ARTICLE

QQ&) Journal of
QP D Experimental
t’:’& Medicine

Metabolic control of regulatory T cell stability and
function by TRAF3IP3 at the lysosome
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Metabolic programs are crucial for regulatory T (T reg) cell stability and function, but the underlying mechanisms that
regulate T reg cell metabolism are elusive. Here, we report that lysosomal TRAF3IP3 acts as a pivotal regulator in the
maintenance of T reg cell metabolic fitness. T reg-specific deletion of Traf3ip3impairs T reg cell function, causing the
development of inflammatory disorders and stronger antitumor T cell responses in mice. Excessive mechanistic target

of rapamycin complex 1 (mTORC1)-mediated hyper-glycolytic metabolism is responsible for the instability of TRAF3IP3-
deficient T reg cells. Mechanistically, TRAF3IP3 restricts mTORC1 signaling by recruiting the serine-threonine phosphatase
catalytic subunit (PP2Ac) to the lysosome, thereby facilitating the interaction of PP2Ac with the mTORC1 component Raptor.
Our results define TRAF3IP3 as a metabolic regulator in T reg cell stability and function and suggest a lysosome-specific
mTORC1 signaling mechanism that regulates T reg cell metabolism.

Introduction

Regulatory T (T reg) cells are indispensable in preventing inflam-
matory disorders and establishing immunological homeostasis
(Sakaguchi et al., 2008; Josefowicz et al., 2012). These cells also
play critical roles in controlling antitumor immune responses
and influence tumor immune surveillance (Bauer et al., 2014;
Arce Vargas et al., 2017). Unlike CD4* effector T cells, T reg cells
rely on oxidative phosphorylation (OXPHOS) rather than glycol-
ysis for the energy needed to support their expansion, survival,
and function (Michalek et al., 2011; Coe et al., 2014; Newton et
al., 2016). Elevated glycolysis leads to the expansion of highly
proliferative T reg cells and the loss of Foxp3 in vivo, whereas
blocking glycolytic metabolism promotes T reg cell generation
(Shi et al., 2011; Zeng and Chi, 2017). Interestingly, the migration
of activated T reg cells to inflamed tissue is dependent on the
glycolytic pathway (Alon, 2017; Kishore et al., 2017). Thus, the
dynamic regulation of cellular metabolic programs is central to
T reg cell stability and functions.

Mechanistic target of rapamycin (mTOR) is a critical regula-
tor of T reg cell identity (Chi, 2012; Zeng et al., 2013; Shrestha et
al., 2015; Essig et al., 2017; Xu et al., 2017). mTOR functions in two
different complexes, mTOR complex 1 (mTORCI) and mTORC2,
which are distinguished by the scaffold proteins Raptor and
Rictor, respectively (Zeng and Chi, 2017). Increased mTORC]1 ac-
tivity promotes T reg cell proliferation and instability, whereas

loss of mTORCI activity reduces T reg cell suppressive func-
tions (Apostolidis et al., 2016; Zeng and Chi, 2017). Although the
over-activation of mTORC2 destabilizes T reg cells and impairs
the T reg-mediated suppression of Thl and Tth cell responses,
mTORC2 is dispensable for T reg cell lineage stability and func-
tion (Shrestha etal., 2015; Zeng and Chi, 2017). Emerging studies
reveal a central role for mTORCI and mTORC2 in the glycolytic
metabolism of T reg cells. For example, inflammatory signals em-
anating from TLR1 and TLR2 promote T reg cell glycolysis and
proliferation in an mTORC1-dependent manner, but reduce the
suppressive functions of T reg cells (Gerriets et al., 2016). The T
reg-specific deletion of Atg?7, a critical gene in autophagy, causes
increased mTORC1 activity, which promotes hyper-glycolytic
metabolism through the metabolic regulator c-Myc transcrip-
tion factor and, in turn, destabilizes T reg cells (Wei et al., 2016).
Loss of PTEN skews T reg cell metabolism toward glycolysis in an
mTORC2-dependent manner, leading to disturbed T reg cell sta-
bility and function (Huynh et al., 2015). However, the underlying
mechanisms that orchestrate the activation of mTOR signaling
and the interplay between mTORCI1 and mTORC2 in maintaining
T reg cell metabolic fitness remain unclear.

The subcellular localization of distinct mTOR complexes is
necessary for the precise spatial and temporal control of mTORC1
and mTORC2 activity (Betz and Hall, 2013). Prior studies have re-
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ported thelocalization of mTORC1 and mTORC2 to several distinct
subcellular compartments in various organisms (Betz and Hall,
2013; Malik et al., 2013). Lysosomal translocation of mTORC],
which is dependent on amino acid influx, has been identified in
various cell types (Kim et al., 2008; Sancak et al., 2010; Jewell et
al., 2013). Notably, TCR-induced mTORCl localization to the lyso-
some is essential for increased mTORCl activity and glycolytic ac-
tivity and contributes to the asymmetric division of CD8* T cells
(Pollizzi et al., 2016). mTORC2 localization in proximity to the
mitochondria, ER, and mitochondria-associated ER membrane
(MAM) has consistently been identified (Miyamoto et al., 2008;
Giorgi et al., 2010; Betz and Hall, 2013). However, the physiolog-
ical relevance of mTORC1 or mTORC2 subcellular localization in
T reg cells has not been clearly established.

Here, we found that TRAF3IP3 actively restrained mTORC1
at the lysosome to restrict glycolytic metabolism and maintain T
reg cell stability and function. This TRAF3IP3-mediated suppres-
sion of mTORCI signaling and T reg cell glycolysis was depen-
dent on the activity of the serine/threonine phosphatase PP2A.
Mechanistically, TRAF3IP3 recruited the PP2A catalytic subunit
(PP2Ac) to the lysosome and facilitated the interaction of PP2Ac
with the mTORCI component Raptor following TCR and CD28
stimulation. These findings identify TRAF3IP3 as a metabolic
regulator in the maintenance of T reg cell identity and suggest a
lysosome-specific mTORCI signaling mechanism that regulates
T reg cell metabolism.

Results

TRAF3IP3 is required for T reg cell maintenance and function
TRAF3IP3 is required for thymocyte development (Zou et al.,
2015), but the potential role of TRAF3IP3 in different T cell subsets
is still unknown. Interestingly, a comparison of different CD4* T
cell subsets generated in vitro revealed higher TRAF3IP3 expres-
sion in T reg cells (Fig. 1 A), which prompted us to investigate the
role of TRAF3IP3 in T reg cell function. To this end, we crossed
Traf3ip3-flox mice with Foxp3-Cre mice to generate Traf3ip3 T
reg cell conditional knockout mice (Traf3ip3%/fFoxp3-Cre), in
which TRAF3IP3 was specifically deleted in T reg cells (Fig. 1 B).
The 6-wk-old Traf3ip3%"/fFoxp3-Cre mice did not show obvious
abnormalities in thymocyte development or peripheral T cell
frequency (Fig. 1, C and D). The 8-wk-old wild-type (Traf3ip3+/*
Foxp3-Cre) mice and Traf3ip31/1 Foxp3-Cre mice had similar pro-
portions of activated or memory-like CD4* and CD8* T cells in the
spleen, as well as similar proportions of IFN-y-producing CD4*
and CD8* effector T (T eff) cells (Fig. 1, E and F). In addition, the
percentage and number of T reg cells in the thymus, spleen, and
peripheral lymph nodes of 6-wk-old Traf3ip3*/* Foxp3-Cre mice
and Traf3ip3%"/1Foxp3-Cre mice were also comparable (Fig. 1, G
and H). However, the percentage and number of T reg cells in
the lung and liver from 6-wk-old Traf3ip3"/1Foxp3-Cre mice
were significantly lower than those from Traf3ip3*/*Foxp3-Cre
mice (Fig. 2 A). Moreover, 8-mo-old Traf3ip31/1Foxp3-Cre mice
showed remarkably lower frequency and number of T reg cells
in the spleen, peripheral lymph nodes, lung, and liver (Fig. 2 B).
Furthermore, 8-mo-old Traf3ip3"/fFoxp3-Cre mice displayed
autoimmune symptoms with lymphocytic infiltration into many
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nonlymphoid organs (Fig. 2 C), indicating that TRAF3IP3 in T reg
cells prevents autoimmune responses.

We next examined whether TRAF3IP3 is required for T reg cell
suppressive function. Although TRAF3IP3 deficiency did not alter
the surface/transcriptional profiles in splenic T reg cells from
8-wk-old mice (Fig. 2 D and Fig. S1), T reg cell suppressive activity
in vitro was impaired after TRAF3IP3 deletion (Fig. 2 E). Using
a well-characterized adoptive transfer approach to measure T
reg cell function in vivo (Chang et al., 2012), we observed that
the transfer of TRAF3IP3-deficient T reg cells along with naive
CD45RBM CD4* T cells resulted in gradual weight loss (Fig. 2 F),
hyperplasia of the colonic mucosa (Fig. 2 G), and a greater fre-
quency of memory and effector-like T cells (Fig. 2 H), whereas
transferring of Traf3ip3*/*Foxp3-Cre T reg cells along with naive
CD45RBM CD4* T cells did not (Fig. 2, F-H). Collectively, TRAF3IP3
is required for T reg cell maintenance and function.

T reg cell deletion of TRAF3IP3 boosts antitumor responses
The findings that TRAF3IP3 deficiency suppresses T reg cell
function indicated that targeting TRAF3IP3 might boost anti-
tumor immune responses. We next examined the role of the T
reg-specific deletion of TRAF3IP3 in regulating antitumor im-
munity in a B16-F10 melanoma model. Compared with Traf3ip3*/*
Foxp3-Cre mice, Traf3ip3"/1 Foxp3-Cre mice exhibited a profound
reduction in tumor size (Fig. 3 A) and an increased frequency
of IFN-y-producing CD4* and CD8* T eff cells infiltrating the
tumors (Fig. 3, B and C). Although Traf3ip3*/*Foxp3-Cre and
Traf3ip3"/1Foxp3-Cre mice exhibited similar frequencies of tu-
mor-infiltrating T reg cells (Fig. 3, B and C), the tumor-infiltrat-
ing Traf3ip31/1Foxp3-Cre T reg cells inhibited the proliferation
of native T cells in vitro less potently than the tumor-infiltrating
Traf3ip3*/*Foxp3-Cre T reg cells (Fig. 3 D). In the MC38 colon
carcinoma model, TRAF3IP3 ablation in T reg cells also signifi-
cantly suppressed tumor growth and enhanced antitumor immu-
nity (Fig. 3, E and F). Remarkably, the combination of anti-PD-1
treatment and TRAF3IP3 deletion in T reg cells had a significant
synergistic effect, leading to a profound reduction in the size of
B16 tumors and tumor-induced lethality (Fig. 3, G and H). These
data suggest that targeting TRAF3IP3 in T reg cells may be an ap-
proach for promoting antitumor T cell responses and improving
tumor immunotherapy.

TRAF3IP3 ablation affects T reg cell transcriptional

programs and stability

To explore TRAF3IP3-dependent transcriptional programs, we
performed RNA sequencing using T reg cells activated in vitro
(Fig. 4 A). Interestingly, TRAF3IP3-deficient T reg cells simulta-
neously acquired the expression of genes associated with effec-
tor cell differentiation, such as Ifng, 14, 1113, Il17a, I117f, and 1121
(Fig. 4 B). In contrast, the loss of TRAF3IP3 in T reg cells resulted
in impaired transcription of the T reg cell signature gene Foxp3
(Fig. 4 B). Notably, the expression of c-Myc-associated genes,
including Mki67 and Hk2, was up-regulated in TRAF3IP3-defi-
cient T reg cells (Fig. 4 C), which was associated with T reg cell
instability (Wei et al., 2016). We next investigated whether the
dysregulated transcriptional programs in TRAF3IP3-deficient T
reg cells were a cell-autonomous defect. We generated chimeric
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Figure 1. T cell development and homeostasis in Traf3ip3VfFoxp3-Cre mice. (A and B) IB analysis of TRAF3IP3 in various T cell subsets differentiated in
vitro (A) or sorted CD4*YFP~ and CD4*YFP* splenocytes of Traf3ip3*/*Foxp3-Cre (wild-type [WT]) and Traf3ip3""Foxp3-Cre mice (KO; B). (C) Flow cytomet-
ric analysis of the percentage of CD4* and CD8" T cells from the thymus and spleen of 6-wk-old mice. (D) Cell number of CD4-CD8- (DN), CD4*CD8* (DP),
CD4*CD8" (CD4), and CD4-CD8* (CD8) in the thymus and CD4* and CD8" T cells in the spleen of 6-wk-old mice. (E) Flow cytometric analysis of the frequency
of naive (CD44'°CD62L") and memory-like (CD44MCD62LY for CD4* and CD44" for CD8* T cells) CD4* and CD8* T cells in total splenocytes from 8-wk-old
Traf3ip3*/* Foxp3-Cre and Traf3ip3"Foxp3-Cre mice. (F) Flow cytometric analysis of the percentage of IFN-y-producing CD4* and CD8" T cells in the spleen
from 8-wk-old Traf3ip3*/* Foxp3-Cre and Traf3ip3V Foxp3-Cre mice. (G) Flow cytometric analysis of the percentage of CD4*Foxp3* T cells in the thymus, spleen,
and peripheral lymph node (pLN) from 6-wk-old Traf3ip3*/* Foxp3-Cre and Traf3ip3"Foxp3-Cre mice. (H) Summary graphs of the percentage and number of
CD4*Foxp3* T cells in the thymus (Thy), spleen (Spl), and peripheral lymph node (pLN) from 6-wk-old Traf3ip3*/* Foxp3-Cre and Traf3ip3"Foxp3-Cre mice. Data
are representative of three independent experiments and are presented as mean + SEM. ns, not statistically significant. Student’s t test. n = 5 in each group.

mice by reconstituting Ragl™/~ mice with a mixture of bone mar-
row (BM) cells from Traf3ip3%/fFoxp3-Cre (CD45.1-CD45.2*) mice
and Traf3ip3*/* Foxp3-Cre (CD45.1*CD45.2*) mice and performed
RNA sequencing using CD45.1-CD45.2* and CD45.1°CD45.2* T reg
cells activated in vitro. TRAF3IP3-deficient T reg cells (CD45.1
CD45.2*) from the mixed chimeric mice showed higher levels
of T eff- and c-Myc-associated genes, but lower level of Foxp3
(Fig. 4 D). These RNA sequencing analyses indicate a crucial role
for TRAF3IP3 in regulating T reg cell transcriptional programs.
We next used an in vitro system to measure the cytokine
profiles of T reg cells stimulated for 24 h with anti-CD3 and an-
ti-CD28 antibodies. Compared with Traf3ip3*/*Foxp3-Cre T reg
cells, Traf3ip311Foxp3-Cre T reg cells exhibited elevated IFN-y
and IL-17 protein levels after in vitro culture (Fig. 4 E and Fig.
S2). In an in vitro system to examine T reg cell stability (Feng et
al., 2014; Lietal., 2014), TRAF3IP3-deficient T reg cells exhibited
lower levels of Foxp3 (Fig. 4 F). Notably, activated T reg cells from
Traf3ip3%/1Foxp3-Cre mice exhibited higher levels of c-Myc and
the c-Myc-associated proliferation marker Ki-67 than T reg cells
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from Traf3ip3*/* Foxp3-Cre mice (Fig. 4, G and H). Consistently,
TRAF3IP3-deficient T reg cells (CD45.1-CD45.2*) from the mixed
chimeric mice showed much higher effector cytokine, but lower
Foxp3 expression (Fig. 4, 1and J), and displayed a substantial in-
crease in c-Myc and Ki-67 expression (Fig. 4 K). Thus, TRAF3IP3
ablation affects T reg cell transcriptional programs and stability.

TRAF3IP3 restricts glycolytic metabolism in T reg cells

c-Myc is a crucial regulator of T cell glycolysis, which is critical
for T cell growth (Wang et al., 2011). Indeed, in vitro-cultured
Traf3ip3"/AFoxp3-Cre T reg cells displayed increases in cell size
(Fig. 5 A), which prompted us to examine the involvement of
metabolic programs. Interestingly, TRAF3IP3-deficient T reg
cells had significantly higher baseline and maximum glycolytic
rates than the Traf3ip3*/*Foxp3-Cre T reg cells stimulated with
TCR and CD28 (Fig. 5 B), indicating that TRAF3IP3 regulates T
reg cell glycolysis. In contrast, activated TRAF3IP3-deficient and
TRAF3IP3-sufficient T reg cells displayed similar OXPHOS rates,
both at baseline and at maximum capacity (Fig. 5 C). We further
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Figure 2. TRAF3IP3 is required for T reg cell maintenance and function. (A) Flow cytometric analysis of CD4*Foxp3* T cells in the lung and liver from
6-wk-old Traf3ip3/* Foxp3-Cre and Traf3ip3VFoxp3-Cre mice. (B) Flow cytometric analysis of CD4*Foxp3* T cells in the spleen (Spl), peripheral lymph node
(pLN), lung, and liver from 8-mo-old Traf3ip3*/*Foxp3-Cre and Traf3ip3" " Foxp3-Cre mice. (C) Hematoxylin and eosin staining of the indicated tissue sections
of age- and sex-matched 8-mo-old Traf3ip3*/*Foxp3-Cre mice and Traf3ip3"VFoxp3-Cre mice. (D) Expression of surface markers on CD4*Foxp3* T reg cells
from the spleens of 8-wk-old Traf3ip3*/*Foxp3-Cre mice and Traf3ip3V Foxp3-Cre mice. (E) In vitro suppressive activity of T reg cells. (F-H) Disease pheno-
type of RAG-1-deficient mice given adoptive transfer of wild-type naive CD45RB" CD4* T cells together with PBS or sorted T reg cells derived from 8-wk-old
Traf3ip3*/*Foxp3-Cre or Traf3ip3"VFoxp3-Cre mice. (F) Body weight is presented relative to initial weight. (G) Hematoxylin and eosin staining of colon sections
from recipient mice at 12 wk after adoptive transfer. (H) Frequency of cytokine-producing CD4* T cells in the mesenteric lymph nodes from recipient mice at
12 wk after adoptive transfer. Bars, 500 um. Data are representative of three or more independent experiments and are presented as mean + SEM. ns, not

statistically significant; *, P < 0.05; **, P < 0.01. n = 5 in each group.

confirmed that T reg cells were less glycolytic than conven-
tional CD4* T cells (Fig. 5 D), and TRAF3IP3-deficient T reg cells
(CD45.1°CD45.2*) from the mixed chimeric mice had increased
glycolytic rates and normal OXPHOS rates (Fig. 5 E). Notably, TCR
and CD28 signals stimulated the expressions of metabolic mas-
ter regulator HIF1-a, glucose transporter GLUT1 and glycolytic
enzyme hexokinase 2, which were remarkably augmented in
TRAF3IP3-deficient T reg cells (Fig. 5 F and Fig. S3). Consistently,
direct measurements of glucose uptake in TCR and CD28-stim-
ulated T reg cells showed about twofold increases in the uptake
of the fluorescent glucose analogue 2-NBDG after TRAF3IP3 de-
letion (Fig. 5 G). These results suggest that TRAF3IP3 restricts T
reg cell glycolytic metabolism.

To examine the functional importance of glycolysis, we
treated T reg cells with dichloroacetate (DCA) in the T reg cell sta-
bility assay in vitro; DCA targets pyruvate dehydrogenase kinase
to shift glycolysis toward OXPHOS (Gerriets et al., 2015). Of note,
DCA greatly restored Foxp3 expression but diminished IFN-y and
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IL-17 production in TRAF3IP3-deficient T reg cells (Fig. 5, H and
I). Moreover, DCA treatment increased the suppressive function
of TRAF3IP3-deficient T reg cells (Fig. 5]). Therefore, hyper-gly-
colytic metabolism of TRAF3IP3-deficient T reg cells results in
the impaired T reg cell stability and function.

Aberrant mTORC1 activity leads to TRAF3IP3-deficient T reg
cell instability

Given that mTOR signaling can destabilize T reg cells by disturb-
ing their transcriptional programs and promoting glycolytic
metabolism (Wei et al., 2016; Zeng and Chi, 2017), we sought
to determine whether TRAF3IP3 regulates the activity of the
mTOR signaling pathway. Indeed, immunoblot (IB) analysis
revealed increased phosphorylation of ribosomal protein S6 ki-
nase B-1 (S6K1) and ribosomal protein S6, indicative of mTORC1
activation, in Traf3ip3"/1Foxp3-Cre T reg cells stimulated with
anti-CD3 and anti-CD28 (Fig. 6 A). In contrast, AKT phosphor-
ylation at Thr 308 or Ser473 in Traf3ip3"/fFoxp3-Cre T reg cells
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Figure 3. TRAF3IP3 deletion in T reg cells boosts antitumor responses. (A) Tumor growth in 8-wk-old Traf3ip3*/* Foxp3-Cre mice and Traf3ip3"V"Foxp3-Cre
mice injected s.c. with B16-F10 melanoma cells (n = 8 mice per group). (B and C) Flow cytometric analysis of the frequency of IFN-y-producing CD4* or CD8* T
cells and Foxp3*CD4* T cells in tumors from Traf3ip3*/*Foxp3-Cre mice and Traf3ip3"Foxp3-Cre mice injected s.c. with B16-F10 melanoma cells (day 14 after
injection). Data are presented as representative plots (B) and summary graphs (C). (D) CFSE-labeled OT-I T cells were co-cultured with OVA peptide (257-264)
and splenocytes from wild-type mice for 24 h in the presence of the indicated ratios of T reg cells sorted from tumors of Traf3ip3*/*Foxp3-Cre mice or Traf3ip31/1
Foxp3-Cre mice. (E) Tumor growth of 8-wk-old Traf3ip3*/*Foxp3-Cre mice and Traf3ip3V Foxp3-Cre mice injected s.c. with MC38 colon cancer cells (n = 8 mice
per group). (F) Flow cytometric analysis of the frequency of IFN-y-producing CD4* or CD8" T cells and Foxp3*CD4* T cells in tumors of Traf3ip3*/*Foxp3-Cre
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of 8-wk-old Traf3ip3+/*Foxp3-Cre mice and Traf3ip3VFoxp3-Cre mice injected s.c. with B16-F10 melanoma cells (n = 10) followed by i.p. injection with PD-1
antibody on days 7, 10, and 13. Ctrl, control antibodies. Data are representative of at least three independent experiments and are presented as mean + SEM.

ns, not statistically significant; *, P < 0.05; **, P < 0.01. n =5, 8, or 10 in each group.

was unaltered (Fig. 6 A). Furthermore, upon stimulation with
anti-CD3 plus anti-CD28, Traf3ip3*/*Foxp3-Cre and Traf3ip3%/1
Foxp3-Cre T reg cells had similar level of MEK, ERK, JNK, p38,
and p65 phosphorylation (Fig. 6 B). Consistent with our finding
of elevated mTORCI activity in TRAF3IP3-deficient T reg cells,
Traf3ip3"/fFoxp3-Cre T reg cells (CD45.1-CD45.2*) from the
mixed chimeric mice displayed increases in S6 and S6K1 phos-
phorylation (Fig. 6 C). Therefore, TRAF3IP3 inhibits mTORC1
activation in T reg cells.

To determine the contribution of elevated mTORCl activity to
TRAF3IP3-deficient T reg cell instability, we stimulated T reg cells
from Traf3ip3*/* Foxp3-Cre and Traf3ip31/1Foxp3-Cre mice with
anti-CD3 and anti-CD28 in the presence or absence of the mTORC1
inhibitor rapamycin. Rapamycin treatment considerably reduced
c-Myc and Ki-67 expression in TRAF3IP3-deficient T reg cells
(Fig. 6 D). In addition, rapamycin-treated TRAF3IP3-deficient
T reg cells showed a substantial decrease in cell size (Fig. 6 E).
Rapamycin treatment also lowered the extracellular acidifica-
tion rate and erased the differences between TRAF3IP3-defi-
cient and TRAF3IP3-sufficient T reg cells (Fig. 6 F), indicating
a crucial role for mTORC1 in TRAF3IP3-dependent glycolytic

Yuetal.
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homeostasis. TRAF3IP3-deficient and TRAF3IP3-sufficient T reg
cells displayed similar OXPHOS rates, both in the absence and
presence of rapamycin (Fig. 6 G), suggesting a dispensable role of
TRAF3IP3 in regulating T reg cell OXPHOS. Importantly, rapamy-
cin greatly diminished IFN-y and IL-17 production, but restored
Foxp3 expression in TRAF3IP3-deficient T reg cells (Fig. 6, Hand
I). Moreover, rapamycin treatment increased the suppressive
function of TRAF3IP3-deficient T reg cells (Fig. 6 J). Together,
these results suggest that aberrant mTORCI activity contributes
to TRAF3IP3-deficient T reg cell hyper-glycolysis and instability.

TRAF3IP3 is involved in the regulation of PP2A

activity in T reg cells

PP2A can maintain T reg cell metabolic programs and suppressive
function by restraining mTORCl activity (Apostolidis etal., 2016).
Mass spectrometry analysis has indicated that TRAF3IP3 is asso-
ciated with components of PP2A (Goudreault etal., 2009; Huttlin
etal., 2017). Interestingly, transient transfection of HEK293T cells
with the respective constructs demonstrated an interaction be-
tween TRAF3IP3 and PP2Ac (Fig. 7 A). Additionally, TRAF3IP3
was found to physically interact with PP2Ac, but not the scaffold
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Figure 4. TRAF3IP3 regulates T reg cell effector programs and stability. (A-C) Splenic T reg cells obtained from Traf3ip3*/* Foxp3-Cre (wild-type [WT])
mice and Traf3ip3"Foxp3-Cre (KO) were stimulated with anti-CD3 and anti-CD28 antibodies for 24 h and subjected to RNA sequencing. (A) A heat map of
highly variable genes (top 1,000). (B and C) Heat maps of up-regulated or down-regulated genes identified in TRAF3IP3-deficient T reg cells relative to that in
wild-type T reg cells. (D) A heat map of indicated genes in TRAF3IP3-deficient (CD45.1-CD45.2%) and wild-type (CD45.1*CD45.2*) T reg cells (CD4*CD25*YFP*)
from mixed chimeric mice stimulated with anti-CD3 and anti-CD28 antibodies for 24 h. Differentially expressed genes are normalized by z-score. (E and F)
IFN-y and IL-17 expression (E) or Foxp3 expression (F) in Traf3ip3*/*Foxp3-Cre and Traf3ip3"Foxp3-Cre T reg cells stimulated with anti-CD3 and anti-CD28
antibodies for 24 h. (G) IB analysis of c-Myc in Traf3ip3*/*Foxp3-Cre and Traf3ip3VFoxp3-Cre T reg cells stimulated as indicated. (H) Ki-67 expression in
Traf3ip3*/*Foxp3-Cre and Traf3ip3VFoxp3-Cre T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 24 h. (1 and J) IFN-y and IL-17 expression (|)
or Foxp3 expression (J) in TRAF3IP3-deficient (CD45.1-CD45.2*) and wild-type (CD45.1*CD45.2*) T reg cells from mixed chimeric mice stimulated with anti-CD3
and anti-CD28 antibodies for 24 h. (K) Flow cytometric analysis of c-Myc or Ki-67 in TRAF3IP3-deficient (CD45.1-CD45.2*) and wild-type (CD45.1°CD45.2*) T
reg cells from mixed chimeric mice stimulated for 8 or 24 h. Data are representative of at least three independent experiments and are presented as mean +
SEM. *, P < 0.05; **, P < 0.01. n = 5 in each group (E-K).

IL-17

A subunit (PP2Aa) or the regulatory B subunit (PP2Ab) in T reg
cells (Fig. 7, B and C). Therefore, we asked whether TRAF3IP3
deficiency in T reg cells affects PP2A activity. Indeed, treating
wild-type T reg cells with sphingomyelinase (SMase), which stim-
ulates PP2A activation by inducing the production of ceramide
(Dobrowsky et al., 1993), decreased S6 and S6K1 phosphoryla-
tion (Fig. 7, D and E). However, SMase treatment had a negligible
effect on mTORCI activation in TRAF3IP3-deficient T reg cells
(Fig. 7, D and E). Moreover, although SMase-treated wild-type
T reg cells displayed a substantial decrease in c-Myc and Ki-67
expression and glycolytic rates, this effect was not observed in
TRAF3IP3-deficient T reg cells after SMase treatment (Fig. 7, Fand
G). Consistently, SMase did not alter IFN-y and IL-17 production
in TRAF3IP3-deficient T reg cells (Fig. 7 H). Therefore, TRAF3IP3
is involved in the regulation of PP2A activity in T reg cells.

Yuetal.
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To confirm the functional importance of PP2A, we transduced
in vitro activated naive TRAF3IP3-deficient CD4* T cells with
PP2Ac and subsequently cultured these cells under T reg cell po-
larizing conditions (Fig. 7 I). PP2Ac-overexpressed wild-type T
reg cells exhibited decreased S6 phosphorylation, glycolytic rates,
and IFN-y production (Fig. 7,]-L). However, PP2Ac overexpres-
sion in TRAF3IP3-deficient T reg cells did not significantly alter
S6 phosphorylation, glycolytic rates and IFN-y production (Fig. 7,
J-L). These results suggest that TRAF3IP3 is required for PP2A
function to inhibit mTORCI signaling and glycolysis in T reg cells.

TRAF3IP3 mediates PP2A-mTORC1 axis at the lysosome

Given that mTORCI localization to the lysosome is essential for
its activation during T cell activation (Pollizzi et al., 2016), we
asked whether the transmembrane protein TRAF3IP3 local-
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Figure 5. TRAF3IP3 restricts T reg cell glycolytic metabolism. (A) Flow cytometric analysis of FSC-A of Traf3ip3*/*Foxp3-Cre and Traf3ip3VFoxp3-Cre
T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 24 h. The numbers above the graphs indicate mean fluorescence intensity. (B) ECAR of
Traf3ip3*/*Foxp3-Cre and Traf3ip3"Foxp3-Cre T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 24 h under basal conditions (Bas) or at maxi-
mum (Max) with the addition of glucose (Glu), oligomycin (Oli), and 2-deoxy-d-glucose (2-DG). (C) Extracellular flux analysis of the OCRs of Traf3ip3*/* Foxp3-Cre
and Traf3ip3VFoxp3-Cre T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 24 h under basal conditions (Bas) or at maximum (Max) with the
addition of oligomycin (Oli), the mitochondrial uncoupler FCCP, and rotenone plus antimycin A (R+A). (D) ECAR of T reg cells and conventional CD4* T cells
stimulated with anti-CD3 and anti-CD28 for 24 h. (E) ECAR of TRAF3IP3-deficient (CD45.1-CD45.2*) and wild-type (CD45.1°CD45.2*) T reg cells from mixed
chimeric mice stimulated with anti-CD3 and anti-CD28 for 24 h. (F) IB analysis of the indicated proteins in Traf3ip3*/*Foxp3-Cre and Traf3ip3"VFoxp3-Cre T
reg cells stimulated as indicated. (G) Traf3ip3*/*Foxp3-Cre and Traf3ip3"VFoxp3-Cre T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 36 h
and analyzed by flow cytometry for glucose uptake (as measured by 2-NBDG uptake). (H and I) Flow cytometric analysis of Foxp3 expression (H) or IFN-y and
IL-17 expression (I) in Traf3ip3*/*Foxp3-Cre and Traf3ip3VFoxp3-Cre T reg cells stimulated for 24 h with antibodies against CD3 and CD28 in the presence of
DMSO or DCA. (J) In vitro suppression of T eff cells by Traf3ip3/*Foxp3-Cre and Traf3ip3"Foxp3-Cre T reg cells after incubation together at a T eff/T reg ratio
of 2:1in the presence of DMSO or DCA. The data shown are representative of three or more independent experiments and are presented as mean + SEM. ns,

not statistically significant; *, P < 0.05; **, P < 0.01; n = 4 in each group.

izes to the lysosome and mediates the lysosomal recruitment
of PP2A to inhibit mTORCI. Indeed, confocal microscopy as-
says revealed that ~50% of TRAF3IP3 localized to the lysosome
and only ~10% of TRAF3IP3 localized to the Golgi in T reg cells
(Fig. 8 A). However, TRAF3IP3 did not localize to the plasma
membrane in T reg cells (Fig. 8 B). Notably, the lysosomal PP2Ac
levels were lower in TRAF3IP3-deficient T reg cells (Fig. 8, C
and D), indicating that TRAF3IP3 recruits PP2Ac to the lyso-
some in T reg cells. Only ~5% of MEK localized to the Golgi
and the constitutive Golgi localization of MEK was unaffected
after TRAF3IP3 depletion in T reg cells (Fig. 8, E and F), sug-
gesting a dispensable role of TRAF3IP3 in Golgi localization of
MEK in T reg cells. Interestingly, Raptor and S6K1 were trans-
ferred to the lysosome following TCR and CD28 stimulation in
a TRAF3IP3-independent manner (Fig. 8, G and H). Consistent
with our finding of elevated mTORCI activity in TRAF3IP3-de-
ficient T reg cells, in response to TCR/CD28 stimulation, the in-
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ducible phosphorylation of S6K1 was enhanced at the lysosomes
of TRAF3IP3-deficient T reg cells (Fig. 8 H).

PP2A has been implicated in the regulation of mTORC1
activity through its association with Raptor in T reg cells
(Apostolidis etal., 2016). Consistent with this finding, TCR- and
CD28-stimulated binding of PP2Ac to Raptor was observed in
wild-type T reg cells (Fig. 9 A). Indeed, the inducible associa-
tion of PP2Ac with Raptor was reduced after TRAF3IP3 deple-
tion (Fig. 9 A). However, the binding between TRAF3IP3 and
Raptor in T reg cells was not detectable (Fig. 9 B). In addition,
TCR- and CD28-stimulated Raptor-mTOR interaction was not
altered after TRAF3IP3 depletion (Fig. 9 C). Importantly, the in-
ducible binding of PP2Ac with Raptor in the lysosomal fraction
was remarkably diminished in TRAF3IP3-deficient T reg cells
(Fig. 9 D), whereas the inducible binding of mTOR with Raptor
in the lysosomal fraction was not affected in TRAF3IP3-defi-
cient T reg cells (Fig. 9 E). These data suggest that TRAF3IP3

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20180397

920z Areniged 60 uo 3senb Aq 4pd°26£0810Z Wal/0L¥09.1/€912/6/G1z/pd-elonie/wal/Bio sseidni//:dpy woy peapeojumoq

2469



A B C D

Traf3ip3*  Traf3ip3"n Traf3jp3**  Traf3ip3" CD45.1* CD45.1~ %

Foxp3-Cre  Foxp3-Cre wCDas  FoX3Cre  Foxp3-Cre CD452°  CD45.2* o Ko |DMSO
oCh3+ — — oCD28(h) 0 2 4 0 2 4 Mw oCD3#* —m0o— ———— = WT | Rapamycin
«-CD28(h) 0 2 4 0 2 4 MW a-CD28h) 0 2 4 0 2 4 MW KO

P-MEK s s 45
p-S6K1 S 7o a1 p-S6K1 - S 70 .80 60
p-ERK _—Ss 3 I T )
p-S6 . —— 3D p-S6 — 32 0 = Kk k%
P-P38 S ——— e ——— 38 2 40
P-AKT(T308) | e s e w60 p-INK 54 P-MEK o e 45 z "
P-AKT(SA73) ——— GO R — 47 _ERK == amas &
HISPER E— p-p65 - e 5 P 42 ¥4
| ———
S ————
HSPE0 s s s s——— 60 HSP60 60 g
E o wT F o wT G o wT
o <o |DMSO = o |DMSO o «o |DMSO
| wT i | wT 1
= Ko |Rapamycm Oli FCCP R+A = Ko | Rapamycin
2% _ 60 LS e 150 o _150
€ = € 1 1 £
z® £ 3 100 1 i £ .00
= I 40{—— =
E40 S g : £
~ = ) -~
% 20 x 20 % 50 > 50
O S o o
“ o = 0 0
0 20 40 60 80 9 0 20 40 60 80
Time (min) Time (min)
H DMSO Rapamycin L] WT| | m WT| Jm WTI
pamy! %) DMSO | o DMSO = «o DMSO
Traf3ip3*/* Traf3ip3 Traf3ip3+* Traf3jp3if LA | Rapamycin = WT | Rapamycin = wT l Rapamycin
Foxp3-Cre Foxp3-Cre Foxp3-Cre Foxp3-Cre = ko KO KO
16.9 3.02 3.59 _20 ** 45 15 3 60
3 2 -y *%* % *%
% 15 + A 2
g g10 ** z 1.0 g 40
e” L Q05 £ 20
2 o g :
2 ]
£ 2 9 0 g o

IL-17

Figure 6. Aberrant mTORCI signaling leads to TRAF3IP3-deficient T reg cell instability. (A and B) IB analysis of the indicated proteins in Traf3ip3*/*
Foxp3-Cre and Traf3ip3"Foxp3-Cre T reg cells stimulated as indicated. (C) IB analysis of the indicated proteins in TRAF3IP3-deficient (CD45.1-CD45.2)
and wild-type (CD45.1°CD45.2*) T reg cells from mixed chimeric mice stimulated as indicated. (D) Flow cytometric analysis of c-Myc or Ki-67 expression in
Traf3ip3*/*Foxp3-Cre (wild-type [WT]) and Traf3ip3VFoxp3-Cre (KO) T reg cells stimulated for 8 or 24 h with antibodies against CD3 and CD28 in the presence
of DMSO or rapamycin. (E-G) FSC-A (E), ECAR (F), and OCR (G) of Traf3ip3*/* Foxp3-Cre (WT) and Traf3ip3V Foxp3-Cre (KO) T reg cells stimulated for 24 h
with antibodies against CD3 and CD28 in the presence of DMSO or rapamycin. (H and I) Flow cytometric analysis of IFN-y and IL-17 expression (H) or Foxp3
expression (1) in Traf3ip3*/* Foxp3-Cre and Traf3ip3"Foxp3-Cre T reg cells stimulated for 24 h with antibodies against CD3 and CD28 in the presence of DMSO
or rapamycin. (J) In vitro suppression of T eff cells by Traf3ip3*/* Foxp3-Cre and Traf3ip3VFoxp3-Cre T reg cells after incubation together at a T eff/T reg ratio
of 2:1in the presence of DMSO or rapamycin. Data are representative of at least three independent experiments and are presented as mean + SEM. ns, not
statistically significant; *, P < 0.05; **, P < 0.01. n = 5 in each group.

facilitates the PP2Ac-Raptor interaction by recruiting PP2Acto  tion and its function in mediating the lysosomal recruitment of
the lysosome in T reg cells. PP2A to inhibit mTORCI signaling in T reg cells.

To examine the role of the transmembrane domain (TM) of
TRAF3IP3 in mTORCI1 activity and T reg cell stability, we trans-
duced naive TRAF3IP3-deficient CD4* T cells with wild-type ~Discussion
TRAF3IP3 (T3) or a mutant lacking the TM and subsequently =~ We identified TRAF3IP3 as a metabolic regulator of T reg cell sta-
cultured these cells under T reg cell polarizing conditions. Al-  bility and function. The genetic ablation of TRAF3IP3 in T reg
though TRAF3IP3 and its mutant were comparably expressed in  cells greatly impaired their suppressive functions, resulting in
the differentiated T reg cells, expression of wild-type TRAF3IP3, the development of inflammatory disorders and stronger an-
but not the mutant, suppressed mTORCl activity (Fig. 9,Fand G).  titumor T cell responses. TRAF3IP3 deletion up-regulated the
Importantly, wild-type TRAF3IP3, but not the mutant, localized = metabolic regulator c-Myc and promoted glycolytic metabolism
to the lysosome and recruited PP2Ac (Fig. 9 H). As expected, ex-  in an mTORC1-dependent manner, leading to T reg cell instabil-
pression of wild-type TRAF3IP3, but not the mutant, increased  ity. Mechanistically, TRAF3IP3 mediated the lysosomal recruit-
the PP2Ac-Raptor interaction in TRAF3IP3-deficient T reg cells ment of PP2Ac, and the resulting PP2Ac-Raptor interaction in
(Fig. 9 T). Furthermore, wild-type TRAF3IP3-expressing T cells, turn restricted mTORCI activity to maintain T reg cell stabil-
but not mutant-expressing T cells, displayed a substantial de- ity and function.
crease in c-Myc and Ki-67 expression (Fig. 9]J) and showed much In our study, TRAF3IP3 was observed to localize to the lyso-
higher Foxp3 (Fig. 9 K), but lower IFN-y expression (Fig. 9 L). some and Golgi, but not the plasma membrane, indicating that
Thus, the TM of TRAF3IP3 is required for its lysosomal localiza- TRAF3IP3 is a transmembrane protein mainly localizing to the
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Figure 7. TRAF3IP3isinvolved in the regulation of PP2A activity in T reg cells. (A) TRAF3IP3-PP2Ac coimmunoprecipitation (co-IP) assays using HEK293T
cells transfected with the indicated expression vectors. (B and C) Lysates of Traf3ip3*/* Foxp3-Cre and Traf3ip3" Foxp3-Cre T reg cells stimulated for 4 h were
subjected to IP using an antibody against TRAF3IP3 (IP3) or control Ig (Ctrl). (D) Flow cytometric analysis of p-S6 expression in Traf3ip3*/* Foxp3-Cre (wild-type
[WT]) and Traf3ip3"Foxp3-Cre (KO) T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 4 h in the presence of SMase (0.5 U/ml) or vehicle
(50% glycerol in PBS). The numbers above the graphs indicate mean fluorescence activity. (E) IB analysis of p-S6K1 expression in Traf3ip3*/* Foxp3-Cre or
Traf3ip31AFoxp3-Cre T reg cells stimulated as indicated. (F) Flow cytometric analysis of c-Myc and Ki-67 expression in Traf3ip3*/* Foxp3-Cre (wild-type [WT])
and Traf3ip3V Foxp3-Cre (KO) T reg cells stimulated with anti-CD3 and anti-CD28 antibodies for 8 or 24 h in the presence of SMase or vehicle. (G) ECAR of
Traf3ip3+/*Foxp3-Cre (wild-type [WT]) and Traf3ip3VFoxp3-Cre (KO) T reg cells stimulated for 24 h with antibodies against CD3 and CD28 in the presence
of SMase or vehicle. (H) Flow cytometric analysis of IFN-y and IL-17 expression in Traf3ip3*/*Foxp3-Cre (wild-type [WT]) and Traf3ip3VFoxp3-Cre (KO) T reg
cells stimulated for 24 h with antibodies against CD3 and CD28 in the presence of SMase or vehicle. (1) IB analysis of Flag-PP2Ac in naive Traf3ip3*/* Cd4-Cre
(wild-type [WT]) and Traf3ip3V1Cd4-Cre (KO) CD4* T cells transduced with either an empty vector (EV) or PP2Ac expression vector under T reg cell polarizing
conditions. (J-L) p-S6 expression (J), ECAR (K), and cytokine expression (L) of transduced T reg cells from (1) stimulated for 4 (J) or 24 h (K and L) with antibodies
against CD3 and CD28. Data are representative of three independent experiments and are presented as mean + SEM. ns, not statistically significant; *, P <
0.05. n=5in each group.

intracellular organelles in T reg cells. These findings suggest Our results demonstrated an important role for TRAF3IP3 in
that TRAF3IP3 is unlikely to be involved in the regulation of T mediating the metabolic control of T reg cells. In the absence of
reg cell immunological synapses, explaining why the TRAF3IP3  TRAF3IP3, T reg cells exhibited altered metabolic and cytokine
deficiency did not have a global effect on T reg cell signaling.  profiles and lost the expression of Foxp3 and their suppressive
A compartmentalized BRAF-MEK-ERK signaling mechanismis functions. In resting T reg cells, mTORC1 was inactivated even
regulated by TRAF3IP3 in thymocytes (Zou et al., 2015); how-  in the absence of TRAF3IP3; however, the TCR and CD28 signals
ever, TRAF3IP3 deletion did not affect the Golgi localization stimulated the activation of mTORCI to drive T reg cell glycoly-
of MEK or the activation of MEK-ERK signaling in T reg cells.  sis. Therefore, a balance of mTORC1 signaling in resting and ac-
We found that TRAF3IP3 facilitated the lysosomal localization tivating T reg cells might exist, but how it is regulated remains
of PP2Ac to regulate mTORCI signaling in T reg cells. These to be studied. In fact, TRAF3IP3 deficiency resulted in excessive
findings suggested that the function of TRAF3IP3 as a scaf- mTORCI activity, which contributed to the enhanced glycolytic
fold protein to regulate TCR downstream signaling may be cell metabolism in activating T reg cells. Pharmacological blockade
type dependent. of mTORCI greatly diminished the glycolytic rates and restored
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Figure 8. TRAF3IP3 facilitates lysosomal localization of PP2Ac in T reg cells. (A) Confocal microscopy analysis of TRAF3IP3, LAMP1 (a lysosomal marker),
Golgin-97 (a Golgi marker), and DAPI (nuclear staining) in wild-type T reg cells stimulated for 4 h with antibodies against CD3 and CD28. Percent of fluorescent
signal overlap of the indicated molecules is shown. (B) IB analysis of the indicated proteins in the plasma membrane and nonplasma membrane fractions of
wild-type T reg cells stimulated as indicated. LAT, a plasma membrane marker. (C) Confocal microscopy analysis of PP2Ac, LAMPI, and DAPI in Traf3ip3+/*
Foxp3-Cre or Traf3ip3VFoxp3-Cre T reg cells stimulated for 4 h with antibodies against CD3 and CD28. (D) IB analysis of the indicated proteins in lysosomal or
nonlysosomal extracts of Traf3ip3*/*Foxp3-Cre and Traf3ip3"/"Foxp3-Cre Treg cells stimulated as indicated. (E) Confocal microscopy analysis of MEK, Golgin-97,
and DAPI in Traf3ip3*/* Foxp3-Cre or Traf3ip3"V"Foxp3-Cre T reg cells stimulated for 4 h with antibodies against CD3 and CD28. (F) IB analysis of the indicated
proteins in Golgi or non-Golgi extracts of Traf3ip3*/* Foxp3-Cre and Traf3ip3"VFoxp3-Cre T reg cells stimulated as indicated. (G) Confocal microscopy analysis of
Raptor, LAMP1, and DAPI in Traf3ip3/*Foxp3-Cre or Traf3ip3"VfFoxp3-Cre T reg cells stimulated for 4 h with antibodies against CD3 and CD28. (H) IB analysis
of the indicated proteins in lysosomal or nonlysosomal extracts of Traf3ip3*/*Foxp3-Cre and Traf3ip3"/Foxp3-Cre T reg cells stimulated as indicated. Data are
representative of three independent experiments and are presented as mean + SEM. Bars, 5 um. ns, not statistically significant; **, P < 0.01.

the impaired stability of TRAF3IP3-deficient T reg cells. Over-
expression of TRAF3IP3 rescued the defect in T reg cell stability
by restraining mTORCI activity. Our current findings establish
TRAF3IP3 as a metabolic regulator in the control of mTORC1-de-
pendent glycolysis to maintain T reg cell stability and function.
TCR-induced mTORCI1 localization to the lysosome is import-
ant for mTORCI-dependent glycolytic metabolism during CD8*
T cell activation (Pollizzi et al., 2016), but whether the lysosome
translocation of mTORCl s involved in T reg cell identity remains
unclear. We found that Raptor and S6K1 rapidly localized to the
lysosome in response to TCR and CD2.8 stimulation, although how
they are recruited to the lysosome in T reg cells remains to be
determined. Importantly, the inducible phosphorylation of S6K1
was observed at the lysosome upon TCR and CD28 stimulation,
suggesting the lysosome-specific activation of mTORCI in T reg
cells. Notably, TRAF3IP3-deficient T reg cells exhibited elevated

Yuetal.
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mTORCI activity at the lysosome, which was responsible for the
hyper-glycolytic metabolism and T reg cell instability. Our find-
ings provide an example for how mTORC1 signaling regulates
glycolytic metabolism to maintain T reg cell stability and func-
tion in a specific subcellular compartment.

PP2A has been implicated in regulating mTOR pathway acti-
vation (Trotman et al., 2006; Liu et al., 2011). The potassium-me-
diated suppression of both mTORC1 and mTORC2 in effector T
cells is dependent on the activity of PP2A (Eil et al., 2016). PP2A
is also required for T reg cell function via the control of mTORC1
activity (Apostolidis et al., 2016). However, how PP2A specifi-
cally regulates the activation of mTORCI but not mTORC2 in T
reg cells is unclear. We obtained strong evidence that TRAF3IP3
localizes to the lysosome and mediates the lysosomal recruitment
of PP2Ac. Although Raptor was transported to the lysosome upon
TCR and CD28 stimulation in a TRAF3IP3-independent manner,
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Figure 9. TRAF3IP3 mediates PP2A/mTORC1 axis at the lysosome of T reg cells. (A-C) 1B and co-IP assays using whole cell lysates from Traf3ip3+/*
Foxp3-Cre and Traf3ip3VFoxp3-Cre Treg cells stimulated as indicated. (B) T reg cells stimulated for 4 h were subjected to IP using an antibody against TRAF3IP3
(IP3) or control Ig (Ctrl). (D and E) 1B and co-IP assays using lysosomal membrane fractions from Traf3ip3*/*Foxp3-Cre and Traf3ip3"V"Foxp3-Cre T reg cells
stimulated as indicated. (F-L) In vitro activated naive TRAF3IP3-deficient CD4* T cells were transduced with indicated retroviruses under T reg cell polarizing
conditions. (F) CFP-positive cells were subsequently stimulated for IB analysis. EV, pCLXSN-CFP; T3, pCLXSN-TRAF3IP3-CFP; TM, pCLXSN mutant TRAF3IP3
lacking the TM-CFP. (G) Flow cytometric analysis of p-S6 expression in CFP-positive cells stimulated for 4 h. (H) 1B analysis of the indicated proteins of CFP-pos-
itive cells stimulated as indicated. (1) IB and co-IP assays using whole cell lysates from CFP-positive cells stimulated as indicated. (J) Flow cytometric analysis
of c-Myc or Ki-67 in CFP-positive cells stimulated for 8 or 24 h. (K and L) Flow cytometric analysis of Foxp3 (K), IFN-y and IL-17 expression (L) in CFP-positive
cells stimulated for 24 h. Data are representative of at least three independent experiments and are presented as mean + SEM; ¥, P < 0.05.

decreased PP2Ac binding with Raptor at the lysosome, as well
as increased mTORCI activity, were observed in TRAF3IP3-defi-
cient T reg cells. Importantly, the ability of TRAF3IP3 to mediate
thelysosomal recruitment of PP2Ac and the PP2Ac-Raptor inter-
action relied on its TM. Thus, TRAF3IP3 facilitates the interaction
of PP2Ac with Raptor at the lysosome, thereby allowing PP2A to
inhibit mTORCI. On the other hand, TRAF3IP3 ablation in T reg
cells had no effect on the mTORC2-dependent phosphorylation of
AKT at Ser473. Lysosomal TRAF3IP3 is likely to be dispensable for
mTORC2 activation, because mTORC2 principally localizes to the
mitochondria, ER, and MAM (Betz and Hall, 2013). We concluded
that PP2A activation in T reg cells primarily targeted mTORC1
signaling in a TRAF3IP3-dependent manner.

Collectively, these data indicate that TRAF3IP3 acts as a
negative regulator of mTORCI and glycolytic metabolism to
maintain metabolic fitness in T reg cells. Our results highlight
a lysosome-specific function of TRAF3IP3 in the regulation of
mTORCI-mediated glycolysis in T reg cells. These findings also
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suggest that combining tumor immunotherapy with strategies
that inhibit TRAF3IP3 could improve clinical efficacy. The iden-
tification of TRAF3IP3 as a metabolic regulator in T reg cells may
also provide opportunities for therapeutic interventions in au-
toimmune diseases.

Materials and methods

Mice

Traf3ip3-floxed mice (in C57BL/6 background) were generated
at Knockout Mouse Project (KOMP) using a LoxP targeting sys-
tem (Zou et al., 2015). The Traf3ip3-floxed mice were crossed
with Foxp3- YFP-Cre transgenic mice (The Jackson Laboratory)
in C57BL/6 background to produce age-matched Traf3ip3*/*
Foxp3-Cre and Traf3ip3"/1Foxp3-Cre mice for experiments. The
Traf3ip3-floxed mice were also crossed with Cd4-Cre transgenic
mice (The Jackson Laboratory) in C57BL/6 background to pro-
duce age-matched Traf3ip3*/*Cd4-Cre and Traf3ip3"/1Cd4-Cre
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mice to prepare the naive TRAF3IP3-deficient CD4* T cells. B6.SJL
mice, Ragl-KO mice and OT-I TCR-transgenic mice in C57BL/6
background were from The Jackson Laboratory. Mice were
maintained in a specific pathogen-free facility, and all animal
experiments were in accordance with protocols approved by the
Institutional Animal Care and Use Committee of Shanghai Jiao
Tong University, School of Medicine.

Plasmids, antibodies, and reagents

Mouse wild-type TRAF3IP3 (T3) or mutant TRAF3IP3 lacking
the TM were cloned into the retroviral vector pCLXSN-CFP.
Flag-tagged mouse PP2Ac and HA-tagged mouse TRAF3IP3
were cloned into the pcDNA3-HA vector. Antibodies for HSP60
(H1), Tubulin (TU-02), and TRAF3IP3 (B-7) were from Santa
Cruz Biotechnology. Antibodies for p-S6K, p-S6, p-AKT(T308),
p-AKT(S473), MEK1/2, p-MEK1/2, p-p38, p-JNK, p-p65, p-ERK,
HIFl-a, Golgin-97, LAT, mTOR, c-Myc, PP2Aa, PP2Ab, PP2Ac,
and Raptor were purchased from Cell Signaling Technology.
Antibodies for LAMP1 and GLUT1 were purchased from Abcam.
Anti-PP2Ac (1D6) antibody for confocal analysis was from EMD
Millipore. HRP-conjugated anti-HA antibody (3F10) was from
Roche. Anti-FLAG (M2) antibody was from Sigma-Aldrich. An-
ti-mouse-PD-1 (clone J43) and isotype control IgG (hamster IgG)
antibodies were from Bio X Cell. The fluorochrome-conjugated
antibodies for CD4 (GK1.5), CD8 (53-6.7), CD44 (IM7), CD62L
(MEL-14), Ki-67 (SolA15), Foxp3 (FJK-16s), IFN-y (XMG1.2), IL-17
(eBiol17B7), CD25 (CD25-4E3), GITR (eBioAITR), PD-1 (MIH4),
CTLA-4 (14D3), and 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)
Amino)-2-Deoxyglucose (2-NBDG) were purchased from Thermo
Fisher Scientific. Phospho-p44/42 MAPK (Erk1/2; Thr202/
Tyr204; E10) Mouse mAb (Alexa Fluor 647 Conjugate), c-Myc
(D84C12) Rabbit mAb (PE Conjugate), and phospho-S6 Ribosomal
Protein (Ser235/236; D57.2.2E) XP Rabbit mAb (APC Conjugate)
were purchased from Cell Signaling Technology. Rapamycin
(RO395), okadaic acid (09381; used at 10 nM), dichloroace-
tic acid (D54702), and sphingomyelinase (SMase; used at 0.5
units/ml) from Staphylococcus aureus (S8633) were purchased
from Sigma-Aldrich.

Histology

Organs were removed from age- and sex-matched 8-mo-old
Traf3ip3*/* Foxp3-Cre and Traf3ip3%/fFoxp3-Cre mice or RAG-1-
deficient mice given adoptive transfer of wild-type naive
CD45RBM CD4* T cells together with sorted T reg cells, fixed in
10% neutral buffered formalin, embedded in paraffin, and sec-
tioned for staining with hematoxylin and eosin.

Flow cytometry

Cells were stained in PBS containing 2% FBS with indicated fluo-
rochrome-conjugated antibodies for surface marker analysis. To
determine intracellular cytokine expression, cells were stimu-
lated with phorbol 12-myristate 13-acetate, ionomycin, and mo-
nensin for 5 h. At the end of stimulation, cells were stained with
the indicated fluorochrome-conjugated antibodies according
to the manufacturer’s instructions (Thermo Fisher Scientific).
Foxp3 staining was performed according to the manufacturer’s
instructions (Thermo Fisher Scientific). For intracellular stain-
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ing of p-S6 and p-ERK, stimulated T reg cells were fixed in Fix
BufferI (BD) for 10 min, followed by incubation in cold Perm Buf-
fer 111 (BD) for 20 min, and then subjected to antibody staining
and flow cytometric analysis.

Treg cell isolation and stimulation

T reg cells (CD4*CD25*YFP*) were isolated from the spleen
of female age-matched Traf3ip3*/*Foxp3-Cre and Traf3ip3%/1
Foxp3-Cre mice (6-8 wk old). The purified T reg cells were stim-
ulated with plate-bound anti-CD3 (1 ug/ml) and anti-CD28 (1 pg/
ml) in replicate wells in 6-well plates (5 x 106 cells per well) for
flow cytometric, IB, or RNA-sequencing analysis. In vitro sup-
pressive activity of T reg cells, assessed as the proliferation of
naive CD4* T cells activated by anti-CD3 and anti-CD28 antibodies
for 3 d in the presence of various ratios of T reg cells sorted from
8-wk-old Traf3ip3*/*Foxp3-Cre mice and Traf3ip3%/fFoxp3-Cre
mice, measured as dilution of the cytosolic dye CFSE. Naive
CD4* T cells were purified by flow cytometric cell sorting based
on CD4*CD44°CD62LM markers. Naive CD4* T cells were stim-
ulated with anti-CD3 (5 pg/ml) plus anti-CD28 (1 pg/ml) under
Tyl (5 pg/ml anti-IL4, 10 ng/ml IL-12), T2 (5 pg/ml anti-IFN-y,
20 ng/mlIL-4), Tyl7 (5 ug/ml anti-IL4, 5 ug/ml anti-IFN-y, 15 ng/
ml IL-6, 2.5 ng/ml TGF-B), and T reg (5 pg/ml anti-IL4, 5 ug/ml
anti-IFN-y, 5 ng/ml TGF-PB) conditions (Zou et al., 2014).

Adoptive transfer of T cells

A total of 4 x 105 T eff cells (CD4*CD45RBMCD25) from B6.SJL
(CD45.1*) congenic mice were mixed with 2 x 10° wild-type or
TRAF3IP3-deficient T reg cells (8-wk-old Traf3ip3*/*Foxp3-Cre
or Traf3ip3"/Foxp3-Cre mice) and were transferred i.p. into
RAG-1-deficient mice. Mice were assessed for clinical signs of
colitis weekly and were analyzed 12 wk after transfer.

Tumor models

B16-F10 melanoma cells and MC38 colon cancer cells were cul-
tured in RPMI 1640 supplemented with 10% FBS. These tumor
cells were injected s.c. into 8-wk-old Traf3ip3*/*Foxp3-Cre and
Traf3ip31/1Foxp3-Cre mice (2x10° cells per mouse). The chal-
lenged mice were monitored for tumor growth, and the tumor
size was expressed as tumor area. To minimize individual varia-
tions, 8 or 10 age- and sex-matched mice each group were used.

RNA-sequencing analysis

Fresh splenic T reg cells (CD4*CD25*YFP*) were isolated from
8-wk-old Traf3ip3*/*Foxp3-Cre and Traf3ip31/1Foxp3-Cre mice
and stimulated with anti-CD3 and anti-CD28 for 24 h. Acti-
vated T reg cells were used for total RNA isolation with TRIzol
(Invitrogen) and subjected to RNA-sequencing using Illumina
Nextseq500 (75-bp paired end reads). The raw reads were
aligned to the mouse reference genome (version mm10), using
Tophat2 RNASeq alignment software. The mapping rate was 96%
overall across all the samples in the dataset. The raw reads were
processed using Hisat and HTSeq to generate read counts for
every gene. The read counts were then normalized using R pack-
age DESeq2. The normalized read counts were then centered and
scaled for each gene, generating z-scores. The z-scores basically
represent how many standard deviations one particular count
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is from the average count for that gene. P values obtained from
multiple tests were adjusted using Benjamini-Hochberg correc-
tion. Significant differentially expressed genes are defined by a
Benjamini-Hochberg corrected P value cutoff of 0.05 and fold-
change of z1. The RNA sequencing data reported in this paper
are available under accession no. SRP131823 (NCBI Trace and
Short-Read Archive).

BM chimera

We adoptively transferred lethally irradiated (950 rad) Ragl~/-
mice (6-8 wk old) with the mixed BMs from Traf3ip3%/1
Foxp3-Cre (CD45.1°CD45.2*) mice and Traf3ip3*/*Foxp3-Cre
(CD45.1"CD45.2%) mice. Splenic CD45.1-CD45.2* and CD45.1*
CD45.2* T reg cells (CD4*CD25*YFP*) from Ragl~/~ mice (8 wk
after reconstitution) were isolated for other experiments.

Glycolytic and mitochondrial respiration rate measurement
Seahorse XFe96 Extracellular Flux Analyzer (Agilent Technol-
ogies) was used for metabolic experiments. Isolated T reg cells
were stimulated for 24 h with anti-CD3 and anti-CD28. Stimu-
lated T reg cells were seeded at a density of 3x10° per well. The
extracellular acidification rate (ECAR) and the oxygen consump-
tion rate (OCR) for each well were calculated, while the cells were
subjected to the XF Cell Mito or the XF Glycolytic stress test using
the following concentrations of injected compounds: 10 mM glu-
cose, 2 pM oligomycin, 50 mM 2-DG, 1 uM FCCP, 0.5 uM rote-
none/antimycin A. The XF Cell Mito and the XF Glycolytic stress
test kits were purchased from Agilent Technologies.

IB and immunoprecipitation (IP)

Cells were washed with ice-cold PBS and lysed on ice for 30 min
in RIPA buffer (50 mM Tris-HCl, pH 7.5; 135 mM NaCl; 1% NP-40;
0.5% sodium DOC; 1 mM EDTA; 10% glycerol) containing prote-
ase inhibitor (1:100, P8340; Sigma-Aldrich), | mM NaF, and 1 mM
PMSF. Cell lysates were cleared by centrifugation, and superna-
tants were immunoprecipitated with the appropriate antibodies
using protein A/G-agarose beads. Samples were then used for
IB analysis with indicated antibodies. Lysosomal fractions were
prepared using the Lysosome Isolation kit (Sigma-Aldrich) for
IB analysis. Golgi fraction was isolated using a Golgi isolation kit
(Sigma-Aldrich). Plasma membrane fraction was prepared using
a plasma membrane protein extraction kit (ab65400; Abcam).

Retroviral transduction

Packaged pCLXSN retrovirus was produced and used to infect
activated T cells. Purified naive TRAF3IP3-deficient CD4* T cells
were activated with plate-bound anti-CD3 (1 pg/ml) plus an-
ti-CD28 (1 pg/ml) in 48-well plates for 24 h and then infected with
the retrovirus in the presence of 10 ug/ml polybrene by spinning
at 900 gfor 90 min. Transduced CD4* T cells were cultured under
T reg cell polarizing conditions for 3 d. CFP-positive T cells were
used for IB analysis and flow cytometric analysis.

Confocal microscopy

Treg cells were isolated from Traf3ip3+/* Foxp3-Creand Traf3ip31/1
Foxp3-Cre mice and stimulated with anti-CD3 and anti-CD28 for
24 h. Activated T reg cells were fixed and permeabilized for 20
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min with Cytofix/Cytoperm solution (BD), blocked in 0.5% BSA in
PBS, and then stained with primary antibody for 60 min, followed
by staining with secondary antibodies for 30 min. Slides were
mounted in antifade reagent with DAPI. Images were taken with a
Leica SP8 confocal microscope and analyzed by Imaris (Bitplane).

Statistical analysis

Statistical analysis was performed using Prism software (Graph-
Pad Prism version 6.01). Two-tailed unpaired Student’s t tests
were performed, and data are presented as means + SEM. One-
way ANOVA, where applicable, was performed to determine
whether an overall statistically significant change existed be-
fore the Student’s t test to analyze the difference between any
two groups. P value <0.05 is considered statistically signifi-
cant, and the level of significance was indicated as *, P < 0.05
and **, P < 0.01.

Online supplemental material

Fig. S1 shows the expressions of T reg cell-related genes in
Traf3ip3*/*Foxp3-Cre and Traf3ip3"/fFoxp3-Cre T reg cells.
Fig. S2 shows the cytokine expression of gut T reg cells. Fig. S3
shows the expressions of metabolism related genes in Traf3ip3*/*
Foxp3-Cre and Traf3ip3%"/fFoxp3-Cre T reg cells.
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