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Autophagy plays important roles in metabolism, differentiation, and survival in T cells. TNFAIP3/A20 is a ubiquitin-
editing enzyme that is thought to be a negative regulator of autophagy in cell lines. However, the role of TNFAIP3 in
autophagy remains unclear. To determine whether TNFAIP3 regulates autophagy in CD4 T cells, we first
analyzed Tnfaip3-deficient naive CD4 T cells in vitro. We demonstrated that Tnfaip3-deficient CD4 T cells exhibited
reduced MAP1LC3/LC3 (microtubule-associated protein 1 light chain 3) puncta formation, increased mitochondrial
content, and exaggerated reactive oxygen species (ROS) production. These results indicate that TNFAIP3 promotes
autophagy after T cell receptor (TCR) stimulation in CD4 T cells. We then investigated the mechanism by which TNFAIP3
promotes autophagy signaling. We found that TNFAIP3 bound to the MTOR (mechanistic target of rapamycin) complex
and that Tnfaip3-deficient cells displayed enhanced ubiquitination of the MTOR complex and MTOR activity. To confirm
the effects of enhanced MTOR activity in Tnfaip3-deficient cells, we analyzed cell survival following treatment with
Torin1, an MTOR inhibitor. Tnfaip3-deficient CD4 T cells exhibited fewer cell numbers than the control cells in vitro and
in vivo. In addition, the impaired survival of Tnfaip3-deficient cells was ameliorated with Torin1 treatment in vitro and in
vivo. The effect of Torin1 was abolished by Atg5 deficiency. Thus, enhanced MTOR activity regulates the survival of
Tnfaip3-deficient CD4 T cells. Taken together, our findings illustrate that TNFAIP3 restricts MTOR signaling and promotes
autophagy, providing new insight into the manner in which MTOR and autophagy regulate survival in CD4 T cells.

Introduction essential for autophagosome formation. MAP1LC3/LC3 (micro-

tubule-associated protein 1 light chain 3) is present on both the

Autophagy is a lysosomal degradation pathway that is impor-  inner and outer membranes of the autophagosome and serves as
tant for cellular metabolism and renovation. A portion of the an adaptor for selective substrates." Tissue-specific deletions of
cytoplasm is engulfed by a phagophore, resulting in the forma-  Azg genes revealed that they play specific roles in autophagy in
tion of a double-membrane structure known as the autophago-  the immune system. T cell-specific Azg5-deficient mice (Ag5™

some. ATG5 and ATG12, which associate with ATGI6L1, are  Lck-Cre) and Atg7-deficient mice (Atg?ﬂ M Lek-Cre) exhibit
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normal thymocyte development and reduced numbers of periph-
eral T cells. Autophagy-deficient mature T cells display increased
mitochondrial content and increased reactive oxygen species
(ROS) production.s’4 Although these studies have begun to
define the biological mechanism of autophagy, little is known
about how T «cell receptor (TCR)-induced autophagy is
restricted.

T cell metabolism is dynamic and regulates the activation, dif-
ferentiation, and function of T cells. One of the key molecules of
metabolism is MTOR (mechanistic target of rapamycin [serine/
threonine kinase]).? In T cells, MTOR can be regulated by mul-
tiple signals.6 CD28-mediated costimulation is a classic activat-
ing signal for the PI3K-AKT pathway, which upregulates
MTOR activity.”” TCR stimulation also activates PRKAA/
AMPK  (protein kinase, AMP-activated), which suppresses
MTOR activity.lo‘12 In contrast, MTOR also regulates several
downstream pathways. RPS6KB1 (ribosomal protein S6 kinase,
70 kDa, polypeptide 1) and EIFAEBP1 (eukaryotic translation
inhibition factor 4E binding protein 1), substrates for the
MTOR complex, are associated with the initiation of mRNA
translation and the control of protein synthesis. The activity of
the MTOR complex is canonically measured by the phosphoryla-
tion of its substrates, including RPS6GKBP1 and EIF4EBP1."” In
addition, the MTOR complex suppresses autophagy under nutri-
ent-rich conditions. Previous studies have demonstrated that the
ubiquitination of MTOR is mediated via binding to FBXW?7
(F-box and WD repeat domain containing 7, E3 ubiquitin pro-
tein ligase) in HCT116 cells** and that the K63 ubiquitination
of MTOR regulates the activation of MTOR by amino acids."
However, the regulation of ubiquitination of MTOR in the
immune system, particularly in T cells, is unclear.

TNFAIP3 (tumor necrosis factor, a-induced protein 3) enco-
des the TNFAIP3/A20 protein, which is a ubiquitin-modifying
enzymem’17 that is critical for preventing inflammation in vivo.
Tnfaip3-deficient (tnﬁzz'pSflf) mice exhibit severe spontaneous
multiorgan inflammation, cachexia, and perinatal death.'®
TNFAIP3 binds to ubiquitin chains and ubiquitinated signaling
complexes and regulates the activity and stability of signaling
proteins such as RIPK1 (receptor (TNFRSF)-interacting serine-
threonine kinase 1), RIPK2 (receptor-interacting serine-threo-
nine kinase 2), TRAF6 (TNF receptor-associated factor 6, E3
ubiquitin ligase), and CTNNB1/B-catenin (catenin [cadherin-
associated protein], B 1, 88kDa).16’17’19’20 TNFAIP3 is expressed
in T cells.”! During T cell activation, TNFAIP3 is recruited to
the MALT1-BCL10 complex and cleaved by the paracaspase
MALT1.>* TNFAIP3 has also been reported to deubiquitinate
MALTT1 and restrict TCR signals.”> In mice in which TNFAIP3
was specifically deleted in mature conventional T cells,
Tnfaip3-deficient CD8 T cells exhibit increased sensitivity to
antigen stimulation, as indicated by the increased production of
IL2 and IFNG.?>* However, the physiological role of TNFAIP3
in T cells is not fully understood. TNFAIP3 may also play
important roles in human autoimmune diseases. Recent genetic
studies identified 7NFAIP3 as a susceptibility gene for autoim-
mune diseases including inflammatory bowel disease.””*” Previ-
ous reports suggested that TNFAIP3 restricts LPS-induced
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autophagy in RAW cells and baseline autophagy in Hela
cells.”™?" Given that autophagy plays a critical role during T cell
activation, we investigated whether TNFAIP3 regulates autoph-
agy in T cells and the mechanism by which this protein might
regulate autophagy signaling. Surprisingly, however, we found
that TNFAIP3 restricts MTOR signaling and promotes autoph-
agy in CD4 T cells.

Results

TNFAIP3 promotes autophagy after TCR stimulation

To determine whether TNFAIP3 regulates autophagy in CD4
T cells, we tested LC3 puncta formation, which is a marker of the
autophagosome. We purified naive CD4 T cells from #nfip3™
Cd4-Cre, Tnfaip3™™ Cdd-Cre, and Tnfaip3™"* Cd4-Cre mice.
Naive CD4 T cells were stimulated with anti-CD3E plus anti-
CD28 in vitro. Viable cells were analyzed for LC3 mobilization
by confocal microscopy at 24 h. Tufaip3”" Cd4-Cre and
Tnfaip3t'" Cd4-Cre T cells displayed similar levels of LC3
puncta formation. Surprisingly, LC3 puncta formation was
reduced in tnfaip3™ Cd4-Cre cells after TCR stimulation,
whereas no difference was observed at baseline (Fig. 1A). To con-
firm these results, we analyzed LC3 conformation by immuno-
blotting. Reduced LC3-II levels were observed in tnﬁzipy‘” M Cd4-
Cre cells (Fig. 1B). An LC3 flux assay revealed that autophagy
occurred in CD4 T cells after stimulation, but its induction was
lower in tnfaip3™ Cdd-Cre cells than in Tnfaip3™ Cdd-Cre.
Thus, TNFAIP3 promotes autophagy after TCR stimulation in
CD4 T cells.

Autophagy is involved in the quality control of mitochon-
dria."* We hypothesized that the reduced autophagy induction
in Tnfaip3-deficient cells dysregulates mitochondria and ROS
production. We accordingly evaluated mitochondria via staining
with a cell-permeable dye and transmission electron microscopy.
nfaip3™ Cd4-Cre cells displayed exaggerated mitochondrial
content according to MitoTracker Green staining (Fig. 1C).
Additionally, we calculated the mitochondrial surface area by
manually outlining mitochondria using a quantification tool in
Image]. A statistically significant increase in the mitochondrial
surface area in tnﬁzz;bfvﬂ ' Cd4-Cre cells was observed when com-
pared with that in Tnfaip "+ Cd4-Cre T cells (Fig. 1D). We
next analyzed ROS production. mﬁzi]ﬁﬂ " Cd4-Cre cells exhibited
increased ROS production 24 h after stimulation (Fig. 1E).
These findings were similar to those in Azg7-deficient T cells.?
Taken together, these results indicate that the dysregulation of
mitochondria and ROS production may arise from the reduction
of autophagy in Tnfaip3-deficient cells.

TNFAIP3 restricts MTOR activity in CD4 T cells

We then investigated the mechanism by which TNFAIP3
promotes autophagy signaling. Given that MTOR is a major
negative regulator of autophagy, we investigated the change in
MTOR activity after TCR stimulation. The activity of the
MTOR was the

complex determined by monitoring
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Figure 1. TNFAIP3 promotes
autophagy after TCR stimulation.
(A) LC3 puncta formation in CD4 T
cells. tnfaip3™" Cd4a-Cre, Tnfaip3™+
Cd4-Cre, and Tnfaip3™" Cd4-Cre
naive CD4 T cells were purified
from peripheral lymph nodes and
spleen and stimulated with anti-
CD3E and anti-CD28 antibodies
for 24 h. Cells were treated with
40 wM chloroquine for the last
2 h. LC3 puncta were intracellu-
larly stained with anti-LC3 anti-
body. Images were acquired with
a confocal laser microscope (FV10i,
Olympus) using a 60x oil-immer-
sion objective lens. Twenty cells
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ubiquitin-editing enzyme that regulates complex formation. We
thus hypothesized that TNFAIP3 regulates MTOR complex
formation. To test this hypothesis, we first investigated whether
TNFAIP3 is recruited to the MTOR complex. HEK293T cells
were transfected with Flag-TNFAIP3; we found that MTOR
was immunoprecipitated with Flag-TNFAIP3 (Fig. 2B). To
confirm these interactions in CD4 T cells, we used a proximity

ligation assay (PLA). We found that TNFAIP3 and MTOR
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interact in situ after anti-CD3E plus ant-CD28 stimulation,
whereas no PLA foci were detected with control antibody or
Tnfaip3-deficient cells (Fig. 2C). These findings indicate that
TNFAIP3 interacts with MTOR after TCR stimulation in
CD4 T cells.

To control for the potential differences among T cells and
avoid the potential problems associated with developmental
abnormalities, we sought to eliminate TNFAIP3 expression after

tive of 2 independent
experiments.

T cells developed into mature cells. We accordingly interbred
Tnfaip3" mice with Esr (estrogen receptor)-Cre mice to obtain
mice in which TNFAIP3 deletion would occur after treatment
with 4-hydroxytamoxifen (4-OHT). Naive CD4 T cells were
purified from Esr-Cre mice and treated with 4-OHT in vitro to
effectively ablate TNFAIP3 protein expression (Fig. 2D). We
then evaluated the phosphorylation of RPS6KB1 and EIF4EBP1.
Consistent with our findings, mature Tnﬁzi]ﬁﬂ/ ' Esr-Cre naive
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CD4 T cells that were rendered acutely 7nfaip3-deficient after
4-OHT treatment exhibited exaggerated phosphorylation of
RPS6KB1 and EIF4EBP1 (Fig. 2D). These cells also displayed
increased phosphorylation of MTOR Ser2481, indicating that
Tnfaip3™ Esr-Cre mice exhibited increased MTOR activity. In
addition, PI3K-AKT and AMPK can modulate MTOR activity.®
There were no obvious differences in the phosphorylation levels
of AKT and AMPK, at least at this time point (Fig. 2D). We
infer that TNFAIP3 restricts MTOR activity after TCR stimula-
tion in CD4 T cells.

According to a recent report, MTOR activation is regulated
by ubiquitination."” To determine whether TNFAIP3 regulates
MTOR ubiquitination, we stimulated mature Tnfzip3™ Esr-Cre
naive CD4 T cells with anti-CD3E plus anti-CD28 in vitro,
immunoprecipitated proteins with MTOR, and immunoblotted
for ubiquitin. Tnfaip3™ Esr-Cre cells exhibited significantly
increased ubiquitination of the MTOR complex relative to the
findings in Tnfuip3™ " Esr-Cre cells (Fig. 2F). Next, to confirm
MTOR protein stability, we treated Esr-Cre cells with cyclohexi-
mide (CHX) (Fig. 2G). Although we found increased ubiquiti-
nation of the MTOR complex in Tufaip3™ Esr-Cre cells, there
was no obvious change in MTOR degradation. These data
suggested that ubiquitination of MTOR may have other roles
than targeting the protein for degradation, which is consistent
with the previous paper.15 Taken together, these results indicate
that TNFAIP3 restricts ubiquitination of the MTOR complex
and MTOR activity.

Inhibition of MTOR restores autophagy and survival in
Tnfaip3-deficient T cells in vitro

Torinl is a highly potent and selective ATP-competitive
MTOR inhibitor that can strongly induce autophagy.>* To con-
firm the effects of enhanced MTOR activity in 7nfaip3-deficient
cells, we evaluated LC3 puncta formation and ROS production

after Torin1 treatment. Tnfaip3" " Cd4-Cre cells did not display

altered LC3 puncta formation. However, LC3 puncta formation
was increased (Fig. 3A) and ROS production was reduced after
Torinl treatment (Fig. 3B) in tnﬁzip3ﬂ M Cd4-Cre cells. Thus,
inhibition of MTOR enhanced autophagy in 7nfaip3-deficient
T cells. As the loss of the essential autophagy gene Azg5 impairs
the survival and proliferation of mature T cells in vivo,”” we ana-
lyzed cell numbers in vitro. To evaluate cell-intrinsic TNFAIP3
function, we mixed congenically marked naive CD4 T cells at a
1:1 ratio and stimulated the cells in the same wells. After TCR
stimulation, mﬁzz]ﬁﬂ M Cd4-Cre cell counts were reduced to less
than 50%, which meant that the number of mﬁzipfvﬂ M Cdd-Cre
cells was less than that of Tnﬁzip3+/+ Cd4-Cre cells (Fig. 3C).
These reduced cell numbers might be due to the reduction of
autophagy in tnﬁlipﬁf” ' Cd4-Cre cells. In addition, mﬁzzjﬁﬂ i
Cd4-Cre cells displayed increased cell numbers relative to
Tnﬁzip3+/+ Cd4-Cre cells after Torinl treatment (Fig. 3C).
These data indicated that 7nfaip3-deficient T cells exhibited
enhanced MTOR activity, resulting in reduced autophagy and
impaired cell survival, which is partly suppressed when autophagy
is induced by Torinl.

Tnfaip3-deficient cell survival was ameliorated with Torinl
treatment in vivo

Next, we tested the response of 7nfaip3-deficient and control
cells to Torinl in vivo. Congenically marked #nfip3™ Cd4-Cre
and Tnﬁzip5+/+ (or Tnﬁzzp}’% ) Cd4-Cre naive CD4 T cells were
mixed, transferred into Rag2 (recombination activating gene 2)-
deficient mice, and then injected intraperitoneally with Torinl.
We confirmed the donor mfaip3™ and Tufaip3™" (or
Tnﬁlip}ﬂ ') Cd4-Cre naive CD4 T cells via surface markers and
gene expression (Figs. S1A and B). We evaluated T cells in the
spleen and lymph nodes on d 20. As the donor naive T cells dis-
played a similar phenotype based on traditional markers, we
could evaluate cell-intrinsic TNFAIP3 function and control for
secondary cytokine effects and individual variability between
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Figure 3. Inhibition of MTOR restored autophagy and survival in Tnfaip3-deficient T cells in vitro. (A) The effect of Torin1 on LC3 puncta formation in CD4
T cells. Naive CD4 T cells from tnfaip3™? Cd4-Cre or Tnfaip3™+ Cd4-Cre mice were stimulated with anti-CD3E and anti-CD28 antibodies, and Torin1 (25 nM)
for 24 h. LC3 puncta were intracellularly stained with anti-LC3 antibody. Data are representative of 2 independent experiments. (B) The effect of Torin1
on ROS production in CD4 T cells. Naive CD4 T cells from tnfaip3™" Cd4-Cre or Tnfaip3™* Cd4-Cre were stimulated as described in (A). CD4 T cells were
stained with CM-H2DCFDA. Data are representative of 3 independent experiments. (C) Live cell proportions of Tnfaip3-deficient CD4 T cells in vitro. Naive
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tive cells. Data are representative of 2 independent experiments. * p < 0.05 by the Student t test. Error bars indicate standard deviations.
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Figure 4. Tnfaip3-deficient cell survival was ameliorated by Torin1 treatment in vivo. (A) Schematic
representation of the study. Naive PTPRC® (CD45.2) Tnfaip3'/* Cd4-Cre and PTPRC?/PTPRC® (CD45.1/
CD45.2) tnfaip.?”/ﬂ Cd4-Cre T cells were mixed at a 1:1 ratio, and 2.5 x 10° cells were adoptively trans-
ferred intraperitoneally (i.p.) into rag2~'~ mice. Mice were treated for 10 days with 1 mg/kg Torin1
and analyzed on d 20. (B) Live cell proportions of tnfaip3™"" Cd4-Cre CD4 T cells in vivo. Live CD4 T
cells in the spleen and lymph nodes were quantified by flow cytometry of DAPI-negative cells. Repre-
sentative flow cytometry plots are shown on the right. Data are representative of 2 independent
experiments. (C) Expression of CD69 in live CD4 T cells. CD69 MFI of the indicated cells was analyzed
in live CD4 T cells from each tissue. Representative flow cytometry plots are shown on the right. Data
are representative of 2 independent experiments. (D) Live cell proportions of tnfaip3™" Cd4-Cre CD4
T cells in vivo. Congenically marked naive tnfaip3™" Cd4-Cre and Tnfaip3"* Cd4-Cre T cells were
mixed at a 1:1 ratio and transferred into rag2-deficient mice. Experiments were performed as
described in (A) and (B). Data are representative of 2 independent experiments. * p < 0.05 by the
Student t test. Error bars indicate standard deviations.
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mice in this system (Fig. 4A). Consistent
with our in vitro studies, mfaip3™" Cd4-
Cre cells displayed lower expansion than
Tnﬁl;p3+/+Cd4—Cre cells with control
treatment (Fig. 4B). These cells express
similar levels of CDG69, an activation
marker (Fig. 4C). However, wfaip3™
Cd4-Cre T cells exhibited enhanced
expansion in vivo with Torinl treatment
(Fig. 4B). Because Tnfaip " Cd4-Cre
cells may have enhanced responses that
are not observed in Tnﬁzip3+/+ Cd4-Cre
cells,>**° we mixed congenically marked
tnﬁzip}ﬂ/ﬂ Cd4-Cre and Tnfaip '+ Cdd-
Cre naive CD4 T cells. Consistent with
the results when we examined Tnﬁzip3+/
* Cd4-Cre T cells, tfaip3™ Cdd-Cre T
cells displayed lower expansion than
Tnfaip3"*  Cd4-Cre T cells and
enhanced expansion with Torinl treat-
ment (Fig. 4D). Collectively, reduced
LC3 puncta formation in Tnfaip3-defi-
cient cells was ameliorated with Torinl
treatment in vitro, and Tnfaip3-deficient
cell survival was ameliorated with
Torinl treatment in vitro and in vivo.

Enhanced MTOR activity regulates
the survival of Tnfaip3-deficient CD4
T cells via autophagy

MTOR regulates many signals other
than  autophagy. Torinl  inhibits
RPSG6KB1, the translational inhibitor
EIF4EBP1, and other signals, whereas
Torinl can strongly induce autophagy.
To confirm whether Torinl supports
survival in  Tnfaip3-deficient cell by
activation of autophagy, we analyzed
Esr-Cre cells in vitro. First, we confirmed
cell survival using mixed (1:1) congeni-
cally marked Tnfaip3™ Esr-Cre and
Tnﬁzzpﬁ’ﬂ '+ Esr-Cre naive CD4 T cells.
After 72 h of TCR stimulation, both
genotypes of CD4 T cells without
4-OHT increased in size by approxi-
mately 50%, indicating that CD4 T cells
were similarly expanded. However,
Tnﬁzz;v_?ﬂ " Esr-Cre T cells with 4-OHT
exhibited lower  expansion  than
Tnfaip3" Esr-Cre CD4 T cells, which
is consistent with the CA4-Cre cell obser-
vation. In addition, Tnﬁzipﬂq M Esr-Cre T
cells with 4-OHT stimulation displayed
enhanced cell numbers relative to
Tnfaip3"" Esr-Cre CD4 T cells after
Torinl  treatment (Fig. 5A). Taken
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together, we confirmed that TNFAIP3 deficiency impaired cell
survival using an Esr-Cre in vitro deletion system.

ATGS is essential for autophagosome formation. Next, to
confirm Torin’s effect on survival in Tnfaip3-deficient cells, we
analyzed TNFAIP3 and ATGS5 double-deficient CD4 T cells.
We generated Tnfaip3™ Atg5™ Esr-Cre mice, in which we could
induce deletion of TNFAIP3 and ATGS5 in vitro. We confirmed
the gene deletion efficiency by real-time PCR (Fig. 5B). We next
mixed congenically marked Twufzip3™ Ag5™ Esr-Cre and
Tnﬁzzp3ﬁ 4 Atg "+ Esr-Cre naive CD4 T cells and then treated
them with Torinl. Without 4-OHT treatment no deletion
occurred, and Tnfaip3™ Ag5™ Esr-Cre and Tnfaip3™ Arg5"™
Esr-Cre naive CD4 T cells displayed similar expansion. With
4-OHT treatment, however, Tnﬁlz;vﬁﬂj 2 Atg5ﬂ M Esr-Cre cells
(Tnfaip3 and Arg5 double-deficient) did not expand compared
with Tﬂﬁli}ﬁﬂ 4 Atg5ﬂ "+ Esr-Cre cells (Tnfaip3-deficient). Addi-
tionally, these differences were not ameliorated by Torinl treat-
ment (Fig. 5C). These data indicated that ATG5 enhanced
survival in Tnfaip3-deficient cells, and the effects of Torinl on
survival in Tnfaip3-deficient cells were abolished by Azg5
deficiency. To determine whether abnormalities in BCL2 family
protein expression are associated with impaired survival in
Tnfaip3-deficient cells, we examined the expression of the anti-
apoptotic members Be/2 and Mc/I and the pro-apoptotic mem-
bers Bax and Bakl wusing inducible 7wnfaip3- and/or
Atg5-deficient CD4 T cells. There were no differences in the
expression of anti-apoptotic and pro-apoptotic molecules, sug-
gesting that the lower expansion of 7nfzip3-deficient cell number
might not be due to apoptotic cell death (Fig. 5D). Taken
together, the data suggest that the restoration of autophagy by
Torinl contributed to survival in 7nfaip3-deficient cells.

Discussion

Many fine points of autophagy induction in T cells render it
different from that in other cell types.”” T cells exhibit enhanced
autophagy after TCR stimulation, as measured both by the detec-
tion of LC3-II conformation and visualization of LC3
puncta.”?® Our studies revealed that TNFAIP3 restricts the
ubiquitination of the MTOR complex and MTOR activity after
TCR stimulation, resulting in enhanced autophagy in CD4 T
cells. In addition, reduced LC3 puncta formation and survival in
Tnfaip3-deficient cells were ameliorated by the enhancement of
autophagy using Torinl. These findings are apparently in contra-
diction with previously reported results.’®?" TNFAIP3 restricts
LPS-induced autophagy in RAW cells and baseline autophagy in
HelLa cells. Potential explanations include the possibility that the
overexpression of TNFAIP3 indirectly suppresses autophagy
induction. Furthermore, cell types and stimulation types differed
from those used in our experiments. Collectively, we have clearly
demonstrated that TNFAIP3 promotes autophagy after TCR
stimulation using primary Tnfaip3-deficient CD4 T cells.

Our findings revealed that TNFAIP3 restricts MTOR signal-
ing in CD4 T cells. We found that TNFAIP3 was recruited to
the MTOR complex. A recent study illustrated that MTOR
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polyubiquitination is required for MTORCI activation and that
TRAFG ubiquitinatess MTOR in HEK293T cells.'” SQSTM1/
p62 (sequestosome 1) modulates the K63-linked ubiquitination
of MTOR to regulate its kinase activity, but not its levels."> We
discovered in this study that TNFAIP3 restricted the ubiquitina-
tion of the MTOR complex and MTOR activity under more
physiological conditions. Moreover, TNFAIP3 did not regulate
MTOR protein turnover based on a CHX chase assay, suggesting
that TNFAIP3 may modulate K63-linked ubiquitination of the
MTOR complex. Taken together, our results reveal an unex-
pected and novel function of TNFAIP3.

TNFAIP3 expression was observed with strikingly high lev-
els in lymphoid organs.* A previous paper demonstrated that
Tnfaip3-deficient  thymocytes sensitive  to
TNE/TNFa (tumor necrosis factor).® During T cell activa-
tion, TNFAIP3 regulates the ubiquitination of MALTI,
resulting in NFKB signaling. 7ufaip3 deletion in CD8 T cells
greatly enhances their capacity to produce IL2 and IFNG,**
which is also regulated by NFKB. We uncovered TNFAIP3’s
novel physiological role in T cells. TNFAIP3 is a regulator of
both NFKB and MTOR. TNFAIP3 restricts MTOR activity,
resulting in the promotion of autophagy after TCR stimula-

were more

tion. In addition, we found that the enhancement of autoph-
agy by Torinl improves survival in Tnfaip3-deficient CD4 T
cells in vitro and in vivo. Naive T cells from ﬂtg?q " Lek-Cre
mice display an imbalance of BCL2 family expression.’
Although we observed a survival defect in Tufaip3-deficient
cells, we could not detect any difference in BCL2 family
expression with inducible deletion systems. There might be
another mechanism other than the reduced autophagy induc-
tion to explain the decrease in Tnfaip3™ Cd4-Cre cell num-
bers. Further investigation is required to clarify the mechanism
by which TNFAIP3 supports survival in CD4 T cells.

MTOR is a crucial regulator of cell growth, proliferation,
autophagy, and many physiological events. MTOR regulates the
diverse functions of professional antigen-presenting cells, such as
dendritic cells and has important roles in the activation of effec-
tor T cells.? MTOR inhibition is a promising therapeutic strat-
egy for the prevention of transplant rejection and the treatment
of autoimmune diseases, and in the present study we confirmed
the improved survival of Tnfaip3-deficient CD4 T cells after
Torinl treatment. Our results suggest that the inhibition of
MTOR supports the survival of 7ufaip3-deficient CD4 T cells
via the induction of autophagy. Genome-wide association studies
have demonstrated that 7NFAIP3 is a susceptibility gene for
some autoimmune diseases including inflammatory bowel dis-
ease.>>?” In the future, MTOR inhibitors might be used for the
treatment of these diseases.”’ Conversely, our findings caution
against the use of MTOR inhibitors in patients with specific sin-
gle nucleotide polymorphisms.

In conclusion, we identified a unique mechanism by which
TNFAIP3 restricts MTOR complex activation via ubiquitination,
and enhanced MTOR activity negatively regulates the survival of
Tnfaip3-deficient CD4 T cells via the suppression of autophagy.
These findings provide further insight into the manner by which
MTOR and autophagy regulate survival in CD4 T cells.
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Figure 5. For figure legend, see page 1060.
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Materials and Methods

Animals

The generation of mice bearing a “floxed” allele of Tnfaip3
(Tnﬁzi]ﬁﬂ mice) has been described.>* Atg5ﬂ mice™® were provided
by Noboru Mizushima (University of Tokyo). Breeding 7nfzip3"
mice with CdA4-Cre transgenic mice generated mice lacking
TNFAIP3 specifically in T cells. Mice featuring a tamoxifen-
inducible deletion of Tnfzip3 and Atg5 were obtained by breeding
Tnfaip3" and A5 mice with Gt(ROSA)26Sortm1(Cre/Esrl)
transgenic mice (Esr-Cre mice). For mixed experiments, we bred
the C57BL/6 (PTPRCP/CD45.2) and PTPRCY/CD45.1 con-
genic strains. For these experiments, naive CD4 T cells were
bead-enriched from congenically marked mice and mixed at a
ratio of 1:1, and cells were stimulated in the same well for in vitro
experiments. For in vivo experiments, mixed cells were adoptively
transferred intraperitoneally (i.p.) into Rag2 (recombination acti-
vating gene 2)-deficient mice. For drug administration, we dis-
solved Torinl (TOCRIS, 4247) in 4% methyl-B-cyclodextrin
(Sigma, C4555) solution in phosphate-buffered saline (PBS;
Nacalai Tesque, 14249-24). All mice were generated and/or main-
tained in a C57BL/6] inbred background. All animal experiments
were approved by the Institutional Animal Care and Use
Committee of the Tokyo Medical and Dental University.

Flow cytometry

Single-cell suspensions were prepared from the thymus,
spleen, and peripheral lymph nodes of mice aged 6-10 wk. Cells
were analyzed by flow cytometry using the following antibodies:
anti-CD4-PEcy7 (100528), anti-CD4-APC (100516), anti-
CDS8-PEcy7 (100722), anti-ITGAM/CD11b-PEcy7 (101216),
anti-Ly-6G/Ly-6C-APC (108412), anti-PTPRC*/CD45.1-APC
(110714), anti-PTPRC®/CD45.2-FITC (109806), anti-SELL/
CDG62L-FITC (553150), anti-SELL/CD62L-APC (104411),
anti-CDG69-FITC  (104506), and anti-PTPRC/B220-PEcy7
(103222), which were all purchased from BioLegend. Anti-
CD44-FITC (553133) and anti-CD44-PE (553134) were pur-
chased from BD PharMingen. DAPI (D3571), MitoTracker
Green FM (M7514), and CM-H2DCFDA (C6827) were all
purchased from Invitrogen. Data were acquired using a FACS
Cantoll flow cytometer (BD Biosciences) and analyzed using
Flow]Jo software (Tree Star).

In vitro T cell assay

For in vitro T cell assays, naive CD4 T cells were purified by
bead enrichment from the pooled spleen and lymph node tissues of
the indicated strains of mice. In experiments using bead-enriched
cells, naive T cells were enriched by negative selection (EasySep,
StemCell Technology, 19765A) (>95% purity). Inducible deletion
of Tnfaip3 from T cells was achieved by treating purified naive T
cells from Tnﬁzz]ﬁﬂ " Esr-Cre mice with 10 nM 4-OHT (Sigma
Aldrich, H7904) for 48 h. For in vitro stimulation, 5.0 x 10°T
cells were cultured in 96-well plates containing plate-bound
2.5 pg/ml ant-CD3E (BD, 553058) and 5 pg/ml ant-CD28
(BD, 553295). Live cells were quantified by flow cytometry of
DAPI-negative cells. Chloroquine was purchased from Sigma
(C6628). In CHX chase experiments, naive CD4 T cells purified
from Esr-Cre mice were stimulated for 48 h with 4-OHT and then
treated with 10 pg/ml CHX. Cell lysates were harvested for immu-
noblotting at the indicated time points. CHX was purchased from
Nacalai Tesque (06741-91).

Microscopy analysis

Cells were washed with PBS and fixed in 4% paraformalde-
hyde (Nacalai Tesque, 09154-85) for 10 min at 4°C. Fixed cells
were permeabilized with 50 wg/ml digitonin (Invitrogen,
BN2006) in PBS for 5 min, blocked with 3% bovine serum
albumin (Nacalai Tesque, 01863-48) in PBS for 30 min, and
incubated with LC3 antibody (MBL, M152-3) for 1 h. After
washing, cells were incubated with Alexa Fluor 488-conjugated
anti-mouse antibody (Invitrogen, A11001) for 30 min. Images
were acquired with a confocal laser microscope (FV10i, Olym-
pus) using a 60x oil-immersion objective lens. For transmission
electron microscopy, cells were prefixed in 1% paraformaldehyde
overnight and fixed in 1% osmium buffer for 2 h. Thin sections
(80-90 nm) were cut, mounted on copper grids, and post-
stained with uranyl acetate and lead citrate. Micrographs were
taken using JEM-1200 EX (JEOL, Ltd). We calculated the mito-
chondrial surface area in manually outlined mitochondria using a
quantification tool in Image].

Detection of protein interactions by 7 situ PLA

To detect protein interactions in CD4 T cells, a Duolink PLA
in situ kit (Sigma-Aldrich, 92101) was used according to the
manufacturer’s instructions. The primary antibodies were rabbit

Figure 5 (See previous page). Enhanced MTOR activity regulates the survival of Tnfaip3-deficient CD4 T cells via autophagy. (A) Live cell proportions of
inducible Tnfaip3-deficient cells in vitro. Naive CD4 T cells were purified from congenically marked Tnfaip3™" Atg5/* Esr-Cre and Tnfaip3"* Atgs+/*
Esr-Cre mice and mixed at a 1:1 ratio. Then, cells were stimulated with anti-CD3E and anti-CD28 antibodies, 4-OHT (10 nM), and Torin1 (25 nM) for 72 h
in the same wells. Live cells were quantified by flow cytometry of DAPI-negative cells. (B) Expression of Tnfaip3 and Atg5 in CD4 T cells. Naive CD4 T cells
were purified from Tnfaip3"* Atg5"* Esr-Cre, Tnfaip3™" Atg5™+ Esr-Cre, Tnfaip3™+ Atg5™" Esr-Cre, and Tnfaip3™" Atg5™" Esr-Cre mice and stimulated with
anti-CD3E and anti-CD28 antibodies, and 4-OHT (10 nM) for 48 h. Then, CD4 T cells were evaluated for the expression of Tnfaip3 and Atg5 with RT-PCR.
(€) Live cell proportions of inducible Tnfaip3- and Atg5-deficient cells in vitro. Naive CD4 T cells were purified from congenically marked Tnfaip3ﬂ/ﬂ Ath”/
*+ Esr-Cre and Tnfaip3ﬂ/ﬂ Athﬂ/ﬂ Esr-Cre mice and mixed at a 1:1 ratio. Then, cells were stimulated with anti-CD3E and anti-CD28 antibodies, 4-OHT
(10 nM), and Torin1 (25 nM) for 72 h. Live cells were quantified by flow cytometry of DAPI-negative cells (left). Protein deletion efficiency was evaluated
by immunoblotting (right). (D) Expression of anti-apoptotic and pro-apoptotic molecules. Naive CD4 T cells from Tnfaip3™"+ At_qSﬂ/+ Esr-Cre, Tnfaip3™"
Ath”/ + Esr-Cre, Tnfaip3ﬂ/ o Athﬂ/ 7 Esr-Cre, and Tnfaip3ﬂ/ g Atg5ﬂ/ ™ Esr-Cre mice were stimulated as described in (B). The gene expression of Bcl2, Bax, Bak1,
and Mcl1 was evaluated by RT-PCR. Data are representative of 2 independent experiments. Error bars indicate standard deviations. *, p < 0.05 by the
Student t test.
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anti-MTOR antibody (Cell Signaling Technology, 2983) and
mouse anti-TNFAIP3 monoclonal antibody (Abcam, ab13597).
As a control, the primary antibody was mouse control IgG (Vec-
tor Laboratories, 1-2000). Images were acquired with a confocal
laser microscope (FV10i, Olympus), using a 60x oil-immersion
objective lens.

Cell culture and reagents

HEK293T cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma, D5796), with fetal bovine serum (BioWest,
S1820) and penicillin/streptomycin (nacalai tesque, 26253-84)
at 37°C. pCMV-Flag-TNFAIP3 has been described previously.'*
HEK293T cells were transiently transfected using TransIT
(Mirus, MIR2300) as indicated by the supplier.

Quantitative RT-PCR

Total RNA from naive or stimulated CD4 T cells was isolated
using the RNeasy Mini Kit (QIAGEN, 74106). cDNA was syn-
thesized using a QuantiTect Reverse Transcription Kit (QIA-
GEN, 205313). qPCR was performed with a QuantiTect SYBR
Green Master Mix (QIAGEN, 204145) and the StepOnePlus
Real-Time PCR System (Applied Biosystems, StepOnePlus-01).
Gene expression was normalized to expression of the housekeep-
ing gene Actb. The expression of genes was determined using the
following primers: Bcl2, 5-AGTACCTGAACCGGCATCTG-3
and 5'-CATGCTGGGGCCATATAGTT-3'; Bax, 5'-TGGAGAT-
GAACTGGACAGCA-3'  and  5-TGAAGTTGCCATCAG-
CAAAC-3'; Bakl, 5'-CCACATCTGGAGCAGAGTCA-3' and
5'-TGTCCAGATGCCATTTTTCA-3'; Ifng, 5'-CAATGAACGC-
TACACACTGC-3' and 5'-CCACATCTATGCCACTTGAG-3';
Acth, 5'-GACAGGATGCAGAAGGAGA-3' and 5'-GTACT-
TGCGCTCAGGAGGAG-3'; Mcll, 5'-GTGGAGTTCTTC-
CACGTACAGGA-3’ and 5'-AGCAACACCCGCAAAAGC-3';
1117, 5-CTCCAGAAGGCCCTCAGACTAC-3' and 5'-
AGCTTTCCCTCCGCATTGACACAG-3"; Atg5, 5'-AACT-
GAAAGAGAAGCAGAACCA-3’ and 5-TGTCTCATAACC-
TTCTGAAAGTGC-3'; and Tnfaip3, 5'-AAACCAATGGTGAT-
GGAAACTG-3' and 5'-GTTGTCCCATTCGTCATTCC-3

Immunoblotting

CD4 T cells or thymocytes were incubated in lysis buffer
(either 20 mM HEPES, pH 7.5, 150 mM NaCl, 0.5% CHAPS
[Nacalai Tesque, 07957-64], 10% glycerol, 2 mM N-ethylmalei-
mide, and Halt protease and phosphatase inhibitor cocktail
[Pierce, 1861280] or 20 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.2% NP-40 [Nacalai Tesuque, 25223-04], 10% glycerol,
2 mM N-ethylmaleimide, and protease inhibitors) on ice for
20 min and centrifuged at 14,000 xg for 20 min. For Flag
immunoprecipitation, cell lysates were incubated with anti-Flag

M2 beads (Sigma, A2220). For MTOR immunoprecipitation,
anti-MTOR antibody (Cell Signaling Technology, 2983) was
coupled with Dynabeads Protein G (Novex, 10004D) in PBS.
Cell lysates were incubated with the pre-coupled beads for 10 h
at 4°C. Samples were resolved on NuPage precast 4%-12%
Bis-Tris gels (Invitrogen, NP0323) and transferred to PVDF
membranes. The following antibodies and reagents were used for
immunoprecipitation and immunoblotting studies: anti-ACTB
(Sigma, A5441), anti-Flag (Sigma, F7425), and-ATG5 (MBL,
PM050), anti-LC3 (MBL, PD014), anti-TNFAIP3 (Cell Signal-
ing  Technology, 5630), anti-phospho-PRKAA/AMPKa
(Thr172) (Cell Signaling Technology, 2535), anti-PRKAA/
AMPKa (Cell Signaling Technology, 2532), anti-phospho-AKT
(Thr308) (Cell Signaling Technology, 2965), anti-AKT (Cell
Signaling Technology, 9272), ant-RPS6KB1 (Cell Signaling
Technology, 2708), anti-phospho-RPS6KB1 (Thr389) (Cell Sig-
naling Technology, 9206), anti-phospho-MTOR (Ser2481)
(Cell Signaling Technology, 2974), anti-MTOR (Cell Signaling
Technology, 2983), anti-phospho-EIFAEBP1 (Thr37/46) (Cell
Signaling Technology, 2855), anti-EIF4EBP1 (Cell Signaling
Technology, 9452), and and-Ub (P4D1) (Santa Cruz Biotech-
nology, sc-8017). Secondary antibodies (mouse anti-rabbit and
goat anti-mouse, 211-032-171 and 115-035-174, respectively)
were purchased from Jackson Laboratories.
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