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Phosphatidylinositol-3 kinases (PI3Ks) modulate cellular growth, proliferation, and survival; dysregulation of the PI3K 
pathway can lead to autoimmune disease and cancer. PIK3IP1 (or transmembrane inhibitor of PI3K [TrIP]) is a putative 
transmembrane regulator of PI3K. TrIP contains an extracellular kringle domain and an intracellular domain with homology 
to the inter-SH2 domain of the PI3K regulatory subunit p85, but the mechanism of TrIP function is poorly understood. We 
show that both the kringle and p85-like domains are necessary for TrIP inhibition of PI3K and that TrIP is down-modulated 
from the surface of T cells during T cell activation. In addition, we present evidence that the kringle domain may modulate 
TrIP function by mediating oligomerization. Using an inducible knockout mouse model, we show that TrIP-deficient T cells 
exhibit more robust activation and can mediate clearance of Listeria monocytogenes infection faster than WT mice. Thus, TrIP 
is a negative regulator of T cell activation and may represent a novel target for immune modulation.

PIK3IP1/TrIP restricts activation of T cells through 
inhibition of PI3K/Akt
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Introduction
Phosphatidylinositide-3-kinases (PI3Ks) are a family of lipid ki-
nases that play important intracellular signaling roles in cellular 
processes such as proliferation, motility, growth, intracellular 
trafficking, differentiation, and survival (Cantley, 2002; Fruman, 
2007; Han et al., 2012). There are three main classes of PI3K. Class 
I PI3Ks, which are prevalent in immune cells, are composed of two 
subunits: a regulatory subunit (p85) and a catalytic subunit (p110; 
Fruman et al., 1998; Fresno Vara et al., 2004; Engelman, 2009). 
During T cell receptor activation, PI3K is recruited to the plasma 
membrane via the SH2 domain of the p85 subunit. The associated 
p110 subunit is then activated to phosphorylate phosphatidyli-
nositol 4,5-bisphosphate (PIP2) and produces phosphatidylinosi-
tol (3,4,5)-trisphosphate (PIP3). PIP3 interacts with the pleckstrin 
homology domain of Akt, causing a conformational change that 
allows PDK1 (kinase 3-phosphoinositide–dependent protein ki-
nase-1) to partially activate Akt by phosphorylating threonine 
308 (T308). Full activation of Akt is achieved by mTORC2-me-
diated phosphorylation at serine 473 (S473) and facilitates such 
processes as cell growth, cell cycle progression, and cell survival. 
It is therefore not surprising that Akt amplification due to dys-
regulation of PI3K has been implicated in many cancers. This has 
prompted the development of PI3K pathway inhibitors as a poten-
tial cancer treatment modality (Engelman, 2009).

Several negative regulators of PI3K have been identified 
(Carracedo and Pandolfi, 2008; Antignano et al., 2010; Agoulnik 

et al., 2011; Dillon and Miller, 2014). Thus, PTEN (phosphatase 
and tensin homologue deleted on chromosome 10) and SHIP-1 
(SH2-containing inositol 5′-phosphatase) are phosphatases that 
dephosphorylate PIP3 to PIP2, thereby inhibiting downstream 
signaling in the PI3K pathway. INPP4B (inositol polyphosphate 
4-phosphatase type II) has been shown to dephosphorylate PIP2, 
thereby playing a role in the negative regulation of the PI3K 
pathway. Several studies have shown that loss-of-function mu-
tations or deletions of these phosphatases can lead to dysregu-
lated PI3K activity.

Although the above phosphatases act downstream of PI3K, 
PIK3IP1 (PI3K-interacting protein-1, which we will refer to as TrIP 
[transmembrane inhibitor of PI3K] for simplicity) is a recently 
identified inhibitor that acts upstream of the aforementioned 
phosphatases (Zhu et al., 2007; DeFrances et al., 2012). TrIP is a 
transmembrane protein composed of two main domains, an ex-
tracellular kringle domain and an intracellular tail that includes 
a motif similar to the p110-binding inter-SH2 domain found in 
the p85 subunit of PI3K. Overexpression of TrIP in mouse he-
patocytes leads to a reduction in PI3K signaling and suppression 
of hepatocyte carcinoma development (He et al., 2008). Fur-
thermore, recent work in cancer genetics highlights the tran-
scriptional down-regulation of TrIP as a contributing factor to 
dysregulated PI3K signaling in tumorigenesis (Wong et al., 2014). 
Although it has been shown that TrIP inhibits PI3K by binding 
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the p110 subunit via the p85-like domain, the role of the kringle 
domain remains to be determined. Given the ability of kringle 
domains in other proteins to bind to various ligands, it is possi-
ble that the TrIP kringle domain may bind one or more ligands 
for modulation of TrIP activity (Patthy et al., 1984; Mikels et al., 
2009; Christen et al., 2010). Because TrIP is highly expressed in 
immune cells, particularly mast cells and T cells (DeFrances et al., 
2012), we wanted to investigate how the structure of TrIP enables 
regulation of PI3K in the context of an activated T cell.

In this study, we investigated the importance of both the krin-
gle and p85-like domains to TrIP function in activated T cells. 
We also examined how cell fate decisions and immune response 
are regulated by TrIP. Here we show that both the extracellular 
kringle domain and the intracellular p85-like domain are nec-
essary for inhibition of PI3K by TrIP. Intriguingly, we also show 
that cell-surface levels of TrIP are decreased upon T cell activa-
tion, which correlates with the up-regulation of PI3K pathway 
signaling. Using a T cell conditional knockout mouse model, we 
show that the loss of TrIP in T cells leads to an increase in T cell 
activation, which translates to stronger T helper type 1 (Th1) in-
flammatory potential and more rapid clearance of Listeria mono-
cytogenes infection.

Results
TrIP inhibits PI3K/Akt/mTOR pathway signaling
We have previously shown that ectopic expression of TrIP in T 
cells can inhibit the phosphorylation of Akt and thus its activa-
tion (DeFrances et al., 2012). A more sensitive readout of PI3K/
Akt/mTOR activity is analysis of ribosomal protein S6 phosphor-
ylation (pS6) by flow cytometry (Fig. S1). To study the structural 
requirements of TrIP for modulation of T cell function, we evalu-
ated pS6 in D10 T cells, a cell line with apparently normal PI3K sig-
naling (Kane et al., 2004), in the context of ectopically expressed 
WT or mutant TrIP. The domain structure of TrIP is illustrated in 
Fig. 1 A. In the absence of a suitable antibody for detecting TrIP 
by flow cytometry, we transfected D10 T cells with control plas-
mid or Flag-tagged TrIP (WT TrIP) and monitored TrIP expression 
using α-Flag antibody (Fig. 1 B). 1 d after transfection, cells were 
stimulated with α-CD3/CD28 and analyzed by gating on GFP-ex-
pressing cells at various time points (Fig. 1, C and D). At all time 
points evaluated, cells with ectopic TrIP expression displayed 
lower pS6, compared with empty vector–transfected cells. We also 
noted that, in the absence of stimulation, ectopic expression of 
TrIP resulted in lower basal pS6. In these experiments, and those 
shown below, we have focused on the percentage of pS6+ cells, as 
this event appears to mainly manifest as a digital response. As an 
additional readout for PI3K/Akt activity, we also measured the ef-
fect of ectopic TrIP on nuclear exclusion of FoxO1, which occurs 
after Akt-mediated phosphorylation (Hedrick et al., 2012). Thus, 
as shown by imaging flow cytometry, while CD3/CD28 stimula-
tion resulted in rapid nuclear exit (and apparent degradation) of 
FoxO1, this effect was dramatically impaired in D10 cells express-
ing ectopic TrIP (Fig. S1, C and D). These results are consistent 
with previous data suggesting that TrIP inhibits PI3K activation 
in fibroblasts and with our earlier finding that TrIP inhibits Akt 
activation in T cells (Zhu et al., 2007; DeFrances et al., 2012).

The kringle and cytoplasmic domains are required 
for TrIP activity
The importance of the kringle domain as a ligand-binding do-
main in other proteins (Patthy et al., 1984; Menhart et al., 1995; 
Mikels et al., 2009), and the degree of homology between the 
p85-like domain and the inter-SH2 domain of the p85 regulatory 
subunit of PI3K, suggests that these two domains may play im-
portant roles in the inhibition of PI3K by TrIP. To address this, we 
designed Flag-tagged TrIP variants lacking either the extracel-
lular kringle domain (Δkringle-TrIP), the entire cytoplasmic re-
gion (Δcyto-TrIP), or only the p85-like domain (Δp85-like-TrIP). 
These constructs were transfected, along with a GFP transfection 
control, into D10 T cells (Fig. 1 E) which were then stimulated 
with α-CD3/CD28 and analyzed by flow cytometry (after gating 
on GFP-positive cells; Fig. S2 A) for S6 phosphorylation (Fig. 1, F 
and G). While WT TrIP led to the attenuation of pS6, deletion of 
either the p85-like domain alone or the entire cytoplasmic re-
gion abolished the ability of TrIP to suppress pS6. Interestingly, 
expression of the kringle domain–deleted construct (which still 
possesses the p85-like domain) did not attenuate pS6. These re-
sults suggest that both the kringle and p85-like domains are es-
sential for optimal TrIP inhibitory function.

Cell-surface TrIP is down-regulated upon T cell activation
Our data strongly support an inhibitory role for TrIP in T cells. 
Certain other negative regulators of T cell signaling (e.g., PTEN) 
are actively down-regulated to promote T cell activation (Newton 
and Turka, 2012; Hawse et al., 2015), so we examined how TCR 
activation might affect expression of TrIP protein. To replicate 
T cell stimulation in the presence of an APC, we used the mouse 
B cell lymphoma line CH27 (Haughton et al., 1986) to stimulate 
D10 cells. CH27 cells were either pulsed with cognate antigen 
(chicken conalbumin) or left unpulsed, and then mixed with D10 
T cells transfected with Flag-tagged PI3KIP1. There was a notable 
decrease over time in Flag-TrIP expression on the surface of D10 
cells (Fig. 2, A and B). Interestingly, this decreased expression 
corresponded with an increase of pS6 expression (Fig. 2, C and 
D). As observed when D10 T cells were stimulated with α-CD3/
CD28 (Fig. 1), antigen-pulsed CH27 cells induced a more imme-
diate and robust pS6 signal in T cells transfected with empty 
vector, compared with those transfected with WT TrIP (Fig. S2 
B). These results support the model that T cells acutely modulate 
the expression of TrIP to promote the activation of TCR-induced 
PI3K signaling.

Structure–function analysis of TrIP cell-surface expression and 
inhibitory activity
To probe the relevance of the kringle domain for TrIP expres-
sion and function, we used the CH27/D10 system with D10 cells 
expressing either Flag-tagged WT or Δkringle-TrIP T cells and 
monitored Flag-TrIP expression and S6 phosphorylation. Since 
Δkringle-TrIP transfected cells showed a recovery in TCR-depen-
dent pS6 (Fig. 1, F and G), we suspected that the absence of the 
kringle domain would lead to maintenance (and not down-reg-
ulation) of TrIP. As shown above, D10 cells transfected with WT 
TrIP and stimulated with CH27 B cells alone (without antigen) 
did not show significant loss of TrIP expression over time. How-
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ever, when mixed with antigen-pulsed CH27 cells, WT TrIP-ex-
pressing D10 T cells showed a significant loss of TrIP expression 
(Fig. 3 A, top row, and B). In contrast, D10 cells transfected with 
the Δkringle-TrIP mutant did not lose surface TrIP expression 
when stimulated with CH27 cells (with or without antigen; 
Fig. 3 A, bottom row, and B). Consistent with the results above, 
upon mixing with antigen-pulsed CH27 cells, Δkringle-TrIP–ex-
pressing D10 T cells actually showed a more rapid increase in pS6 
than cells transfected with WT TrIP (Fig. 3, C and D). These re-
sults further confirm that the kringle domain is important for the 
inhibitory function of TrIP and suggest the possibility that TrIP 
is regulated by interaction with a ligand.

In the absence of a known ligand, we designed an hCD8-TrIP 
chimera to investigate possible effects of ligand engagement on 
TrIP function. The extracellular and transmembrane regions 
of human CD8 were fused with the cytoplasmic tail of TrIP, 
expressed in D10 T cells and detected at the cell surface with 
hCD8 antibody (Fig.  4  A). Using a luciferase reporter driven 
by the NFAT promoter, we observed that expression of hCD8-
TrIP on D10 T cells was not sufficient to inhibit TCR signaling 
(Fig. 4 B). Similarly, expression of the chimera itself did not in-
hibit anti-CD3/CD28–induced pS6 (Fig. 4, C and D; and Fig. S2 
C). However, upon cross-linking of hCD8-TrIP with varying con-
centrations of anti-hCD8, we observed a decrease in anti-CD3/
CD28–induced pS6 (Fig. 4, C and D; and Fig. S2 C). This was in 
contrast to the effects of a previously described CD8-ζ chimeric 
construct (Irving and Weiss, 1991), which, upon cross-linking 
with anti-hCD8, modestly enhanced the pS6 signal (Fig. 4, C and 
D). These results suggest that the kringle domain of TrIP could 
regulate oligomerization of the protein, either after interaction 
with a distinct ligand or through homo-oligomerization. To in-
vestigate the latter possibility, we coexpressed Myc-tagged WT-
TrIP with Flag-tagged WT-TrIP in 293T cells and used anti-Flag 
beads to immunoprecipitate Flag-tagged TrIP (Fig. 4 E). Upon 
blotting with anti-Myc, we found that Flag-tagged WT-TrIP was 
able to coimmunoprecipitate Myc-tagged WT-TrIP (Fig.  4  E). 
This suggests that TrIP oligomerizes upon expression, which 
promotes its ability to inhibit PI3K signaling (as evidenced by 
our results from Fig. 4). However, this finding does not rule out 
the possibility of a trans-interacting ligand for TrIP on the APCs.

To further probe the function of the kringle domain, we next 
returned to the apparent down-regulation of TrIP from the sur-
face of activated T cells. One possible mechanism that we con-
sidered for this is metalloprotease-mediated cleavage of the ecto 
domain (including the kringle) of TrIP, based on past work on 
T cell regulators like LAG-3 and Tim-3 (Li et al., 2004, 2007; 
Clayton et al., 2015). We transfected D10 T cells with Flag-tagged 
WT TrIP, then stimulated these cells with anti-CD3/CD28 mAbs, 
with or without an inhibitor of ADAM family metalloproteases 
10 and 17, which were previously shown to mediate cleavage of 
LAG-3 and Tim-3. A constitutively expressed GFP construct was 
cotransfected to further track the transfected cells. As shown in 
the representative flow cytometry data in Fig. 4 F, stimulation of 
control vehicle-treated cells led to loss of cell-surface Flag stain-
ing, whereas the cells treated with an inhibitor of ADAM10/17 
maintained Flag expression after stimulation. These results 
are quantified in Fig. 4 G. Thus, one mechanism for down-reg-

Figure 1. The kringle and cytoplasmic domains are required for TrIP 
activity. (A) Domain structure of TrIP, indicating the kringle, transmembrane, 
and p85-like domains. (B) Expression of Flag-tagged WT TrIP on transiently 
transfected D10 T cells. (C) Flow cytometric analysis of pS6 activation in con-
trol (vector) or WT TrIP-transfected D10 T cells, stimulated with anti-CD3/
CD28 for the indicated times. (D) Quantitation of pS6 activation as shown 
in C. (E) Expression of WT and mutant Flag-tagged TrIP constructs on trans-
fected D10 cells. (F) Representative histogram of pS6 staining in D10 cells 
transiently transfected with Flag-tagged TrIP constructs and activated with 
anti-CD3/CD28. (G) Quantitation of pS6 activation obtained from flow cyto-
metric analysis of activated D10 cells transfected with Flag-tagged TrIP con-
structs, as shown in F. Cells were cotransfected with TrIP constructs along 
with a GFP plasmid, and GFP-positive cells were analyzed by flow cytometry 
for Flag and pS6 expression. Data in each panel are representative of at least 
three experiments. Data shown represent the mean ± SEM. P values (for TrIP 
versus vector) were calculated using two-way ANO​VA with Sidak’s multiple 
comparisons test. P values are represented with the following symbols: *, P = 
0.01–0.05; **, P = 0.001–0.01; and ***, P < 0.001.
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ulation of TrIP after T cell activation appears to be through 
ADAM10/17-mediated shedding of the kringle domain.

To determine whether inducible down-regulation of TrIP only 
occurs in the context of stimulation by antigen and APCs (which 
may express a ligand for TrIP), we stimulated transfected D10 
cells with α-CD3/CD28 and evaluated the surface expression of 
TrIP at various time points in the absence of APC and cognate an-
tigen using the α-Flag antibody. Thus, we observed that even after 
CD3/CD28 stimulation, without APCs, WT TrIP expression was 
still down-regulated (Fig. 5, A and B) with a concomitant up-reg-
ulation of pS6 (Fig. S2 D). In contrast, neither Δcyto-TrIP (Fig. 5, 
A and B), Δkringle-TrIP, nor Δp85-TrIP (Fig. 5 C) expression was 
down-regulated by stimulation with CD3 and CD28 Abs. How-
ever, despite the fact that these TrIP mutants were not down-reg-
ulated from the cell surface, they still failed to inhibit pS6 (Fig. S2, 
D and E), suggesting additional levels of regulation.

The p85-like domain of TrIP interacts with p110δ PI3K
TrIP has been shown to interact with the PI3K catalytic sub-
units p110α/β in mouse embryonic fibroblast cells, via a p85-
like domain with ∼80% homology to the inter-SH2 domain of 
the PI3K regulatory subunit p85 (Zhu et al., 2007). However, it 
is not known whether TrIP can also interact with p110δ, which 
is the main catalytic subunit of PI3K activated by TCR signal-
ing (Okkenhaug and Vanhaesebroeck, 2003). To test a possi-
ble interaction of p110δ with the p85-like domain of TrIP, we 
transiently transfected 293 cells with Flag-tagged WT TrIP or 
Δp85-TrIP, along with HA-tagged p110δ, and performed coimmu-
noprecipitation and Western blot analysis (Fig. 5 D, top). Thus, 
WT TrIP could coimmunoprecipitate p110δ-PI3K; however, there 
was a significant reduction in the ability of Δp85-TrIP to coim-
munoprecipitate p110δ (Fig. 5 D, top, last lane). These results 
are consistent with a previous report that examined the inter-

Figure 2. Cell-surface TrIP is down-regulated during T cell activation. D10 cells transfected with WT TrIP were mixed with CH27 B cells as APCs (± 
conalbumin antigen) for the given time points. (A) Representative flow cytometry analyzing cell-surface expression of Flag-tagged WT TrIP on D10 cells 
stimulated with CH27 B cells alone (top row) or plus antigen (bottom row). (B) Quantitation of data shown in A. (C) Representative flow cytometry analyzing 
pS6 staining in D10 cells transfected with Flag-tagged WT TrIP and stimulated with CH27 B cells alone (top row) or plus antigen (bottom row). (D) Quantitation 
of data shown in C. Data are representative of three experiments. Data shown represent the mean ± SEM. P values (compared with time 0) were calculated 
using two-way ANO​VA with Sidak’s multiple comparisons test. P values are represented with the following symbols: *, P = 0.01–0.05; **, P = 0.001–0.01; 
and ***, P < 0.001.
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action of TrIP with other p110 isoforms in fibroblasts (Zhu et al., 
2007) and suggest that TrIP may inhibit T cell activation through 
effects on p110δ.

Deletion of TrIP leads to dysregulation of T cell activation
To assess the function of TrIP in T cells in vivo, we generated 
mice with LoxP-flanked (floxed) Pik3ip1 alleles (Pik3ip1fl/fl) and 
bred them to mice with a CD4-driven Cre recombinase transgene. 
Mice with CD4-Cre alone were used as controls. In the absence 
of a suitable TrIP antibody, T cells from spleen and lymph nodes 
of naive homozygous (CD4-Cre × Pik3ip1fl/fl) and heterozygous 
(CD4-Cre × Pik3ip1fl/wt) TrIP conditional knockout mice were 
screened by RT-PCR for TrIP mRNA expression and compared 
with WT mice (CD4-Cre × Pik3ip1wt/wt; Fig. S3 A). Analysis of 
thymus and spleen from these mice showed similar percentages 
of CD4 and CD8 T cells in all compartments as well as normal 
numbers of natural T regulatory cells (Foxp3+CD25+), suggest-
ing that T cell development was largely normal (Fig. S3, B and 
C). Although we did not note any obvious signs of widespread 
basal inflammation, we assessed more directly whether deletion 
of TrIP might result in spontaneous activation of peripheral T 
cells by staining for the early activation markers CD69 and CD25. 

As shown in Fig. S3 D, these markers were expressed at equiva-
lent, minimal, levels in TrIP-deficient versus WT T cells. Thus, T 
cell–specific deletion of TrIP does not grossly affect T cell devel-
opment or homeostasis.

Based on data shown above and previously published findings 
(Zhu et al., 2007; DeFrances et al., 2012), we predicted that delet-
ing TrIP in primary T cells would lead to enhanced TCR signaling, 
especially through the PI3K/Akt pathway. We thus stimulated 
lymphocytes from WT and conditionally deleted TrIP (KO) age-
matched mice with α-CD3/CD28 for varying times and evaluated 
early T cell activation by pS6 and CD69 expression. After stimula-
tion, TrIP KO T cells showed significantly higher pS6 at later time 
points (1–4 h; Fig. 6, A and B; representative histograms in Fig. S3 
E). These data are consistent with our observation of more robust 
Akt phosphorylation at T308 and especially S473 in peripheral 
T cells lacking TrIP (Fig. 6, C and D). As with ectopic expression 
of TrIP in D10 T cells (Fig. S1, C and D), we measured the effect 
that deletion of TrIP would have on nuclear exclusion of FoxO1, a 
direct target of Akt phosphorylation. Using imaging flow cytom-
etry, we noted that even resting, unstimulated, TrIP KO T cells 
displayed a significant reduction in nuclear FoxO1, compared 
with WT T cells (Fig. 6, E and F). Furthermore, although WT T 

Figure 3. The kringle domain regulates TrIP expression and function. D10 cells transiently transfected with Flag-tagged WT or Δkringle TrIP were mixed 
with CH27 B cells plus antigen for the indicated times. (A) Representative flow cytometry analyzing cell-surface expression of Flag-tagged WT (top row) or 
Δkringle (bottom row) TrIP on D10 cells stimulated with CH27 B cells plus antigen. (B) Quantitation of data shown in A. (C) Representative flow cytometry 
analyzing pS6 staining in the same cells as in A. (D) Quantitation of data shown in C. Data are representative of three experiments. P values (compared with 
time 0) were calculated using one-way ANO​VA with Dunnett’s multiple comparisons test. P values are represented with the following symbols: *, P = 0.01–0.05; 
**, P = 0.001–0.01; ***, P = 0.0001–0.001; and ****, P < 0.0001. Data shown represent the mean ± SEM. 
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cells displayed a loss of nuclear FoxO1 after anti-CD3/CD28 stim-
ulation, TrIP KO T cells exhibited an even more rapid exclusion of 
FoxO1 from the nucleus, with an accompanying decrease in total 
FoxO1 staining, consistent with the lower stability of cytoplasmic 
FoxO1 (Hedrick et al., 2012). Taken together, these results demon-
strate that the loss of TrIP in primary T cells promotes more effi-
cient TCR signaling and early T cell activation, especially through 
the PI3K/Akt/mTOR signaling pathway.

Deletion of TrIP enhances Th1 T cell polarization and inhibits 
induced T regulatory cell (iTreg) generation
Previous research suggested that higher PI3K signaling may lead 
to enhanced Th1 potential, whereas lower levels of PI3K would 
favor generation of iTregs (He et al., 2008; Sauer et al., 2008). 
Based on our findings, we reasoned that T cell polarization to-
ward a pro-inflammatory phenotype would be enhanced in 
TrIP KO T cells. We isolated naive CD4+ T cells from WT and KO 

Figure 4. Role of the ecto domain in TrIP 
function and regulation. (A) Structure of ecto 
hCD8-mPIK3IP cytoplasmic chimera and its 
expression on transfected D10 cells. (B) D10 cells 
were transfected with the indicated TrIP con-
structs, plus an NFAT/AP1-luciferase construct, 
stimulated the next day with anti-CD3/CD28, 
followed by determination of luciferase activity. 
P values (compared with vector) were calculated 
using one-way ANO​VA with Dunnett’s multiple 
comparisons test. (C) Flow cytometry analysis 
of pS6 after stimulation of D10 cells transiently 
transfected with hCD8-TrIP in the presence of 
10 µg/ml anti-hCD8. (D) Quantification of pS6 
after stimulation of hCD8-TrIP transfected D10 
cells in the presence of varying concentrations of 
anti-hCD8. P values (compared with vector) were 
calculated using one-way ANO​VA with Dunnett’s 
multiple comparisons test. (E) Detection of TrIP 
dimerization. 293T cells were transfected with 
Flag-tagged TrIP ± Myc-tagged TrIP. Whole cell 
lysates (WCL; left panels) or anti-Flag immu-
noprecipitations (IP; right panels) were blotted 
with anti-Myc (upper panels) or with anti-Flag 
mAb (lower panels). IB, immunoblot. (F and G) 
D10 T cells were transfected with Flag-TrIP plus 
a plasmid encoding eGFP. The next day, cells were 
stimulated with anti-CD3/CD28 Abs for the indi-
cated times, with or without 1 µM GW280264X, 
an inhibitor of ADAM10/17. Flag staining and GFP 
expression were determined by flow cytometry. 
Representative data are shown in F, and average 
data of quadruplicate samples are in G. P values 
(compared with time 0) were calculated using 
two-way ANO​VA with Tukey’s multiple com-
parisons test. Data are representative of three 
experiments (A–E) or two experiments (F and 
G). P values are represented with the following 
symbols: *, P = 0.01–0.05; **, P = 0.001–0.01; 
***, P < 0.001; and ****, P < 0.0001. Data shown 
represent the mean ± SEM. 
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mice and cultured them with α-CD3/CD28 mAbs for 3 d under 
neutral (no polarization), Th0 (suppression of all polarization), 
Th1, Th17, and iTreg skewing conditions. At the end of culture, 
cells were restimulated with PMA/ionomycin for 4 h and then 
evaluated for Th1 (T-bet and IFN-γ), Th17 (RORγt and IL17a), and 
iTreg (CD25 and Foxp3) phenotype. Thus, we noted a significant 
increase in the number of cells producing IFN-γ in TrIP KO T cell 
cultures, compared with WT cells, especially under Th0 and Th1, 
and even iTreg, conditions (Fig. 7 A). Interestingly, we observed 
a smaller, but reproducible, decrease in the number of TrIP KO 
T cells making IL-17a, specifically under Th17 polarization con-
ditions (Fig. 7 B). More strikingly, we found that TrIP-deficient 
T cells cultured under iTreg-generating conditions were signifi-
cantly less efficient at producing Foxp3+CD25+ iTreg (Fig. 7, C and 
D). This result is consistent with previous findings that PI3K/
Akt/mTOR signaling suppresses the generation of iTreg (Sauer 
et al., 2008). Interestingly, when we assessed the expression of 
Pik3ip1 mRNA after culturing under various Th polarization con-
ditions, we found that Pik3ip1 was severely down-regulated in 
Th0 and Th1 cells. By contrast, Pik3ip1 was maintained at a some-
what higher level in iTreg, although still not as high as naive cells 
(Fig. 7 E), consistent with an apparent requirement for weaker 
PI3K signaling in Treg (Huynh et al., 2014).

To determine whether the difference in Th1 polarization was 
actually due to enhanced PI3K activity, we performed the Th1 
differentiation assay with the addition of moderate concentra-
tions of PI3K/Akt pathway inhibitors. Specifically, we employed 
an Akt1/2 inhibitor (Akti-1/2), a pan-PI3K inhibitor (LY294002), 
and a selective p110δ inhibitor (IC-87114). Cells were stimulated 
with α-CD3/CD28 as in Fig. 7 and cultured under Th1 conditions 
in the presence of varying concentrations of the PI3K inhibitors. 
At the end of culture, cells were restimulated with PMA/iono-
mycin and evaluated by flow cytometry for IFN-γ expression. 
We found that IFN-γ production by KO cells was significantly 
inhibited by all three inhibitors tested, at concentrations as low 
as 0.5 µM (Fig. 8, A and B). Consistent with p110δ being the most 
prevalent catalytic subunit of PI3K linked to TCR signaling, IC-
87114 was the most potent inhibitor at all concentrations. Overall, 
we observed a reduction of IFN-γ production by both WT and 
TrIP KO T cells in the presence of inhibitors, but this inhibition 
was more distinct with the KO cells. These results support the 
idea that the high IFN-γ production by TrIP KO T cells is due to a 
loss of TrIP inhibition of PI3K.

Enhanced activation and in vivo function of T cells lacking TrIP
We returned to the question of how TrIP regulates early T cell 
activation and whether this translates to downstream effects on 

Figure 5. Role of the cytoplasmic domain in TrIP function. D10 cells were 
transfected with control, WT TrIP, or Δcyto-TrIP and stimulated with anti-CD3/
CD28. (A) Representative flow cytometric analysis of Flag-tagged TrIP and 
pS6 expression of cells transfected with WT TrIP (top row) or Δcyto-TrIP (bot-
tom row). (B) Quantitation of Flag expression over the course of stimulation; 
quantitation of total pS6+ cells at different time points. P values (compared 
with time 0) were calculated using two-way ANO​VA with Holm–Sidak’s mul-
tiple comparisons test. (C) TrIP surface expression (left) and pS6 staining 
(right) of cells expressing WT, Δkringle, or Δp85-like TrIP, after stimulation 
with anti-CD3/CD28, as in A and B. P values (compared with time 0) were 
calculated using one-way ANO​VA with Dunnett’s multiple comparisons test. 
(D) The cytoplasmic p85-like domain of TrIP binds to p110δ. 293 cells were 

transiently transfected with Flag-tagged WT TrIP and p85Δ-TrIP along with 
HA-tagged p110δ, as indicated. Top: Coimmunoprecipitation and Western 
blot analysis of TrIP and p110δ. Middle: Immunoprecipitation (IP) fractions 
showing immunoprecipitated Flag-tagged (TrIP) protein. Bottom: Whole cell 
lysate (WCL) showing HA-tagged (p110δ) protein expression. IB, immunoblot; 
HA, influenza hemagglutinin (98-106) epitope tag. Data are representative of 
three experiments. P values are represented with the following symbols: **, 
P = 0.001–0.01; ***, P = 0.0001–0.001; and ****, P < 0.0001. Data shown 
represent the mean ± SEM. 
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proliferation and pathogen clearance. Thus, naive T cells from 
TrIPfl/fl × CD4-Cre mice were purified from spleen and lymph 
node and stimulated with anti-CD3 ± anti-CD28. One of the ear-
liest cell-surface changes after T cell activation is up-regulation 
of CD69, a sensitive marker of TCR signaling that plays a role 

in delaying trafficking of nascently activated T cells out of the 
lymph node (Shiow et al., 2006). Thus, we noted that TrIP-de-
ficient T cells up-regulated CD69 more robustly than did WT T 
cells (Fig. 9 A). A somewhat later event is the up-regulation of 
CD25, which is a component of the high-affinity IL-2 receptor. 

Figure 6. Enhanced pAkt and pS6 activation in TrIP-deficient T cells. Splenocytes and lymphocytes were isolated from WT and KO mice and stimulated 
with anti-CD3/CD28 for the indicated times. (A) Flow cytometric analysis of pS6 expression on stimulated CD4+ T cells. (B) Quantitation of data shown in A. (C 
and D) T cells were purified from spleen and lymph nodes of WT or TrIP KO mice and stimulated with anti-CD3/CD28 antibodies for the indicated times. Lysates 
were analyzed by Western blot for phospho-Akt (T308-left; S473-right) and β-actin as a loading control. Data in A–D are representative of three experiments 
each. (E and F) WT and TrIP KO CD4+ T cells were analyzed for nuclear FoxO1 staining by imaging cytometry. (E) Representative images showing FoxO1, CD4, 
and nuclear (DAPI) staining of resting and stimulated T cells. The yellow scale bar represents 10 µm. (F) Left: Histograms displaying the magnitude of nuclear 
FoxO1 in WT versus TrIP KO T cells, before and after anti-CD3/CD28 stimulation. Right: Graphical representation of the percentage of cells falling in the nuclear 
FoxO1Lo gate from the left histograms. Data in F represent ∼1,000 CD4+ T cells per condition, from a single experiment, representative of two that were per-
formed. P values were calculated using two-way ANO​VA with Sidak’s multiple comparisons test. P values are represented with the following symbols: **, P = 
0.001–0.01; and ****, P < 0.0001. Data shown represent the mean ± SEM. 
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We noted higher expression of CD25 in TrIP-deficient T cells 
at both days 3 and 5 after stimulation (Fig. 9 B), specifically on 
cells stimulated with anti-CD3 alone, which is intriguing be-
cause CD25 is a known target of CD28 costimulation (Cerdan et 
al., 1992). Importantly, basal expression of both CD69 and CD25 
was identical in naive TrIP KO versus WT T cells (Fig. S3 D). We 
did note a slight, but reproducible, decrease in basal levels of 
CD62L on naive CD8+ T cells lacking TrIP, which was eventu-
ally normalized over the course of initial T cell activation (Fig. 
S3 F). We also collected supernatants from stimulated T cells 
and measured secretion of IL-2 by ELI​SA. Thus, we observed 
significantly more IL-2 production from TrIP-deficient T cells, 
compared with WT cells, with or without CD28 costimula-
tion (Fig. 9 C).

The PI3K pathway plays a major role in triggering T cell re-
sponse to antigen via a number of processes, including prolifer-
ation. The effects on early activation discussed above, especially 
the increases in CD25 and IL-2, suggested that TrIP loss might 
also impact T cell proliferation. Naive T cells were isolated from 
WT and KO mice, stained with cell trace violet, and cultured on 
anti-CD3–coated plates in the presence or absence of anti-CD28. 
Cells were analyzed for proliferation at days 3 and 5 after stimula-
tion. We found that at both time points, KO T cells had proliferated 
to a greater extent than WT T cells, after stimulation with either 
anti-CD3 alone or anti-CD3/CD28 (Fig. 9, D and E). These findings 
further support the model that TrIP restricts T cell activation.

To explore the role of TrIP function in vivo, we infected mice 
with L. monocytogenes, a disease model that requires effective 

Figure 7. TrIP KO T cells display a higher tendency for Th1 differentiation. (A–D) Naive T cells from WT and KO mice were cultured under neutral, Th0, 
Th1, Th17, and iTreg conditions for 3 d, restimulated, and analyzed for IFN-γ and T-bet expression (A), IL-17a and RORγt expression (B), and Foxp3 and CD25 
expression (C and D). (E) Naive CD4+ T cells from the indicated mice were stimulated under the indicated conditions, and RNA was extracted and analyzed 
by quantitative PCR for PIk3ip1 message. Het, Pik3ip1 heterozygous. Data shown are normalized to naive WT T cells. P values were calculated using two-way 
ANO​VA with Sidak’s multiple comparisons test. P values are represented with the following symbols: *, P = 0.01–0.05; **, P = 0.001–0.01; and ***, P < 0.001. 
Data in each panel are representative of at least three experiments. Data shown represent the mean ± SEM. 
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CD8+ and Th1 T cell responses for clearance of pathogen and 
generation of immune memory (Lara-Tejero and Pamer, 2004; 
Pamer, 2004). We infected mice with a relatively high dose 
(15,000 CFU) of L. monocytogenes, as we hypothesized that TrIP 
KO mice would be able to clear the infection more efficiently, 
based on the in vitro data detailed above. We observed signifi-
cantly lower bacterial load from the livers of TrIP KO mice, com-
pared with WT mice, at day 4 after infection (Fig. 9 F). Thus, the 

enhanced sensitivity of TrIP KO T cells described above does 
indeed translate to more robust in vivo activity of these cells in 
response to an intracellular bacterial infection.

Discussion
TrIP is a transmembrane protein that contains two identifiable 
domains: an extracellular kringle domain, implicated in ligand 
interaction in related proteins (Patthy et al., 1984; Menhart et 
al., 1995; Ji et al., 1998), and an intracellular p85-like domain. An 
initial study showed that PI3K was inhibited by TrIP through its 
interaction with the catalytic subunit of PI3K via the p85-like do-
main (Zhu et al., 2007). We also showed previously that silencing 
TrIP in T cells leads to up-regulation of T cell signaling (DeFrances 
et al., 2012). Here we sought to obtain a more complete under-
standing of TrIP structure and function in an immune context. 
Our results showed that overexpression of WT TrIP in D10 cells 
resulted in impaired phosphorylation of ribosomal S6 protein, 
as well as impaired nuclear exclusion of FoxO1 (a direct Akt tar-
get), further validating the model that TrIP inhibits the PI3K/Akt 
pathway. It should be noted that there has been some controversy 
regarding the relevance of the PI3K/Akt module in regulation of 
mTOR activity in T cells. Thus, while studies in many different 
cell types have validated the existence of such a pathway (Chi, 
2012), work from Cantrell and colleagues has called into question 
its relevance in CD8+ effector T cells (Macintyre et al., 2011). Most 
of the experiments presented here were performed either with 
a CD4+ T cell clone or with naive murine T cells, so it may be that 
this pathway is wired differently in different T cell subsets (e.g., 
CD4+ versus CD8+), and/or in naive versus effector T cells.

In our studies, the inhibitory activity of TrIP was inversely 
correlated with surface expression of the protein, as we observed 
significant up-regulation of pS6 only when TrIP expression had 
been mostly down-regulated, suggesting that this down-regu-
lation is required for efficient signaling immediately following 
TCR activation. Although the mechanisms behind this down-reg-
ulation have not been fully elucidated here, we present evidence 
that ADAM family metalloproteases are required for the loss of 
cell-surface TrIP after T cell activation. There is also precedent 
for acute down-regulation of other immune checkpoint mole-
cules. For example, Lag3 and Tim-3 can be inducibly cleaved from 
the cell surface by metalloproteases, resulting in enhanced T cell 
activation (Li et al., 2007; Clayton et al., 2015), whereas PTEN, 
an intracellular inhibitor of the PI3K pathway, is down-regulated 
by multiple mechanisms, including post-translational modifica-
tion and degradation (Hawse et al., 2015). Thus, while we have 
implicated ADAM family proteases in TrIP down-regulation, we 
cannot rule out roles for additional mechanisms.

It has been reported that kringle domains in other proteins 
can serve regulatory functions, including acting as sites for pro-
tein–protein interactions (Théry and Stern, 1996; Castellino and 
McCance, 1997; Cao et al., 2002; Tolbert et al., 2010). We therefore 
hypothesized that the kringle domain might serve to modulate 
the activity of TrIP. Indeed, the kringle domain appears to be es-
sential for TrIP inhibitory function. A TrIP construct in which the 
kringle domain was deleted led to higher induction of pS6 than 
was observed in T cells transfected with WT TrIP or even cells 

Figure 8. Enhanced activation of TrIP-deficient T cells is reversed by 
PI3K/Akt pathway inhibitors. (A) Naive T cells from WT and KO mice were 
cultured under Th1 conditions for 3 d in the presence of PI3K inhibitors (Akti, 
LY294002, and IC-87114), restimulated with PMA/ionomycin and analyzed for 
IFN-γ and CD25 expression. (B) Quantitation of A. P values (comparing WT to 
KO) were calculated using two-way ANO​VA with Sidak’s multiple comparisons 
test. P values are represented with the following symbols: *, P = 0.01–0.05; 
and ***, P < 0.001. Data in each panel are representative of at least three 
experiments. Data shown represent the mean ± SEM. 
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transfected with empty vector, suggesting that this construct 
may function as a “dominant negative” to inhibit endogenous 
TrIP. Furthermore, substitution of the kringle domain with the 
extracellular region of hCD8, and subsequent cross-linking by 
α-CD8, led to diminished induction of pS6 after TCR stimula-
tion. We show that cell-surface TrIP expression is down-regu-
lated during the course of TCR stimulation, even in the absence 
of APCs, and only occurs with WT TrIP and not truncated vari-
ants, leading us to conclude that one or more ligands that activate 
TrIP inhibitory activity are present on T cells. How binding of a 
ligand, expressed by either an APC or the T cell itself, might reg-
ulate TrIP function is not clear at this point. One possibility is that 
the kringle domain is required for recruitment of TrIP into prox-
imity of the TCR and/or CD28 during synapse formation. Another 
nonexclusive possibility is that ligand binding may cause a con-
formational change in TrIP that promotes the binding, and inac-
tivation, of PI3K. Finally, a possible mechanism for which we did 
obtain evidence is that TrIP may undergo homotypic oligomeri-
zation, which itself could alter TrIP localization and/or activity.

The initial description of TrIP revealed a sequence in the cyto-
plasmic tail that bears homology to the inter-SH2 domain of the 
PI3K adaptor protein p85, which regulates activation of catalytic 
p110 subunits (Zhu et al., 2007). Confirming and extending the 
findings of Zhu et al. (2007), we show here that TrIP can coimmu-

noprecipitate the p110δ protein, which is the dominant isoform of 
PI3K-regulating T cell activation (Okkenhaug, 2013). Our opera-
tive model is that binding of TrIP interferes with the allosteric ac-
tivation of p110 by p85. Although we cannot rule out the possibility 
that TrIP might regulate p110 stability, the kinetics with which 
PI3K activation recovers after TrIP down-regulation suggest that 
this is not the dominant mechanism. A third possible mechanism 
underlying TrIP function is through effects on the subcellular lo-
calization of p110, which could impact the accessibility of p110 
to either upstream activators or substrates. Although the precise 
mechanism by which PI3K is activated in the immune synapse 
have been controversial (Okkenhaug and Fruman, 2010), such a 
mechanism for TrIP function could result in decreased recruit-
ment of PI3K to CD28 and/or the TCR/CD3 complex (see model in 
Fig. S4). It should be noted that while this manuscript was under 
review, Campbell and colleagues reported a role in T cells for the 
protein BCAP, a positive regulator of PI3K that was previously 
thought to function mainly in B cells (Singh et al., 2018). In future 
experiments, it will be of interest to determine whether there is 
any functional relationship between BCAP and TrIP.

To probe the function of TrIP in primary T cells, we gener-
ated an inducible knockout model which we crossed to CD4-Cre 
transgenic mice, to delete TrIP in all α/β T cells. Thus, T cells from 
these animals were hypersensitive to stimulation through the 

Figure 9. TrIP KO T cells display increased proliferation and IL-2 production, and T cell–specific TrIP KO mice are less susceptible to L. monocytogenes 
infection. (A and B) WT or TrIP naive T cells were stimulated as indicated for 24 h (A) or 3–5 d (B), then analyzed by flow cytometry for expression of CD69 (A) or 
CD25 (B). (C) WT or TrIP KO T cells were stimulated for 3 d, and supernatants were analyzed by ELI​SA for IL-2. (D and E) WT or TrIP KO CD8+ T cells were labeled 
with eFluor450 cell proliferation dye and stimulated with anti-CD3 ± anti-CD28 mAb for the indicated times. Representative flow cytometry histograms for 
anti-CD3 stimulation are shown in D. Compiled data from triplicate wells are shown in E. (F) Liver extracts from WT (CD4-Cre only) and TrIP KO mice infected 
with L. monocytogenes were obtained 4 d after infection and plated to measure bacterial burden. P values in A–C and E (WT versus KO) were calculated using 
two-way ANO​VA with Sidak’s multiple comparisons test; in F, two-tailed unpaired t test was used. P values are represented with the following symbols: *, P = 
0.01–0.05; ***, P = 0.0001–0.001; and ****, P < 0.0001. Data shown represent the mean ± SEM. 
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TCR, as shown by enhanced induction of early activation mark-
ers like CD69 expression and later events like proliferation. In 
addition, experiments with TrIP KO T cells validated our finding 
that pS6 is a relevant downstream target for monitoring TrIP ac-
tivity. When we differentiated naive CD4+ T cells from TrIP KO 
mice, we also noted increased production of IFN-γ by Th1 cells. 
While we saw no obvious developmental defects or spontaneous 
inflammation in mice with T cell–specific TrIP deficiency, we 
cannot rule out the possibility that TrIP may play a subtler role 
in TCR repertoire selection or T cell homeostasis.

Previous work by others has shown that L. monocytogenes 
replicates for 3 d after infection of mice (Wong and Pamer, 
2003). Here we observed that by day 4, TrIP knockout mice had 
cleared the infection, compared with WT mice that still had sig-
nificant bacterial burden. Based on the typical immune response 
to L. monocytogenes infection (Wong and Pamer, 2003; Pamer, 
2004), clearance of bacteria correlates with the peak of the im-
mune response. Taken together, our results suggest that with the 
increased T cell signaling in the absence of TrIP, CD8 T cells from 
KO mice were acutely activated, leading to more rapid expansion 
of responding cells. Thus, due to this faster rate of expansion of 
effector cells, KO mice cleared bacteria faster.

Overall, our results reveal TrIP to be a potential target for 
modulating immune responses under conditions of infection, 
cancer, or autoimmunity. In the former settings, reducing the 
TrIP inhibitory pathway could promote more effective clearance 
of pathogens or tumors. Conversely, increasing TrIP activity or 
expression may be an effective strategy for combating patholog-
ical immune responses such as autoimmune diseases.

Materials and methods
Cell lines, transfections, and activation
The D10 Th2 T cell clone (D10.G4.1; ATCC TIB-224) was main-
tained in RPMI media supplemented with 10% bovine growth 
serum (BGS; Hyclone), penicillin, streptomycin, glutamine, and 
25 U/ml recombinant human IL-2. Human embryonic kidney 
(HEK) 293 cells were maintained in DMEM supplemented with 
10% BGS, penicillin, streptomycin, and glutamine. CH27 mouse 
lymphoma cells (RRID:​CVCL7178) were maintained in RPMI 
media supplemented with 10% BGS, penicillin, streptomycin, 
and glutamine. For structure–function assays, using a Bio-Rad 
GenePulser Xcell, D10 cells were individually electroporated with 
control plasmid, flag-tagged WT TrIP, or Flag-tagged mutant TrIP 
constructs, along with pMaxGFP plasmid (encoding GFP from co-
pepod Pontellina plumata). 1 d after transfection, cells were eval-
uated by flow cytometry for GFP expression and TrIP expression 
(by anti-Flag staining) using anti-DYK​DDD​DK APC clone L5 (Bi-
oLegend; 637308).

Transfected D10 cells were stimulated in RPMI with 3 µg/ml 
biotinylated anti-CD3 and anti-CD28 in the presence of 15 µg/
ml streptavidin (anti-mCD3ε biotin, clone 145-2C11; Tonbo Bio-
sciences, 30-0031-U500; anti-mCD28 biotin, clone 37.51; BD Bio-
sciences, 553296; streptavidin; Millipore Sigma, 189730). Cells 
were activated for 15, 30, or 60 min. Activation was stopped with 
1 ml cold PBS, followed by centrifugation and aspiration of media. 
For ADAM10/17 inhibition studies, 1 µM of a dual ADAM 10 and 

ADAM 17 inhibitor GW280264X (AOB​IOUS; AOB3632) was incu-
bated with cells for 30 min before stimulation.

For p110δ interaction assays, flag-tagged TrIP variants and 
HA-tagged p110δ were transfected into HEK293 cells using Tran-
sIT-LT1 (Mirus) according to the manufacturer’s protocol. Cells 
were evaluated by Western blot for expression using Roche an-
ti-HA (clone 12CA5; 11-583-816-001) and BioLegend Direct-Blot 
HRP anti-DYK​DDD​DK (clone L5; 637311).

T cell/APC cocultures
CH27 cells were pulsed with 100 µg/ml chicken conalbumin 
(Sigma; C7786) 1 d before mixing with D10 cells. D10 cells were 
mixed in a 1:1 ratio with either pulsed unpulsed CH27 cells for 15, 
30, and 60 min. Reactions were quenched by placing cells on ice, 
adding 1 ml PBS, and centrifugating to settle cells and decant acti-
vation media. Cells were then stained with anti-DYK​DDD​DK APC 
clone L5 (BioLegend; 637308), anti-mouse CD19 violet Fluor 450 
(clone 1D3; Tonbo Biosciences, 75-0193-U025), and anti-mouse 
CD4 Brilliant Violet 510 (clone GK1.5; BioLegend, 100449). Cells 
were washed three times in PBS, fixed and permeabilized with 
eBioscience Foxp3/transcription factor staining buffer (00-5523-
00), and then stained with anti-pS6 (S235/236) Alexa Fluor 647 
(clone D57.2.2E; Cell Signaling, 5316S).

Mice
Mice with a floxed Pik3ip1 gene (Pik3ip1fl/fl) were generated by 
inGenious Targeting Laboratory using C57BL/6 ES cells. CD4-
Cre mice on a C57BL/6 background were originally purchased 
from Taconic (previously backcrossed for more than nine gen-
erations to C57BL/6), then maintained by breeding to C57BL/6J 
mice (The Jackson Laboratory), and were used as WT controls. 
All control animals were either littermates of KO mice or derived 
from in-house breeding in the same facility and room. Mice were 
age-matched within experiments, with approximately equal 
numbers of male and female animals. Animals were maintained 
in facilities of the University of Pittsburgh Division of Labora-
tory Animal Resources. All animal studies were performed in 
accordance with University of Pittsburgh Institutional Animal 
Care and Use Committee procedures.

T cell purification and differentiation
Total or CD4+ α/β T cells from spleens and lymph nodes of naive 
mice were purified by magnetic separation using T cell isolation 
kits from Miltenyi Biotec. The purity of the final cell population 
was >90%. T cells were activated with plate-bound anti-CD3 
(clone 145-2C11; Bio X Cell InVivoMab, BE0001-1), along with 
soluble anti-CD28 (clone 37.51; eBioscience, 14-0281-85), in 
complete medium (RPMI medium supplemented with 10% BGS, 
2 mM l-glutamine, 100 U/ml penicillin, 100 µg/ml streptomy-
cin, 50 µM 2-mercaptoethanol, Hepes, and sodium pyruvate). 
For Th1 differentiation, cells were cultured in the presence of 
recombinant murine IL-12 (10 ng/ml), anti–IL-4 (10 µg/ml), and 
recombinant human IL-2 (50 U/ml). For Th17 differentiation, 
cells were cultured in the presence of recombinant hTGF-β (2.5 
ng/ml), recombinant mIL-6 (20 ng/ml), plus anti–IFN-γ (10 µg/
ml), anti–IL-4 (10 µg/ml), and anti–IL-2 (20 µg/ml) neutralizing 
antibodies. For iTreg differentiation, cells were cultured in the 
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presence of anti–IL-4 and anti–IFN-γ neutralizing antibodies (10 
µg each) plus recombinant hTGFβ2 (10 ng/ml) and recombinant 
hIL-2 (50 U/ml), with varying concentrations of anti-CD3 (0.25, 
0.5, 1.0, and 5.0 µg/ml) and 1 µg/ml anti-CD28. Cells were cul-
tured for 3 d under Th differentiation conditions and then stimu-
lated for 4 h with PMA (50 ng/ml) and ionomycin (1.33 µM) in the 
presence of Golgi Plug (BD Biosciences; 51-2301KZ). Cells were 
then harvested and analyzed by flow cytometry.

Th cell differentiation reagents were as follows: murine IL-12 
(Miltenyi Biotec; 130-096-707); murine IL-6 (Miltenyi Biotec; 
130-094-065); recombinant hTGF-β (Sigma; SRP3170-5UG); an-
ti-mouse IL-4 clone 11B11 (Bio X Cell; BE0045); anti–mIL-2 clone 
S4B6-1 (Bio X Cell; BE0043); and anti–mIFN-γ clone XMG1.2 (Bio 
X Cell; BE0055).

The following antibodies and dyes were used for flow cytom-
etry: anti-mCD4 Brilliant Violet 510 clone GK1.5 (BioLegend; 
100449); Ghost Dye Red 780 (Tonbo Biosciences; 13-0865-T100); 
V450-anti-mFoxp3 clone MF23 (BD Horizon; 561293); anti-mouse 
RORγt-PE (clone Q31-378; BD Biosciences, 562607); anti-mouse 
IL-17A PerCP-Cy5.5 (clone eBio17B7; eBioscience, 45-7177-80); 
anti-mFoxp3 APC (clone FJK-16s; eBioscience, 17-5773-82); an-
ti-mTbet eFluor 660 (clone eBio4B10; eBioscience, 50-5825-82); 
anti–mIFN-γ PE-Cy7 (clone XMG1.2; Tonbo Biosciences, 60-7311-
U025); and anti-mouse CD25 FITC (clone PC61.5; Tonbo Biosci-
ences, 35-0251-U100).

T cell activation
Splenocytes and lymphocytes obtained from WT and conditional 
TrIP KO mice were stimulated in complete RPMI with 3 µg/ml 
biotinylated anti-CD3 and anti-CD28 in the presence of 15 µg/ml 
streptavidin (anti-mCD3ε biotin, clone 145-2C11; Tonbo Biosci-
ences, 30-0031-U500; anti-mCD28 biotin, clone 37.51; BD Biosci-
ences, 553296; streptavidin; Millipore Sigma, 189730). Cells were 
activated for 15, 30, or 60 min or 4 h. Activation was stopped with 
1 ml cold PBS, followed by centrifugation, aspiration of media, 
and lysis or fixation.

The following antibodies and dyes were used for flow cytometry: 
anti-mCD4 Brilliant Violet 510 (clone GK1.5; BioLegend, 100449); 
anti-mCD8α v450 (clone 53-6.7; Tonbo Biosciences, 75-0081-U100); 
anti-pS6 (S235/236) Alexa Fluor 647 (clone D57.2.2E; Cell Signaling, 
5316S); anti-mCD69 FITC (clone H1.2F3; BD Biosciences, 557392); 
and Ghost Dye Red 780 (Tonbo Biosciences; 13-0865-T100).

T cell proliferation
CD4 T cells from spleens of naive mice were purified by magnetic 
separation using the Miltenyi Biotec naive CD4 T cell isolation kit 
(130-104-453). The purity of the final cell population was >90%. 
Before activation, T cells were labeled with cell proliferation dye 
eFluor 450 (eBioscience; 65-0842) following the manufacturer’s 
protocol. T cells were then activated with plate-bound anti-CD3 
(clone 145-2C11; Bio X Cell InVivoMab BE0001-1) in complete 
RPMI medium (supplemented with 10% BGS, 2 mM l-glutamine, 
100 U/ml penicillin, 100 µg/ml streptomycin, 50 µM 2-mercap-
toethanol, Hepes, and sodium pyruvate) in the presence or ab-
sence of 1 µg/ml anti-CD28 (clone 37.51; eBioscience, 14-0281-85). 
Cells were then cultured for 3 or 5 d before harvesting and anal-
ysis by flow cytometry.

Quantitative PCR
RNA was extracted using the Qiagen RNeasy Mini Kit (74106) and 
reverse-transcribed to generate cDNA with the Applied Biosys-
tems High Capacity cDNA Reverse Transcription Kit (4368813). 
Quantitative real-time PCR assays were performed with Power 
SYBR Green PCR Master Mix (Applied Biosystems; 4367659) on 
a Step-One Plus Real Time PCR system. The abundance of TrIP 
mRNA was normalized to that of mGAP​DH as calculated with 
the 2−ΔΔCT method. The following primers were used: forward, 
5′-ATG​CTG​TTG​GCT​TTG​GGT​ACAC-3′; and reverse, 5′-CGG​CAG​
TAG​TTG​TGG​TTGC-3′.

Flow cytometry
Before staining, cells were washed in staining buffer (1% 
BGS-supplemented PBS). For extracellular staining, cells were 
stained at 4°C with antibodies resuspended in staining buffer. 
For intracellular staining, cells were washed three times to re-
move excess extracellular staining and then fixed and permea-
bilized with either the eBioscience Foxp3/Transcription factor 
staining buffer set (00-5523-00) or the BD Biosciences cytofix/
perm kit (554714) for transcription factor and cytosol analysis, 
respectively. Fixed and permeabilized cells were then stained at 
4°C with antibodies resuspended in permeabilization buffer from 
the respective kits.

Imaging flow cytometry
For FoxO1 assays, D10 cells were individually electroporated (as 
described in Cell lines, transfections, and activation) with control 
plasmid or flag-tagged WT TrIP constructs, along with pMaxGFP 
plasmid (encoding GFP from copepod P. plumata). 1 d after trans-
fection, cells were evaluated by flow cytometry for GFP expres-
sion and TrIP expression (by anti-Flag staining) using anti-DYK​
DDD​DK APC clone L5 (BioLegend; 637308). Transfected D10 cells 
were then sorted for GFP-positive cells on a BD FACS ARIA IIu 
using the 70-µm nozzle at 70 psi. GFP was excited by the 488-nm 
laser and read using a 530/30 filter. Sorted D10 cells were stimu-
lated as described in Cell lines, transfections, and activation. Acti-
vation was stopped with 1 ml cold PBS, followed by centrifugation 
and aspiration of media. Sorted D10 cells were then fixed and 
intracellularly stained as described below for splenocytes. Sple-
nocytes from WT and conditional TrIP KO mice were stimulated 
as described in T cell activation for the listed time points. Activa-
tion was stopped with 1 ml cold PBS, followed by centrifugation, 
aspiration of media, staining, and fixation.

For extracellular staining, cells were stained with staining buf-
fer (1% BGS-supplemented PBS) using anti-mCD4 PE-Cyanine7 
(clone GK 1.5; Tonbo Biosciences, 60-0041-U100). For intracel-
lular staining, cells were washed three times to remove excess 
extracellular staining and then fixed and permeabilized with the 
eBioscience Foxp3/Transcription factor staining buffer set (00-
5523-00). Fixed and permeabilized cells were then stained at 4°C 
with antibodies resuspended in permeabilization buffer from the 
same eBioscience Foxp3/Transcription factor staining kit. The fol-
lowing intracellular stains were used: FoxO1 (C29H4) rabbit mAb 
(Cell Signaling; 2880S) with Alexa Fluor 594 donkey anti-rabbit 
IgG (clone Poly4064; 406418) as a secondary stain. DAPI dilactate 
(Molecular Probes; D3571) was used for DNA/nuclear staining.
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Imaging cytometry data on fixed and stained cells were ac-
quired on an Amnis ImageStreamX Mark II running INS​PIRE 
software (Millipore). Analysis was performed using IDE​AS soft-
ware (Millipore). First, focused cells, based on the gradient root 
mean square feature, were identified. Singlets were identified 
by the aspect ratio and area of bright-field data. In analyzing 
primary T cell data, we gated on CD4 T cells via the intensity 
of that channel. A nucleus intensity mask was made from DAPI 
staining. This mask was used to determine FoxO1 intensity in the 
nucleus. A gate of low FoxO1 nuclear signal was then set based 
on the unstimulated control samples. Approximately 1,000 cells 
are represented in the summary histograms and bar graphs of 
primary cells, and 3,000–4,000 cells are represented in the D10 
T cell data. The typical spread of the data is illustrated by the 
histograms in Fig. 6 F.

Western blotting analysis and immunoprecipitations
Cells were lysed in ice-cold NP-40 lysis buffer (1% NP-40, 1 mM 
EDTA, 20  mM Tris-HCl, pH 7.4, and 150  mM NaCl) for both 
protein analysis and immunoprecipitation. Immunoprecipita-
tion was performed by mixing lysate with 20 µl M2 anti-Flag 
agarose beads for 3 h at 4°C. Proteins were eluted from beads 
by mixing Lysate with 1× SDS (containing 5% β-mercaptoeth-
anol) and boiling at 95°C for 10 min. For Western blot analy-
sis, proteins were resolved by 10% SDS-PAGE and transferred 
onto polyvinylidene difluoride membranes, which were then 
blocked in 4% BSA. The membranes were then incubated with 
the primary antibodies overnight. This was followed by incu-
bating the membrane with HRP-conjugated secondary antibod-
ies for 2 h before detection with the SuperSignal West Pico ECL 
substrate (Thermo Fisher Scientific) and imaging on a Protein 
Simple FluorChem M.

Western blot and CoIP reagents
Reagents used were anti-HA (12CA5; Roche, 11-583-816-001); 
anti-Flag M2 Affinity Gel (Sigma; A2220); and direct-Blot HRP 
anti-DYK​DDD​DK (clone L5; BioLegend, 637311).

L. monocytogenes infection
Control WT (CD4-Cre alone) and Pik3ip1fl/fl × CD4-Cre mice were 
infected intravenously with 15,000 CFU L. monocytogenes in 
200 µl PBS. Bacterial titers were quantified by lysing whole liv-
ers in PBS, plating a 1:10 dilution on brain-heart infusion agar 
plates, and culturing overnight. Cells were stained with the fol-
lowing antibodies and dyes and analyzed by flow cytometry: 
Ghost Red 780 viability dye (Tonbo Biosciences; 13-0865-T100); 
anti-mCD4 Brilliant Violet 510 (clone GK1.5; BioLegend, 100449); 
anti-mCD8a PE (clone 53-6.7; Tonbo Biosciences, 50-0081-U100); 
anti-mCD62L PerCP-Cy5.5 (clone MEL-14; eBioscience, 45-0621-
80); anti-mKLRG1 FITC (clone 2F1; Tonbo Biosciences, 35-5893-
U100); anti-mCD127 PE-Cy7 (clone A7R34; Tonbo Biosciences, 
60-1271-U025); and anti-mCD44 violet Fluor 450 (clone IM7; 
Tonbo Biosciences, 75-0441-U025). All Ab staining was per-
formed at 4°C in PBS containing 1% BGS and 0.1% sodium azide. 
GP33 tetramers were provided as APC fluorophore-conjugated 
tetramers by the NIH tetramer core facility and used for identi-
fication of gp33-specific CD8+ and CD4+ T cells.

Online supplemental material
Fig. S1 shows the effects of PI3K inhibition on pS6 induction 
in the D10 T cell line and primary T cells, as well as the effect 
of ectopic TrIP expression on FoxO1 nuclear localization. Fig. 
S2 shows control experiments and alternative analysis of in 
vitro experiments referred to in Figs. 1, 2, 3, 4, and 5. Fig. S3 
shows data on T cell development and the baseline phenotype 
of T cells in mice with T cell–specific TrIP KO. Fig. S4 pres-
ents a model for the function of TrIP in proximal TCR/CD3 and 
CD28 signaling.
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