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The cytokine content in tissue microenvironments shapes
the functional capacity of a T cell. This capacity depends
on the integration of extracellular signaling through multiple
receptors, including the T-cell receptor (TCR), co-receptors,
and cytokine receptors. Transforming growth factor �
(TGF-�) signals through its cognate receptor, TGF�R, to
SMAD family member proteins and contributes to the gener-
ation of a transcriptional program that promotes regulatory
T-cell differentiation. In addition to transcription, here we
identified specific signaling networks that are regulated by
TGF�R. Using an array of biochemical approaches, including
immunoblotting, kinase assays, immunoprecipitation, and
flow cytometry, we found that TGF�R signaling promotes the
formation of a SMAD3/4-protein kinase A (PKA) complex
that activates C-terminal Src kinase (CSK) and thereby down-
regulates kinases involved in proximal TCR activation. Addi-
tionally, TGF�R signaling potentiated CSK phosphorylation
of the P85 subunit in the P85–P110 phosphoinositide 3-ki-
nase (PI3K) heterodimer, which reduced PI3K activity and
down-regulated the activation of proteins that require phosphati-
dylinositol (3,4,5)-trisphosphate (PtdIns(3,4,5)P3) for their activa-
tion. Moreover, TGF�R-mediated disruption of the P85–P110
interaction enabled P85 binding to a lipid phosphatase, phospha-
tase and tensin homolog (PTEN), aiding in the maintenance of
PTEN abundance and thereby promoting elevated PtdIns(4,5)P2
levels in response to TGF�R signaling. Taken together, these
results highlight that TGF-� influences the trajectory of early
T-cell activation by altering PI3K activity and PtdIns levels.

The cytokine content in the microenvironment shapes the
functional capacity of a T cell. An exquisite example of the
synergy between T cell receptor (TCR) and cytokine recep-
tor signaling is T-cell differentiation. Polarization of a naïve
CD4� T cell into distinct subsets requires unique combina-
tions of cytokines in addition to TCR signaling (1, 2). For
example, signaling through the TCR and TGF-� receptor
(TGF�R) drives the induction of regulatory T cells (3).
Canonical TCR signaling triggers CD45 to dephosphorylate
an inhibitory phosphorylation site on LCK, which allows for

autophosphorylation and activation of LCK kinase activity
(4, 5). LCK then phosphorylates multiple substrates includ-
ing the � chain of the TCR, which recruits and leads to the
activation of the ZAP70 kinase (6). Additionally, TCR acti-
vation engages PI3K to generate the PtdIns(3,4,5)P3 lipid
second messenger to activate multiple kinases including
PDK1 and AKT (7). Together, these early signaling events
drive a downstream signaling cascade leading to nuclear
translocation of transcription factors including NFAT that
result in T-cell activation (8).

In canonical TGF�R signaling in T cells, TGF-� binding
drives the formation of a heterotetrameric receptor complex
(2TGF�RI–2TGF�RII), which stimulates the kinase activity of
the TGF�RI subunit to phosphorylate SMAD3, which pro-
motes the formation of a SMAD3/SMAD4 complex (9, 10).
Formation of SMAD3/4 complexes results in nuclear translo-
cation, where the SMAD complexes directly regulate transcrip-
tional programs. Although TGF�R signaling is required for the
induction of regulatory CD4� T cells (11), TGF�R signaling
reduces Th1 CD4� T-cell differentiation (12). In addition to its
role in T-cell differentiation, TGF�R signaling reduces T-cell
proliferation and limits CD8� T cell–mediated cytotoxicity
(13).

Although both TCR and TGF-� signaling are required for
cytokine-driven Treg induction, little is known about how
these pathways cooperate during the early phase of T-cell
activation. Previous work demonstrated that TGF�R signal-
ing during T-cell activation reduced the activation of the
TEC kinase family member ITK (14), which is downstream of
ZAP70. Additionally, TGF-� down-modulated ERK activa-
tion and calcium mobilization (14). In other cell types,
TGF�R via SMAD3/4 can regulate kinase activity including
PKA (15), which raises the possibility that other kinases and
signaling proteins in T cells might be regulated by TGF�R
signaling. Herein, we established a circuit in murine CD4� T
cells where TGF�R signaling globally regulates tyrosine
kinase–mediated signaling, activates CSK to down-modu-
late proximal TCR signaling, and suppresses PI3K activity to
modulate AKT activation. This work in part defines the bio-
chemical basis by which CD4� T cells sense the TGF-� cyto-
kine, how TGF-� suppresses early signaling events and iden-
tifies pathways in addition to transcriptional networks that
are regulated by TGF�R signaling.
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Results

TGF-� receptor signaling regulates phospho-tyrosine
signaling networks during early T-cell activation

TCR signaling engages tyrosine kinases to activate down-
stream signaling pathways. LCK is one of the first kinases acti-
vated in response to TCR signaling. In the resting state, CSK
phosphorylates LCK on Tyr-505, maintaining inhibition of
LCK enzymatic activity (16). Upon T-cell activation, CD45
dephosphorylates Tyr-505, allowing for LCK activation (4, 5).
LCK autophosphorylation occurs on Tyr-394 (17). We took an
immunoblotting approach to monitor the phosphorylation of
LCK and ZAP70, which is another TCR proximal kinase down-
stream of LCK, in murine CD4� T cells activated through TCR,
CD28 with and without TGF-� (Fig. 1A). During activation,
signaling through the TGF-� receptor resulted in decreased
p-LCK (Tyr-394) (Fig. 1B) and p-ZAP70 (Tyr-319) (Fig. 1C). To
establish the threshold required for TGF-� receptor signaling

to modulate LCK and ZAP70 phosphorylation, murine T cells
were activated through the TCR and CD28 receptors in the
presence of varying doses of TGF-� (Fig. 1D). Activation of
TGF�R reduces Tyr-394 phosphorylation and increases Tyr-
505 phosphorylation on LCK (Fig. 1, E and F). Phosphorylation
of Tyr-319 on ZAP70 occurs downstream of LCK activation
(18). T cells activated in the presence of TGF-� have reduced
p-ZAP70 (Tyr-319) levels (Fig. 1G). FAK recruits CSK to the
plasma membrane to inhibit LCK (19). TGF-� addition in-
creases autophosphorylation of Tyr-397 on FAK (Fig. 1H). This
demonstrates that although TGF-� suppresses the activation of
some kinases, TGF-� can also potentiate the phosphorylation
and activation of other kinases including FAK.

To more globally profile the impact TGF�R signaling had on
the phospho-tyrosine proteome, immunoblotting was per-
formed with an antibody that binds to proteins containing a
phospho-tyrosine residue. This analysis demonstrated that

Figure 1. TGF-� signaling alters LCK and ZAP70 activation in murine CD4� T cells. Murine CD4� T cells isolated by negative selection were in vitro activated
through TCR and CD28 costimulation for various time points with or without 10 ng/ml TGF-�. A, immunoblotting was performed on cell lysates for the
phosphorylated and total protein LCK and ZAP-70 abundance. B and C, densitometry was performed across three independent experiments to quantitate the
abundance of tyrosine phosphorylation for (B) LCK (Tyr-394) and (C) ZAP70 (Tyr-319). The abundance of phosphorylated protein was normalized to total
protein. Shown are mean � S.D.; p values were calculated by two-way ANOVA. Murine CD4� T cells isolated by negative selection were in vitro activated
through TCR and CD28 costimulation for 10 min with various doses of TGF-�. D, immunoblotting was performed on cell lysates for the phosphorylated and
total protein abundance for LCK, ZAP-70, and FAK. E–H, densitometry was performed across three independent experiments to quantitate the abundance of
tyrosine phosphorylation for (E) LCK (Tyr-394), (F) LCK (Tyr-505), (G) ZAP70 (Tyr-319), and (H) FAK (Tyr-397). The abundance of phosphorylated protein was
normalized to total protein. Shown are mean � S.D.; p values were calculated by one-way ANOVA with a Tukey multiple comparison test.
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TGF�R signaling globally regulated phospho-tyrosine signaling
networks during T-cell activation (Fig. 2A). To identify specific
proteins that were tyrosine phosphorylated in response to
TGF�R signaling, T cells were activated through the TCR and
CD28 receptors in the presence or absence of TGF-�. Proteins
containing a phospho-tyrosine residue were immunoprecipi-
tated with the phospho-tyrosine specific antibody, and the
resulting proteins were subjected to a quantitative mass spec-
trometric analysis (Table S1). 7 unique proteins in the phospho-
tyrosine immunoprecipitate from CD4� T cells activated with-
out TGF-�, 74 unique proteins in CD4� T cells activated in the
presence of TGF-�, and 272 proteins shared (Fig. 2B). TGF�R
signaling combined with TCR and CD28 stimulation resulted
in the preferential tyrosine phosphorylation of proteins in-
volved in regulating diverse processes including receptor sig-
naling, actin cytoskeleton, mRNA processes, and transcription
(Fig. 2C). In this dataset, TGF�R signaling reduced the amount
of CD3� in the phospho-tyrosine immunoprecipitate (Fig. 2D
and S1), consistent with the observed reduction of LCK activa-

tion (Fig. 1, A, B, D, and E). The relative quantitation from the
mass spectrometric data is depicted for ATP5F1B, NDUFA1,
and COX6B1 (Fig. 2, E–G). Taken together, these data demon-
strated that TGF-� alters global phospho-tyrosine signaling
during T-cell activation.

TGF�R signaling promotes phosphorylation of P85 and
disruption of the PI3K heterodimer in CD4� T cells

The phospho-tyrosine proteomic screen identified that
T-cell activation with or without TGF-� promoted the phos-
phorylation of the lipid kinase PIP4K2� (Fig. 3A and S2), which
converts PtdIns(4)P to PtdIns(4,5)P2. The P85 subunit of PI3K
was in the phospho-tyrosine immunoprecipitate from T cells
activated with TGF-� (Fig. 3B and S3). PI3K is a critical enzyme
that phosphorylates PtdIns(4,5)P2 to yield PtdIns(3,4,5)P3 and
activates kinases including AKT (7). Phosphorylation of P85 on
Tyr-458 was observed in mass spectrometric datasets of multi-
ple cell types (20, 21), which raised the possibility that TGF-�
receptor signaling could promote P85 phosphorylation on Tyr-

Figure 2. TGF-� signaling alters phospho-tyrosine signaling networks in CD4� T cells. Murine CD4� T cells isolated by negative selection were in vitro
activated through TCR and CD28 stimulation for 10 min � 10 ng/ml TGF-�. A, immunoblotting was performed on cell lysates using the anti–phospho-tyrosine
antibody. One representative blot from three independent experiments is shown. Tyrosine phosphorylated proteins were immunoprecipitated from T cells
activated for 10 min � 10 ng/ml TGF-�. Label-free quantitative MS was used to identify proteins in the phospho-tyrosine IPs. B, a Venn diagram was constructed
using a 2-fold cutoff based on the label-free quantitative data to illustrate the number of tyrosine-phosphorylated proteins enriched in T cells activated in the
presence or absence of TGF-� from four or five independent experiments. C, the distribution of tyrosine-phosphorylated proteins specific to T cells activated
through TCR-CD28 plus TGF-� were compared with the mouse proteome with a binomial test for gene ontology and biological pathway in the PANTHER
software package. The probability (p value) that the number of proteins in each group occurred by chance was calculated. D–G, representative examples of the
label-free quantitation of the mass spectrometric data are illustrated for (D) CD3�, (E) ATP5F1B, (F) NDUFA4, and (G) COX5B1. Shown are mean � S.D.; p values
were calculated with a two-tailed Student’s t test.
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Figure 3. TGF-� signaling induces the phosphorylation of P85 (Y458) and disruption of the PI3K heterodimer. Murine CD4� T cells were isolated by
negative selection. Tyrosine phosphorylated proteins were immunoprecipitated from T cells activated for 10 min � 10 ng/ml TGF-�. Label-free quantitative MS
was used to identify proteins in the phospho-tyrosine IPs. A and B, label-free quantitation of the mass spectrometric data are illustrated for (A) PIP4K2� and (B)
P85�. Shown are mean � S.D.; p values were calculated with a two-tailed Student’s t test. Murine CD4� T cells isolated by negative selection were in vitro
activated through TCR and CD28 costimulation for various time points with or without 10 ng/ml TGF-�. C, immunoblotting was performed on cell lysates for
the phosphorylated and total protein abundance for P85. D, densitometry was performed across three independent experiments to quantitate the abundance
of tyrosine phosphorylation for P85 (Tyr-458). The abundance of phosphorylated protein was normalized to total protein. Shown are mean � S.D.; p values
were calculated by two-way ANOVA. CD4� T cells isolated by negative selection were in vitro activated through TCR and CD28 costimulation for 10 mins with
various doses of TGF-�. E) immunoblotting was performed for p-P85 (Tyr-458) and total P85 on cell lysates. One representative blot from three independent
experiments is shown. F, densitometry was performed across three independent experiments to quantitate the abundance of tyrosine P85 (Tyr-458) phos-
phorylation normalized to total P85 abundance as a function of TGF-� concentration. Shown are mean � S.D.; p values were calculated by one-way ANOVA
with a Tukey multiple comparison test. G, the Thr-458 phosphorylation site on P85 was mapped onto the P85–P110 heterodimer crystal structure (PDB ID,
2RD0). CD4� T cells isolated by negative selection were in vitro activated through TCR and CD28 costimulation for 10 min in the absence or presence of 10 ng/ml
TGF-�. P85 was immunoprecipitated from total cell lysates and immunoblotting was performed for P110 and P85. H, one representative blot from three
independent experiments is shown. I, densitometry was performed across three independent experiments to quantitate the amount of P110 that coimmu-
noprecipitated with P85, which was normalized to the abundance of P85 immunoprecipitated. Shown are mean � S.D.; p values were calculated by one-way
ANOVA with a Tukey multiple comparison test. J, mass ELISA assays were utilized to measure PtdIns(3,4,5)P3 in murine CD4� T cells activated for 10 min � 10
ng/ml TGF-�. Shown are mean � S.D.; p values were calculated by one-way ANOVA with a Tukey multiple comparison test.
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458. Using an immunoblotting approach with an antibody spe-
cific for the phosphorylated Tyr-458 proteoform of P85, we
observed that murine CD4� T cells activated in the presence of
TGF-� had significantly more phosphorylated Tyr-458 P85
compared with CD4� T cells activated without addition of
TGF-� (Fig. 3, C and D). To establish the threshold required for
TGF-� receptor signaling to modulate P85 phosphorylation on
Tyr-458, murine T cells were activated through the TCR and
CD28 receptors in the presence of varying doses of TGF-�.
Immunoblotting revealed that TGF-� receptor signaling antag-
onized the phosphorylation of Tyr-458 in a dose-dependent
manner (Fig. 3, E and F).

PI3K is a lipid kinase comprised of a P85 regulatory sub-
unit and a P110 catalytic subunit. Structural modeling
revealed that Tyr-458 of P85 is at the P85–P110 heterodimer
interface (Fig. 3G). Thus, phosphorylation of Tyr-458 could
impact the P85–P110 interaction. To determine whether
TGF�R signaling regulated the assembly of the P85–P110
heterodimer, P85 was immunoprecipitated from cell lysates
derived from T cells activated through the TCR and CD28
receptor with and without TGF-�. Immunoblotting demon-
strated that less P110 coprecipitated with P85 from cell
lysates derived from T cells activated in the presence of
TGF-� (Fig. 3, H and I).

P85 contains two SH2 domains and an SH3 domain. Follow-
ing T-cell activation, the SH2 and SH3 domains of P85 bind to
phosphorylated tyrosine residues on intracellular domains of
receptors, including CD28 (22, 23), which recruits the PI3K
complex to the cell membrane and promotes PtdIns(3,4,5)P3
synthesis. Because PtdIns(4,5)P2, the substrate for PI3K, local-
izes to the plasma membrane, we hypothesized that the disrup-
tion of the P85–P110 dimer by TGF�R signaling would reduce
PtdIns(3,4,5)P3 levels during T-cell activation, which was con-
firmed by biochemical measurement (Fig. 3J). Together, these
data are consistent with a model where TGF�R signaling down-
modulated PI3K activity in T cells by disrupting the P85–P110
dimer.

Inhibition of SMAD3 phosphorylation alleviates PI3K
suppression by TGF-�

We wished to determine the molecular mechanism by which
TGF�R signaling regulated PI3K. An interesting mediator of
TGF�R signaling is SMAD3, which can bind to multiple targets
and regulate their activity. TGF-� binding stimulates TGF�R
phosphorylation of SMAD3 and the dissociation of SMAD3
from the TGF�R (9, 10). In turn, phosphorylated SMAD3 binds
to SMAD4, leading to nuclear translocation of the SMAD3/4
complex to bind DNA or other transcriptional complexes and
regulate gene transcription (24). SMAD complexes can also
function in other subcellular compartments besides the nucleus.
TGF-� receptor signaling promotes SMAD3/4 localization to the
mitochondria and regulation of metabolism (25). In other cell
types, SMAD3/4 binds to and activates kinases including PKA
(15). We therefore hypothesize that TGF�R signaling suppresses
PI3K activity in CD4� T cells via SMAD3.

Murine CD4� T cells were pretreated with multiple doses of
the SIS3 inhibitor, which specifically inhibits SMAD3 phosphor-
ylation (26), and then stimulated through TCR and CD28 in the

presence of TGF-�. As expected, SMAD3 phosphorylation
decreased with increased SIS3 dose (Fig. 4, A and B). SIS3 treat-
ment also reduced the autophosphorylation of PKA (Fig. 4, A
and C) and decreased phosphorylation of P85 (Fig. 4, A and D).
The prediction was that inhibition of TGF�R signaling and
SMAD3 phosphorylation would maintain the P85–P110 com-
plex and restore PI3K activity. High levels of PtdIns(3,4,5)P3
activate mTORC2 to phosphorylate Ser-473 on AKT, and
therefore Ser-473 phosphorylation serves as a proxy for
PtdIns(3,4,5)P3 generation (27). As predicted, SIS3 treatment
resulted in increased AKT Ser-473 phosphorylation (Fig. 4, A
and E). Additionally, direct biochemical measurement revealed
that PtdIns(3,4,5)P3 levels increased with SIS3 dose (Fig. 4F).
Taken together, these data supported a model where TGF�R
phosphorylation of SMAD3 was required to down-modulate
PI3K activity in activated CD4� T cells.

TGF-� receptor signaling activates PKA via SMAD3/4

We sought to determine the biochemical pathway by which
TGF�R signaling down-modulated PI3K (Fig. 3J). One possible
mediator is PKA, which is a known suppressor of TCR signaling
(28). PKA is an attractive target because its activity is enhanced
by TGF�R signaling (15). Therefore, we hypothesize that TGF�R
signaling activates PKA in T cells. Thr-197 is an autophos-
phorylation site on PKA (29) and therefore serves as a proxy to
monitor PKA activity. Using an immunoblotting approach, we
observe that murine CD4� T cells activated in the presence of
TGF-� had significantly more phosphorylated Thr-197 PKA
than CD4� T cells activated without addition of TGF-� (Fig. 5,
A and B). To establish the threshold required for TGF-� recep-
tor signaling to modulate PKA phosphorylation on Thr-197,
murine T cells were activated through the TCR and CD28
receptors in the presence of varying doses of TGF-�. Immuno-
blotting revealed that TGF-� receptor signaling antagonized
the phosphorylation of Thr-197 in a dose-dependent manner
and showed a significant difference starting at 3 ng/ml of
TGF-� (Fig. 5, C and D).

There are at least two known mechanisms that can activate
PKA. Elevated cAMP generation activates PKA (30). Alterna-
tively, the SMAD3/4 heterotrimer generated by TGF�R signal-
ing binds to and activates PKA (15). We first biochemically
measured cAMP levels in murine CD4� T cells activated in the
presence or absence of TGF-�. This analysis reveals that cAMP
levels are similar between T cells activated in the presence or
absence of TGF-� (Fig. 5E), suggesting that TGF�R signaling
uses a cAMP independent mechanism to activate PKA. To
determine whether TGF�R signaling promotes SMAD3/4
binding to PKA, CD4� T cells were activated with and without
TGF-� and PKA was immunoprecipitated. In T cells activated
in the presence of TGF-�, both SMAD3 and SMAD4 coprecipi-
tated with PKA (Fig. 5, F and G). Together, these data support a
model where TGF�R signaling in murine CD4� T cells pro-
motes PKA activation via SMAD3/4 binding.

TGF-� signaling activates CSK via PKA to disrupt the
PI3K P85–P110 heterodimer

The kinase that phosphorylates P85 on Tyr-458 in T cells was
not defined. The ScanSite algorithm predicted that CSK was a
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putative kinase for P85–Tyr-458 (31). The CSK substrate, Tyr-
505 on LCK, was hyperphosphorylated in response to TGF�R
signaling (Fig. 1, D and F), which suggested that CSK was acti-
vated by TGF�R signaling. Previous work demonstrated that
PKA phosphorylated CSK on Ser-364, which stimulated CSK
activity (32). Thus, TGF�R signaling could activate CSK via
PKA. Immunoblotting for p-CSK (Ser-364) revealed that phos-
phorylation of Ser-364 increased in T cells activated in the pres-
ence of TGF-� (Fig. 6, A and B). To establish the threshold
requiredforTGF-�receptorsignalingtopromoteSer-364phos-
phorylation of CSK, murine T cells were activated through the
TCR and CD28 receptors in the presence of varying doses of
TGF-�. Immunoblotting revealed that Ser-364 phosphoryla-
tion increased as a function of TGF-� in the culture (Fig. 6, C
and D). Together, these data demonstrated that TGF�R signal-
ing activated CSK.

To determine whether CSK directly phosphorylated P85,
in vitro kinase assays were performed with recombinant CSK
and PI3K complex. Immunoblotting of the in vitro kinase
reactions revealed that CSK could phosphorylate Tyr-458 on
P85 (Fig. 6, E and F). TGF�R signaling in combination with
stimulation through TCR and CD28 receptors resulted in the
disruption of the P85–P110 heterodimer (Fig. 3, H and I).
CSK phosphorylated P85 on Tyr-458, which is positioned at
the P85–P110 dimer interface (Fig. 3G). Therefore, we

hypothesized that CSK catalyzed phosphorylation of P85
would disrupt the P85–P110 dimer. Recombinant PI3K com-
plex was incubated with ATP or with both ATP and CSK.
P85 was immunoprecipitated. Immunoblotting was per-
formed on the IP and unbound fractions for P85, p-85 (Tyr-
458), and P110. As expected, P85 was strongly detected in
the IP (Fig. 6G). p-P85 was only detected in the IP where both
CSK and ATP were added to the reaction (Fig. 6, G and H).
P110 coprecipitated with P85 in the ATP only and control
conditions (Fig. 6, G and I). However, CSK-catalyzed phos-
phorylation of P85 resulted in a significant reduction of P110
coprecipitating with P85 and significantly more P110 in the
unbound fraction (Fig. 6, G and I).

To confirm the results of the P85 IP, Recombinant PI3K
complex was incubated with ATP or with both ATP and CSK.
P110 was immunoprecipitated. P110 was strongly detected in
all IPs with little in the unbound fractions (Fig. 6J). P85 copre-
cipitated with P110 in reactions were ATP was incubated with
PI3K or buffer control and little P85 was detected in the
unbound fraction (Fig. 6, J and K). However, CSK-mediated
phosphorylation of P85 resulted in less P85 coprecipitating
with P110 and increased the levels of P85 and p-P85 (Tyr-458)
in the unbound fraction (Fig. 6, J–L). Taken together, these data
support a model where TGF�R signaling disrupts the PI3K
P85–P110 dimer via CSK.

Figure 4. SMAD3 inhibition restores PI3K activity. A, murine CD4� T cells were pretreated with various doses of SIS3 inhibitor for 2 h and activated
through the TCR, CD28, and with 10 ng/ml TGF-� for 10 min. Immunoblotting was performed for various phosphoproteins. One representative blot from
two independent experiments is shown. B–E, immunoblots from panel A were quantitated by densitometry and normalized to total protein abundance
for (B) p-SMAD3 (Ser-423/425), (C) p-PKA (Thr-197), (D) p-P85 (Ser-458), and (E) p-AKT (Ser-473). Shown are mean � S.D. from two independent
experiments per data point. F, lipids were extracted from activated T cells and mass ELISA were utilized to measure the levels of PtdIns(3,4,5)P3 as a
function of SIS3 dose (n � 2 per data point).
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TGF-� receptor signaling regulates phosphatidylinositol
metabolism

A clear prediction from our signaling data are that TGF�R
signaling would regulate phosphatidylinositol metabolism and
downstream pathways sensitive to PI3K signaling. To system-
atically test this hypothesis, we built a computational model
based on our observed experimental and published data to bet-
ter conceptualize how TGF�R signaling regulates early activa-
tion events in T cells (Fig. 7A). In this model, signaling through
the TCR results in LCK activation (measured by increased phos-
phorylation on LCK Tyr-394) and downstream activation of
ZAP70 (measured by phosphorylation of Tyr-319). TCR signal-
ing also activates PI3K, which would convert PtdIns(4,5)P2 to
PtdIns(3,4,5)P3. We experimentally observe that PIP4KA,
which synthesizes PtdIns(4,5)P2 from PtdIns(4)P, is phosphor-
ylated in T cells activated with or without TGF-� and could
stimulate its enzymatic activity (Fig. 3A). We therefore assume
in the model that TCR signaling stimulated the synthesis
PtdIns(4,5)P2. Signaling through the TGF-� receptor results in
phosphorylation of SMAD3 and formation of the SMAD3/4
complex (15), which binds and activates PKA (Fig. 5, F and G).

In turn, PKA phosphorylates and activates CSK (Fig. 6, A–D),
which down-modulates the activity of both LCK (Fig. 1, D and
F) and PI3K by disrupting the P85–P110 dimer (Figs. 3, H and I,
and 6, E–L). The PTEN lipid phosphatase, which converts
PtdIns(3,4,5)P3 to PtdIns(4,5)P2, is also included in the model.
Our previous work demonstrates that strong TCR signals drive
PTEN degradation via the ubiquitin and caspase pathways
whereas weak TCR signals maintained PTEN levels (33). The
TCR strength used in all experiments falls into the “strong”
regime. One mechanism that could protect PTEN from degra-
dation is binding to P85. In other cell types, P85 can dimerize
and bind to PTEN, which sterically inhibits ubiquitination and
proteasomal degradation of PTEN (34). Additionally, P85 bind-
ing can enhance the phosphatase activity of PTEN (35). Because
TGF-� receptor signaling disrupted the P85–P110 heterodimer
(Figs. 3, H and I, and 6, E–L), we reasoned more P85 would be
free to bind to and prevent PTEN degradation, which was
included in the computational model.

Simulations were performed where the strength of the TCR
signal remained constant and the level of TGF�R signaling was
modulated. Increased TGF�R signal reduced phosphorylation

Figure 5. TGF-� signaling activates PKA via SMAD3/4 binding. Murine CD4� T cells isolated by negative selection were in vitro activated through TCR and
CD28 costimulation for various time points with or without 10 ng/ml TGF-�. A, immunoblotting was performed on cell lysates for the phosphorylated and total
protein abundance for PKA. B, densitometry was performed across three independent experiments to quantitate the abundance of tyrosine phosphorylation
for PKA (Thr-197). The abundance of phosphorylated protein was normalized to total protein. Shown are mean � S.D.; p values were calculated by two-way
ANOVA. T cells isolated by negative selection were in vitro activated through TCR and CD28 costimulation for 10 min with various amounts of TGF-�. C,
immunoblotting was performed for p-PKA (Thr-197) and total PKA. D, densitometry across three independent immunoblots was performed for p-PKA (Thr-197)
normalized to total PKA. Shown are mean � S.D.; p values were calculated by one-way ANOVA with a Tukey multiple comparison test. E, cAMP levels were
measured in resting (T � 0) or T cells activated for 10 min in the presence or absence of 10 ng/ml TGF-� (n � 3). CD4� T cells isolated by negative selection were
in vitro activated through TCR and CD28 costimulation for 10 min � 10 ng/ml TGF-�. F, PKA was immunoprecipitated and immunoblotted for SMAD3, SMAD4,
and PKA. One representative blot from three independent experiments is shown. G, densitometry across three independent immunoblots was performed for
SMAD3 and normalized to total PKA in the IP. Shown are mean � S.D.; p values were calculated by one-way ANOVA with a Tukey multiple comparison test.
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and activation of both LCK and ZAP70 (Fig. 7B). This was
consistent with our experimental data where the activating
phosphorylation sites on both p-LCK (Tyr-394) and
p-ZAP70 (Tyr-319) decreased as a function of TGF-� dose
(Fig. 1, D, E, and G). Focusing on PI3K signaling, the simu-

lations predicted that increased TGF�R signaling would
result in increased PtdIns(4,5)P2 (Fig. 7C), while decreasing
both PtdIns(3,4,5)P3 (Fig. 7D) and PtdIns(3,4)P2 (Fig. 7E).
To test the model prediction that TGF�R signaling re-
gulated phosphatidylinositol metabolism, the abundance
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Figure 6. TGF-� signaling activates CSK via PKA to disrupt the PI3K P85–P110 heterodimer. Murine CD4� T cells isolated by negative selection were in
vitro activated through TCR and CD28 costimulation for various time points with or without 10 ng/ml TGF-�. A, immunoblotting was performed on cell lysates
for the phosphorylated and total protein abundance for CSK. B, densitometry was performed across three independent experiments to quantitate the
abundance of tyrosine phosphorylation for CSK (Ser-364). The abundance of phosphorylated protein was normalized to total protein. Shown are mean � S.D.;
p values were calculated by two-way ANOVA. Murine CD4� T cells isolated by negative selection were in vitro activated through TCR and CD28 costimulation
for 10 min with various doses of TGF-�. C, immunoblotting was performed for p-CSK (Ser-364) and total CSK on cell lysates. One representative blot from three
independent experiments is shown. D, densitometry was performed across three independent experiments to quantitate the abundance of phosphorylated
CSK (Ser-364) as a function of TGF-� dose. Shown are mean � S.D.; p values were calculated by one-way ANOVA with a Tukey multiple comparison test. E, in vitro
kinase reactions with recombinant CSK and recombinant PI3K heterodimer were performed. Immunoblotting was performed on the in vitro reactions
for p-P85 (Tyr-458) and total P85. One representative blot from three independent experiments is shown. F, densitometry was performed across three
independent experiments to quantitate abundance of phosphorylated P85 (Tyr-458) generated in the CSK-PI3K in vitro reactions. Shown are mean �
S.D.; p values were calculated by one-way ANOVA with a Tukey multiple comparison test. Recombinant PI3K was reacted with ATP or CSK�ATP for 1 h.
P85 was immunoprecipitated. G, immunoblotting was performed for total P85, p-P85 (Tyr-458), or P110 in the immunoprecipitated or unbound
fractions. H and I, densitometry was performed across three independent experiments to quantitate abundance of p-P85 (Tyr-458) or P110 in the P85
immunoprecipitate. Additionally, recombinant PI3K was reacted with ATP or CSK�ATP and P110 was immunoprecipitated. J, immunoblotting was
performed for total P85, p-P85 (Tyr-458) or P110 in the immunoprecipitated or unbound fractions. K and L, densitometry was performed across three
independent experiments to quantitate abundance of P85 or p-P85 (Tyr-458) in the P110 immunoprecipitate. p values were calculated by one-way
ANOVA with a Tukey multiple comparison test for panels H, I, K, and L.

Figure 7. TGF-� receptor signaling regulates phosphatidylinositol metabolism. A, a model for the crosstalk between TCR and TGF�R signaling was
constructed. Simulations were performed using a constant amount of TCR signal and varying amounts of TGF�R signal. B–E, the trajectories for (B) p-ZAP70, (C)
PtdIns(4,5)P2, (D) PtdIns(3,4,5)P3, and (E) PtdIns(3,4)P2 are presented. CD4� T cells isolated by negative selection were in vitro activated through TCR and CD28
costimulation for 10 min with various doses of TGF-�. F–H, imaging flow cytometry was utilized to measure the relative abundance of (F) PtdIns(4,5)P2, (G)
PtdIns(3,4,5)P3, and (H) PtdIns(3,4)P2 normalized to the zero TGF-� data point. Shown are mean � S.D. for three independent experiments.
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of PtdIns(4,5)P2 (Fig. 7F), PtdIns(3,4,5)P3 (Fig. 7G), and
PtdIns(3,4)P2 (Fig. 7H) were measured using imaging flow
cytometry in murine CD4� T cells activated in the presence
of varying doses of TGF-�. These data supported the mod-
eling prediction that TGF-� receptor signaling increased
PtdIns(4,5)P2 and decreased both PtdIns(3,4,5)P3 and
PtdIns(3,4)P2.

TGF-� receptor signaling promotes a P85–PTEN complex that
protects PTEN from degradation and dampens AKT activation

The dose of anti-CD3 antibody used in our assays and in
standard in vitro Treg polarization assays would result in a
strong TCR signal leading to PTEN degradation via protea-
somal and caspase pathways (33). Yet, PTEN is required for
Treg induction and maintenance (33, 36). Based on previously
published work in other cell types (34), we invoked in our com-
putational model that the dissociation of the P85–P110 PI3K
heterodimer would allow P85 to bind to and prevent PTEN
degradation (Fig. 7A). In simulations where there is no TGF�R
signaling, PTEN is rapidly degraded (Fig. 8A). Increasing the
strength of TGF�R signal in the simulations stabilized PTEN
abundance via P85 binding (Fig. 8A). Experimentally, addition
of TGF-� during T-cell activation increased PTEN abundance
(Fig. 8, B and C). To determine whether TGF�R signaling pro-
moted P85 binding to PTEN, P85 was immunoprecipitated
from T cells activated in the presence or absence of TGF-�.
Immunoblotting the P85 immunoprecipitates demonstrated
that more PTEN coprecipitated with P85 in T cells activated in
the presence of TGF-� (Fig. 8, D and E). Taken together, these
data supported a model where TGF�R signaling maintained
PTEN levels via P85 binding.

One kinase regulated by the PtdIns(4,5)P2:PtdIns(3,4,5)P3
ratio is AKT. PKD1 is activated by low levels of PtdIns(3,4,5)P3
and phosphorylates Thr-308 on AKT. mTORC2 requires high
levels of PtdIns(3,4,5)P3 for activation and phosphorylation
of Ser-473 on AKT (27). In simulations, TGF�R signaling re-
duced Ser-473 phosphorylation (Fig. 8F), driven by reduced
PtdIns(3,4,5)P3 (Fig. 7, D and G) and PTEN abundance (Fig. 8,
A–C). To confirm this prediction, we took an immunoblotting
approach to monitor the phosphorylation of Ser-473 on AKT in
murine CD4� T cells activated through TCR, CD28 with and
without TGF-� (Fig. 8G). We observed that murine CD4� T
cells activated in the presence of TGF-� had significantly
reduced p-AKT (Ser-473) than CD4� T cells activated without
TGF-� (Fig. 8H). To establish the threshold required for TGF-�
receptor signaling to down-modulate AKT Ser-473 phosphor-
ylation, murine T cells were activated through the TCR and
CD28 receptors with varying doses of TGF-�. Immunoblotting
was performed for p-AKT (Thr-308) and p-AKT (Ser-473) (Fig.
8I). p-AKT (Thr-308) abundance was not significantly im-
pacted by TGF-� (Fig. 8J). Our previous work demonstrated
that even weak TCR signals generate enough PtdIns(3,4,5)P3 to
activate PDK1 (27), so it was not surprising that TGF-� did not
impact p-AKT (Thr-308). However, TGF�R signaling did
reduce p-AKT(Ser-473) in a dose-dependent manner (Fig. 8K),
consistent with mTORC2 activation requiring high levels of
PtdIns(3,4,5)P3. Taken together, these data supported a model

where TGF�R signaling regulated the activation of AKT by
altering the PtdIns(4,5)P2: PtdIns(3,4,5)P3 ratio.

Discussion

Herein, we defined at the biochemical level how TGF�R sig-
naling regulated early events during T-cell activation. The con-
ventional view is that TGF�R regulates T cells at the level of
transcription by driving SMAD3/4 nuclear translocation and
transcriptional regulation. Our data argue that the mechanism
of action of TGF-� extends beyond transcriptional regulation.
We find that TGF�R signaling globally regulates kinase signal-
ing networks that could regulate multiple biological processes
including the actin cytoskeleton, metabolism, chromatin orga-
nization and mRNA splicing (Fig. 2C). A key kinase that is reg-
ulated by TGF-� is CSK, which is a negative regulator of TCR
signaling. TGF�R signaling activated CSK via SMAD3/4 acti-
vation of PKA (Fig. 5, F and G), resulting in LCK inhibition via
Tyr-505 phosphorylation (Fig. 1, D and F). Additionally,
TGF�R signaling promoted the phosphorylation of the P85
subunit of PI3K (Fig. 3, B–F), which disrupted the P85–P110
heterodimer to reduce PI3K activity at the plasma membrane
(Fig. 3, H–J). In turn, TGF�R signaling altered the
PtdIns(4,5)P2 to PtdIns(3,4,5)P3 ratio to favor increased
PtdIns(4,5)P2 (Fig. 7, F and G). Reduced PtdIns(3,4,5)P3 down-
modulated p-AKT(Ser-473) (Fig. 8, G–I and K), which requires
high levels of PtdIns(3,4,5)P3 to activate the mTORC2 kinase
(27). Increased PtdIns(4,5)P2 correlated with FAK activation
(Fig. 1, D and H), which is a kinase activated by PtdIns(4,5)P2
(37). These data demonstrate TGF�R signaling controlled the
activation of kinases by regulating the generation of phosphati-
dylinositol species.

TGF-� is a regulator of T-cell physiology and differentia-
tion (38 –40). Mice lacking either TGF-�1 or specific dele-
tion of TGF�R generated T cells that were hyperproliferative
and more sensitive to activation. We found that TGF-� sig-
naling reduced PI3K activity which resulted in reduced
PtdIns(3,4,5)P3 and increased PtdIns(4,5)P2 levels (Fig. 7, F
and G). The activation of many kinases and pathways are
controlled by PtdIns(3,4,5)P3 generation. For example,
PtdIns(3,4,5)P3 generation recruits ITK to the plasma mem-
brane through its pleckstrin homology domain, which ulti-
mately leads to ITK activation and downstream signaling (41–
43). Previous work demonstrates that TGF-� blunts ITK
activation (14). Our work provides a biochemical basis for how
TGF-� signaling suppresses kinases like ITK that are activated
by PtdIns(3,4,5)P3. TGF-� suppresses the generation of
PtdIns(3,4,5)P3 in T cells (Fig. 7G). By reducing PtdIns(3,4,5)P3
generated by T-cell activation, TGF-� signaling selects kinases
that are activated during T-cell activation. There is a range of
affinities for proteins that bind to PtdIns(3,4,5)P3. A direct
example relevant to T cells is AKT. PDK1 phosphorylates Thr-
308 on AKT and mTORC2 phosphorylates Ser-473. Both PDK1
and mTORC2 kinase activity are activated by PtdIns(3,4,5)P3.
PDK1 binds to PtdIns(3,4,5,)P3 with a 10-fold greater affinity
than mTORC2 (44). We have previously seen that TCR signal
strength regulates PtdIns(3,4,5)P3 generation whereas weak
TCR signals generate low PtdIns(3,4,5)P3 levels and strong
TCR signals generate high levels (27). Low levels of
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Figure 8. TGF-� receptor signaling promotes P85 stabilization of PTEN and AKT activation. Simulations were performed using a constant amount of TCR signal
and varying amounts of TGF�R signal. A, trajectories for total PTEN abundance is presented. B, CD4� T cells isolated by negative selection were in vitro activated
through TCR and CD28 costimulation for 10 min with various doses of TGF-�. Immunoblotting was performed for total PTEN and actin. C, densitometry was performed
from three independent experiments where PTEN abundance was normalized to actin. Shown are mean � S.D.; p values were calculated by one-way ANOVA with a
Tukey multiple comparison test. D, CD4� T cells isolated by negative selection were in vitro activated through TCR and CD28 costimulation for 10 min with � 10 ng/ml
TGF-�. P85 was immunoprecipitated from cell lysates. Immunoblotting was performed for PTEN and P85. One representative blot from three independent experi-
ments is shown. E, densitometry across three independent immunoblots was performed for PTEN normalized to total P85 in the IP. Shown are mean � S.D.; p values
were calculated by a Student’s t test. Simulations were performed using a constant amount of TCR signal and varying amounts of TGF�R signal. F, trajectories for p-AKT
(Ser-473) abundance are presented. Murine CD4� T cells isolated by negative selection were in vitro activated through TCR and CD28 costimulation for various time
points with or without 10 ng/ml TGF-�. G, immunoblotting was performed on cell lysates for the phosphorylated and total protein abundance for phosphorylated AKT
(Ser-473). H, densitometry was performed across three independent experiments to quantitate the abundance of phosphorylation for AKT (Ser-473). The abundance
of phosphorylated protein was normalized to total protein. Shown are mean � S.D.; p values were calculated by two-way ANOVA. I, CD4� T cells were activated in the
presence of different doses of TGF-� and immunoblotting was performed for p-AKT (Thr-308), p-AKT (Ser-473), and total AKT. J and K, densitometry across three
independent immunoblots was performed for (J) p-AKT (Thr-308) normalized to total AKT and (K) p-AKT (Ser-473) normalized to total AKT. Shown are mean � S.D.; p
values were calculated by one-way ANOVA with a Tukey multiple comparison test.
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PtdIns(3,4,5)P3 are sufficient to activate PDK1 but not
mTORC2, which requires high PtdIns(3,4,5)P3 levels (27).
Additionally, our work demonstrates that AKT activation is
altered by TGF-� that blunts high PtdIns(3,4,5)P3 generation
and phosphorylation of Ser-473 phosphorylation on AKT (Fig.
8, F–K). The AKT/mTORC1 axis supports cellular growth and
proliferation. Therefore, we propose that TGF-� suppresses
T-cell proliferation in part by diminishing PtdIns(3,4,5)P3 gen-
eration by directly regulating PI3K and down-modulating sig-
naling through the AKT/mTOR axis.

Our work highlights that the SMAD3/4 heterotrimer gener-
ated by TGF�R activation binds to and activates PKA (Fig. 5, F
and G). These data suggest that SMAD3/4 directly regulates
cytoplasmic kinases during T-cell activation, which to our
knowledge is novel in the context of T-cell biology. Other work
demonstrates that TGF-� signaling can regulate mitochondrial
processes. TGF�R signaling promotes SMAD mitochondrial
localization and inhibition of ATP synthase activity (25). Con-
sistent with TGF�R signaling regulating metabolic processes
that occur in the mitochondria, our proteomic data identified
that the ATP5F1B subunit of ATP synthase (Fig. 2E) was
hyperphosphorylated in CD4� T cells activated in the presence
of TGF-�. Additionally, components of the electron transport
chain including the NDUFA4 subunit of complex I (Fig. 2F)
and the COX6B1 subunit of complex I (Fig. 2G) were also
hyperphosphorylated in CD4� T cells activated in the pres-
ence of TGF�R. Together with other studies (45), these
results demonstrate that differential signaling in T cells can
regulate metabolic processes and that TGF-� impacts kinase
signaling pathways.

The inhibitory mechanism used by TGF�R to suppress TCR
signaling closely resembles that of prostaglandin E2 (46), which
signals through EP2 and EP4 GPCR prostanoid receptors. Sig-
naling through EP2 or EP4 activates adenylate cyclase to gen-
erate cAMP, which stimulates PKA to phosphorylate and acti-
vate CSK. Activation of CSK results in to phosphorylation of
Tyr-505 on LCK, which down-modulates LCK activity and
TCR signaling (28, 30, 46). cAMP levels are similar between T
cells activated with and without TGF-� in our experiments (Fig.
5E), suggesting that TGF�R does not activate PKA via cAMP
generation. However, TGF�R signaling utilizes an alternate
mechanism to activate PKA. Signaling through TGF�R results
in the phosphorylation of SMAD3, which in turn binds
SMAD4. Previous work (15) and our current work demonstrate
that SMAD3/4 binds to and activates PKA (Fig. 5, F and G). As
with prostaglandin E2, TGF�R signaling activates CSK via PKA
to inhibit LCK activation via Tyr-505 phosphorylation (Fig. 1, D
and E). These data demonstrate that there are multiple path-
ways in T cells that can signal through PKA and CSK to down-
modulate T-cell signaling.

In addition to regulating proximal TCR signaling via LCK
(Fig. 1, A–C), we found that TGF�R signaling also regulated
PI3K by disrupting the P85–P110 heterodimer (Fig. 3, H and
I). In T cells activated without TGF-�, high levels of
PtdIns(3,4,5)P3 were generated. However, TGF�R signaling
suppressed PtdIns(3,4,5)P3 generation and favored elevated
PtdIns(4,5)P2 in part by P85 binding to and preventing PTEN
degradation (Fig. 8, B–E). Generation of quantitatively different

amounts of phosphatidylinositols could serve as a switch to
activate specific signaling pathways (27). In the context of
TGF�R signaling, FAK activation correlated with the genera-
tion of PtdIns(4,5)P2 (Figs. 1, A and E, and 7F), which is known
to activate FAK through an integrin-independent mechanism
(37, 47). Generation of PtdIns(3,4,5)P3 in T cells activated with-
out TGF-� resulted in mTORC2 catalyzed phosphorylation of
Ser-473 on AKT (Fig. 8, G–I and K). In both B cells and T cells,
differential phosphorylation on Ser-473 controlled AKT sub-
strate specificity (48, 49). In our previous work, we found that
strong TCR signals drove PtdIns(3,4,5)P3 generation which
favored phosphorylation on both Thr-308 and Ser-473 on AKT
and weak TCR signals only generated phosphorylation on Thr-
308 (48). Differential activation of AKT by TCR signal strength
regulated mRNA splicing of key signaling proteins including
CD247 (48). Together, these data demonstrate that T cells uti-
lize phosphatidylinositol metabolism to interpret multiple
extracellular stimuli including the measurement of TCR signal
strength and gauge the level TGF-� cytokine in the microenvi-
ronment. Although we have documented that differential phos-
phatidylinositol generation controls the activation of FAK and
AKT in T cells, likely other proteins are regulated by differential
phosphatidylinositol generation, which will be the focus of our
future work.

Recent work highlights the importance of utilizing pro-
teomic approaches to profile signaling in T cells. Growing evi-
dence demonstrates that T cells remodel their proteomes in
response to different stimulation (50). Additionally, the phos-
pho-tyrosine proteome generated by naïve versus memory T
cells was markedly different (51), demonstrating that T-cell
subsets are poised to respond differently to stimulation through
the TCR. Although these and other studies highlight the impor-
tance of global proteomic changes in interpreting different extra-
cellular stimuli and that signaling differences exist between T-cell
subsets, more work using proteomic profiling technologies is
needed to characterize signaling networks in T cells activated with
different stimuli to understand more fully the diversity of bio-
chemical signaling modalities used by T cells to promote adaptive
immune responses and maintain tolerance.

Experimental procedures

Murine CD4� T-cell isolation and activation

Spleens from C57BL/6 mice were a generous gift from the
laboratory of Dr. Mark Shlomchik at the University of Pitts-
burgh. Mice were housed at the University of Pittsburgh in a
pathogen-free facility and handled under Institutional Animal
Care and Use Committee–approved guidelines. Negative selec-
tion (Miltenyi Biotech) was utilized to isolate CD4� T cells
from C57BL/6 spleens. T cells were rested for 1 h at 37 ° Celsius.
T cells were activated using plates that were coated with 3
�g/ml of anti-CD3 mAb (clone 17A2, BioLegend) and 3 �g/ml
soluble anti-CD28 mAb (clone 37.51, BioLegend), and IL-2 (5
ng/ml). For some experiments, variable doses of recombinant
TGF-�1 (BioLegend) noted in the text were added. For experi-
ments using the small molecule SIS3 inhibitor, CD4� T cells
were incubated with various does of SIS3 (Sigma-Aldrich)
noted in the text for 2 h prior to activation.
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Western blotting

PAGE was performed using Bio-Rad precast Protein TGX
gels. Proteins were transferred to PVDF membranes using a
Bio-Rad Trans-Blot Turbo transfer system with the prepro-
gramed mixed molecular weight setting. Antibodies used for
Western blotting purchased from Cell Signaling Technology
included: p-LCK (Tyr-505) (2751), LCK (Asp-88), p-tyrosine
(P-Tyr-1000), p-P85 (Tyr-458), (E3U1H), P85 (19H8), P110
(D1Q7R), SMAD3 (C67H9), p-PKA (Thr-197) (D45D3), PKA
(D38C6), CSK (C74C1), p-ZAP70 (Tyr-319) (65E4), ZAP70
(D1C10E), AKT (C67E7), p-AKT (Ser-473) (D9E), actin (13E5),
FAK (D2R2E), and p-FAK (Tyr-397) (D20B1). Antibodies used
for Western blotting purchased from Thermo Fisher included
p-CSK (Ser-364) (PA5– 40214) and p-LCK (Tyr-394) (PA5–
37628). Antibodies used for Western blotting purchased from
Abcam included p-SMAD3 (Ser-423 � Ser-425) (EP823Y). All
primary antibodies utilized were rabbit. An anti-rabbit IgG-
HRP antibody (Cell Signaling Technology, 7074) was used with
the SuperSignal West Femto chemiluminescent substrate for
detection on a protein simple FluorChem M system. Densitom-
etry quantitation was performed using the ImageJ software
package.

Immunoprecipitation of tyrosine phosphorylated proteins and
label-free LC-MS analysis

Murine CD4� T cells were activated for 10 min in the pres-
ence or absence of 10 ng/ml TGF-�. Four biological replicates
were included per activation condition. Cells were lysed in a
buffer containing 25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM

EDTA, 1% Nonidet P-40, 5% glycerol, cOmplete C protease
(Roche) and PhosSTOP phosphatase inhibitors (Roche). The
resulting lysates were sonicated and centrifuged. The remain-
ing lysate was incubated with an anti-tyrosine antibody conju-
gated to magnetic beads (Cell Signaling Technology, clone
P-Tyr-100, catalogue no. 8095) for 12 h at 4 °C. The beads were
washed twice with lysis buffer. The remaining proteins were
eluted from the beads with a buffer containing 8 M urea (U5128,
Sigma) and 0.1 M Tris-HCl, pH 8.5. Trypsin was utilized to
generate tryptic peptides and processed with the filter-aided
sample preparation method (52), desalted utilizing C18 spin
columns, and dried in a SpeedVac. Peptides were reconstituted
in 0.5% formic acid in 96:4 water:acetonitrile and resolved with
LC tandem MS using a system composed of a Waters nanoAC-
QUITY UPLC in-line with a Q Exactive mass spectrometer
(Thermo Fisher). Solvent A (0.1% formic acid in water, Burdick
& Jackson) and solvent B (0.1% formic acid in acetonitrile,
Burdick & Jackson) were used as the mobile phase. Peptides
were then eluted from a capillary column (100 �m inner diam-
eter � 100 mm long; ACQUITY UPLC M-Class Peptide BEH
C18 Column, 1.7-�m particle size, 300 Å Waters), and resolved
using a 100-min gradient at a flow rate of 0.9 �l/min (4 –33% B
for 90 min, 33– 80% B for 2 min, constant at 80% B for 6 min,
and then 80 – 0% B for 2 min to equilibrate the column). Data
were collected in positive ionization mode.

PEAKS Studio 10.0 build 20190129 was used to sequence
and identify peptides. The UniProt-SwissProt Mus musculus
(house mouse) sequence database was used, which contained

17,013 entries. One missed cleavage by trypsin was permitted in
the database search. Carbamidomethylation was treated as a
fixed modification. Acetylation (Protein N-term), oxidation
(M) and phosphorylation (Ser, Thr, or Tyr) were set as variable
modifications. The mass tolerance for precursor ions was set to
20 ppm and mass tolerance for fragment ions set to 0.8 Da. The
FDR for peptide/spectrum matches is reported as 9.5%, calcu-
lated by decoy fusion. Label-free quantitation was performed
using the quantitative module in the PEAKSX software. Indi-
vidual values for all quantitative mass spectrometric measure-
ments are depicted and the mean peak area is depicted as a
bar graph. Error bars represent � the S.D. p values were calcu-
lated with a two-tailed Student’s t test to assess statistical
significance.

Biological pathway analysis

The following metrics were used to identify proteins that
were differentially tyrosine phosphorylated in CD4� T cells
activated in the presence or absence of TGF-�: 1) peptide(s)
corresponding to a protein had to be identified by the mass
spectrometric analysis, and 2) if a protein was identified in mul-
tiple groups, its abundance had to be more than 2-fold greater
based on the mass spectrometric label-free quantitation to be
assigned as specific to a group. The PANTHER software was
used to perform a statistical overrepresentation test to identify
pathways differentially targeted by tyrosine phosphorylation
between CD4� T cells activated in the presence or absence of
TGF-�.

Immunoprecipitation of P85 or PKA

Murine CD4� T cells were activated for 10 min in the pres-
ence or absence of 10 ng/ml TGF-�. Cells were lysed in a buffer
containing 1% Nonidet P-40, 50 mM Tris, pH 8.0, 150 mM NaCl
and cOmplete C phosphatase inhibitor mixture. Lysates were
incubated at room temperature for 2 h with antibodies specific
for either P85 (Cell Signaling Technology, 19H8) or PKA (Cell
Signaling Technology, D38C6). Magnetic protein A beads (Cell
Signaling Technology) were utilized to capture the immune
complexes, which were analyzed by Western blotting as de-
scribed above.

PIP3 mass ELISA

Murine CD4� T cells were activated in the presence or
absence of TGF-�. Pellets from 2 million cells were washed with
ice-cold 0.5 M TCA and treated with 750 �l of MeOH:CHCl3:
12N HCl (80:40:1), vortexing for 30 min and centrifuging for 10
min at 3000 rpm to remove neutral lipids. The supernatant was
treated with 250 �l of CHCl3 and 450 �l of 0.1 N HCl and
centrifuged. The organic phase was dried under a stream of
nitrogen gas and reconstituted in PBS. Mass ELISA kits from
Echelon Biosciences were used to measure PIP3 using the man-
ufacturer’s protocol using a Molecular Devices SpectraMax i3
plate reader.

In vitro CSK enzyme assay and immunoprecipitation of P85
and P110

0.1 �g of recombinant CSK (Abcam, ab42617) was incubated
for 1 h at 37 ° Celsius with 1.0 �g of recombinant PI3K het-
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erodimer (Abcam, ab125633) in a reaction buffer containing 50
mM HEPES, pH 7.4, 3 mM MgCl2, 1 mM DTT and 0.2 M ATP.
Reactions were quenched by adding 2� Laemmli Sample
Buffer (Bio-Rad, 1610737) and heated at 95 °C for 10 mins.
Reactions were resolved by PAGE, and Western blotting was
performed with antibodies specific for P85 (19H8, Cell Sig-
naling Technology) and p-P85 (Tyr-458, Cell Signaling
Technology).

Following in vitro enzyme reactions, P85 or P110 was immu-
noprecipitated and was incubated at room temperature for 2 h
with antibodies specific for either P85 (Cell Signaling Technol-
ogy, 19H8) or P110 containing complexes (Cell Signaling Tech-
nology, D1Q7R). Magnetic protein A beads (Cell Signaling
Technology) were utilized to capture the immune complexes,
which were analyzed by Western blotting as described above.

Measurement of cAMP levels in T cells

Five million activated murine CD4� T cells collected per data
point. A cAMP colorimetric assay kit was utilized (Abcam, cat-
alogue no. ab65355). Cells were lysed in a 0.1 M HCL buffer. The
lysates were processed per the manufacturer’s instructions.
Absorbance readings at 450 nm were recorded on a Molecular
Devices SpectraMax i3 plate reader. A standard curve with
cAMP standards was fit by linear regression in the Prism
GraphPad8 software package and used to determine the
amount of cAMP in the experimental samples.

Computational modeling

Computational models of T cell signaling were constructed
in the SystemModeler 12.0 software package. Simulations were
performed in the Mathmatica 12.0 software package using the
DSSL solver.

Imaging flow cytometric measurement of
phosphatidylinositol abundance

Murine CD4� T cells activated in the presence or absence of
TGF-� were incubated in 1 volume of 2� Cytofix/Perm/Wash
Buffer (3% PFA � BD Perm/Wash Buffer (catalogue no.
554723)) at room temperature for 15 min and on ice for 30 min.
Cells were washed with Perm/Wash buffer and resuspended in
Perm/Wash buffer with FC blocking antibody (2.4G2). Anti-
bodies against cells were stained with antibodies against TCR-
APC (BD Biosciences, clone H57–597) and CD4-PerCP-5.5
(BD Biosciences, clone RM4 –5). Additionally, cells were
stained with antibodies against Pi(4,5)P2-PE (Echelon Biosci-
ences, Z-B045), PIP3-PE (Echelon Biosciences, Z-B3345B) or
Pi(3,4)P2-PE (Echelon Biosciences, Z-B034). Cells were washed
with Perm/Wash buffer and resuspended in PBS containing 3%
FBS, 2 mM EDTA, 0.02% sodium azide. Samples were analyzed
on an AMNIS Image Stream MarkII imaging flow cytometer.
Cells were gated on the TCR�CD4� population and 2000 cells
per sample were collected. The IDEAS software package was
utilized to compensate and analyze the imaging flow cytometry
data.

Data availability
Data will be shared upon request. Please contact William Hawse,

Dept. of Immunology at the University of Pittsburgh, whawse@pitt.edu.

The raw mass spectrometric data were deposited to the PRIDE database
under the accession number PXD017871.
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