouse and erythrocytes were removed with Red
Blood Lysing Buffer (Sigma-Aldrich). Then, 6 x 10° isolated bone marrow cells were cultured in a 6 well dish in RPMI medium sup-
plemented with 10% heat inactivated FCS, 5 mM HEPES (Invitrogen), 50 uM B-Mercaptoethanol (Sigma), 100 U/ml of Penicillin and
Streptomycin (Invitrogen) and GM-CSF (10 ng/ml) (Peprotech) for 5 days at which point BMDCs were harvested and processed for
T cell signaling.

Detection of TCR signaling

Cells were serum-starved for 8 h and stimulated with SIINFEKL (0.1 ung/ml) or SHQFEKL (0.1 ng/ml) (JPT Peptide Technology) pulsed
BMDCs for defined periods and then fixed in Cytofix Fixation Buffer (BD Biosciences) for 15 min at 37°C. Afterward, cell were per-
meabilized with methanol/acetone (50:50) overnight at —20°C and then intracellularly stained with Phosho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (Rabbit, Cell Signaling Technology, 1:400) in D-PBS supplemented with 5% FCS for 1 h at room temperature. Sec-
ondary antibodies against rabbit IgG (H+L) F(ab’)2 fragment coupled to DyLight 649 (JacksonimmunoResearch; 1:800) were used for
detection.

Cytotoxicity assays

In vitro killing assays were performed with WT and PTPN2 KO OT-l isolated from day 7 Lm-N4 infected hosts. 2 x 10* of the isolated
KO or WT cells were ex vivo labeled with CSFE and incubated with DAPI (Peprotech) labeled, SIIQFEKL pulsed (EMC microcollec-
tions) splenocytes or unpulsed splenocytes as a control for 18 h in RPMI. Specific lysis of peptide-pulsed target cells was determined
via flow cytometry. In vivo cytotoxicity assays were performed 7 days post transfer of 1 x 10° 24-hour ex vivo activated ko or wt OT-I
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T cells. For Figure 3E 4 x 10° CFSE labeled splenocytes pulsed with SIINFEKL peptide (EMC microcollections) or unpulsed control
splenocytes were co-injected i.v. as target cells. Specific lysis of pulsed splenocytes was measured 6h post-injection in the spleen.
For Figure 3F 1 x 10° Ovalbumin and eGFP-expressing RMA (RMA-eGFP-Ova) or antigen negative mCherry-expressing RMA cells
were co-injected intraperitoneal (i.p.). Cells were harvested two days later by peritoneal lavage and specific lysis of RMA-eGFP-Ova
cells was determined by flow cytometry.

Sample preparation for mass spectrometry

OT-I1 CD8T cells of 3 mice each of PTPN2-deficient and wt mice were isolated and activated for 30 h with Dynabeads Mouse T-Acti-
vator antiCD3/antiCD28 beads (Thermo Fisher) in accordance with the manufacturer’s instructions and 50 U/ml of recombinant IL-2
in RPMI media supplemented with 10% heat inactivated FCS. Cellular proteins were extracted using urea lysis buffer (8 M urea,
40 mM Tris-HCI (pH 7.6), protease inhibitor cocktail, phosphatase inhibitor cocktail), and lysates were cleared by centrifugation
(15 min, 20.000 x g, 4°C). Protein concentration of the supernatant was determined by the Bradford method (Coomassie Protein
Assay Kit, Thermo Fisher Scientific), and 165 pg protein per sample were reduced (10 mM dithiothreitol, 30°C, 30 min) and alkylated
(50 mM chloroacetamide, room temperature, 30min, in the dark). Lysates were diluted to 1.6 M urea using 40mM Tris-HCI (pH 7.6),
and protein digestion was performed overnight (37°C, 600 rpm) using trypsin (Promega, 1:50 enzyme-to-substrate ratio). Acidified
digests were desalted using 50 mg tC18, reversed-phase (RP) solid-phase extraction cartridges (Waters Corp.; wash solvent:
0.1% formic acid (FA); elution solvent: 0.1% FA in 50% acetonitrile (ACN)) and vacuum dried. TMT labeling, phosphopeptide enrich-
ment, high pH reversed phase (RP) tip fractionation of the phosphoproteome, and Trinity P1 fractionation of the full proteome were
performed as described previously (Ruprecht et al., 2017; Yu et al., 2017; Zecha et al., 2019). In brief, peptides from triplicates of
PTPN2 ko and wt were reconstituted in 20 pL of 50 mM HEPES (pH 8.5) and labeled for 1h at 25°C and 500 rpm using 100 ug TMTsix-
plex reagents (Thermo Fisher) in 5 uL anhydrous acetonitrile (ACN) per sample. The labeling reaction was stopped by adding 2 pL of
5% hydroxylamine. The acidified and pooled sample was frozen at —80°C, dried down by vacuum centrifugation, and desalted using
50 mg tC18, RP solid-phase extraction cartridges (wash solvent: 0.07% trifluoroacetic acid (TFA); elution solvent: 0.07% TFA in 50%
ACN). The desalted peptide solution was adjusted to a final concentration of 30% ACN and loaded onto a ProPac IMAC-10 column
(4 x 50 mm, Thermo Fisher Scientific) charged with FeClz and connected to an Aekta HPLC system. The flow through (non-phos-
phopeptides) was collected, and bound phosphopeptides were subsequently eluted and collected applying a 6.5min gradient
from 0% to 26% IMAC elution solvent (0.315% NH4OH) in IMAC loading solvent (30% ACN, 0.07% TFA). Both fractions were vacuum
dried. The phosphopeptide fraction was desalted (wash solvent: 0.1% FA) using self-packed StageTips (five disks, & 1.5 mm, C18
material, 3 M Empore™), and bound peptides were then washed with 25 mM ammonium formate (pH 10) and sequentially eluted
using 40pL of ammonium formate (pH 10) containing increasing ACN concentrations (5%, 7.5%, 10%, 12.5%, 15%, 17.5%, and
50% ACN). The wash flow through was combined with the 17.5% ACN eluate and the 5% ACN fraction with the 50% ACN fraction,
resulting in a total of six fractions which were vacuum dried. Non-phosphopeptides were reconstituted in 10 mM ammonium acetate
and 100 nug were loaded onto an Acclaim Trinity P1 column (2.1 x 150 mm, 3 um, Thermo Fisher Scientific) and separated using
increasing concentrations of 10mM ammonium acetate in 95% ACN (up to 84%). Thirty-two 1 min fractions were collected and
vacuum dried.

LC-MS/MS measurements

Nano-flow LC-MS/MS measurements were performed using an Ultimate 3000 RSLCnano system coupled to a Fusion Lumos Tribrid
mass spectrometer (Thermo Fisher Scientific). High pH RP fractions containing phosphopeptides were dissolved in 0.1% FA, in-
jected twice and separated at 300 nL/min on an analytical column (75 pm x 45 cm, packed in-house with 3 um C18 resin; Reprosil
Gold, Dr. Maisch GmbH) using an 80min linear gradient from 4% to 32% LC solvent B (0.1% FA, 5% DMSO in ACN) in LC solvent A
(0.1% FAin 5% DMSO). MS1 spectra were recorded in the orbitrap at a resolution of 60K using an automatic gain control (AGC) target
value of 4e5 charges and a maximum injection time (maxIT) of 20 ms. For the first injection, MS2 spectra for peptide identification
were obtained in the orbitrap at 15K resolution via sequential isolation of up to 10 precursors (0.7 m/z isolation window, 5e4 AGC
target, 22ms maxIT, 90 s dynamic exclusion) and fragmentation via collisional induced dissociation (CID) enabling multistage acti-
vation (35% collision energy, 0.25 activation Q, neutral loss mass of 97.9763). For the second injection, peptides were fragmented
via higher energy collisional dissociation (HCD) using a normalized collision energy (NCE) of 33%. Then, for each peptide precursor,
an additional MS3 spectrum for TMT quantification was obtained in the orbitrap at 15K resolution (1e5 AGC target, 50 ms maxIT, 100-
1.000 m/z scan range). For this, the precursor was again fragmented as for MS2 analysis, followed by synchronous selection of the 10
most intense peptide fragments and further fragmentation via HCD using a NCE of 55%. Trinity P1 fractions were analyzed as single
injections as described above with following modifications: Peptides were separated at using a 50 min linear gradient from 8% to
34% LC solvent B in LC solvent A. MS2 spectra were obtained after fragmentation via CID without multistage activation (35% colli-
sion energy, 0.25 activation Q, 60 s dynamic exclusion).

Analysis of mass spectrometry data

Peptide and protein identification and quantification were performed using MaxQuant (v1.6.0.16) (Cox and Mann, 2008). Tandem
mass spectra were searched against the mouse reference database (UP000000589, downloaded on 03.08.2018) supplemented
with common contaminants. All search parameters were left as default apart from the following: High pH RP and Trinity P1 fractions
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were separated into two groups and ”6plex TMT” was specified as a label within the reporter ion MS3 experiment type. Phospho-
peptide samples were defined as "PTM” and phosphorylation on serine, threonine, and tyrosine was allowed as additional variable
modification. ”Label minimum ratio count” was set to 1. For the processing of search results, hits to the reverse and human contam-
inant databases were removed. Intensities in the different TMT channels were normalized based on total summed intensities of
non-phosphorylated peptides that were quantified in all three replicates of both conditions. The Perseus software suite (v.1.6.6.1)
was utilized to perform two-sided, unpaired t tests using log-transformed phosphosite and protein intensities and requiring a
quantification for at least two out of the three replicates. Significant hits were determined specifying a constant SO which was calcu-
lated for each dataset separately in R (version 3.4.1, function “samr”). It accounts for differing variances across the range of
measured values and accordingly adapts the significance cut-off for statistical analyses. Significance levels were further corrected
for multiple testing applying a permutation-based 5% FDR calculation.

Proteomic data analysis

The de novo network enrichment tool KeyPathwayMiner has been described (List et al., 2016). This used the murine STRING network
(v. 11), filtered for regulatory interactions (post-translational modification, activation, or inhibition) of high confidence (combined score
> 600). We augmented this network by adding known interactions of differentially phosphorylated tyrosine phosphoproteins curated
in the IPA version 46901286 (between January and March 2019) database (experimentally observed, downstream, murine targets). In
addition to this network, we subjected two datasets to KeyPathwayMiner: (a) differentially phosphorylated tyrosine phosphoproteins
(absolute log2 ko/wt fold change of > 0.5 and p < 0.05) and (b) differential protein expression (absolute log2 fold change of > 0.5 and
p < 0.05) with significant hits determined with a stringent 1% FDR. The largest subnetwork extracted by KeyPathwayMiner was
enhanced with protein expression data and annotations using Cytoscape (Shannon et al., 2003, v. 3.7.1) and is shown in Figure 4B.

QUANTIFICATION AND STATISTICAL ANALYSIS
Dot plots and statistical analyses were, unless specified differently, prepared and calculated with Prism 8.0 (Graphpad Software).

Unpaired t tests were used to compare two groups and p < 0.05 was considered significant and p > 0.05 was considered not sig-
nificant. Details for each experiment can be found in the respective figure legends.
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