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T regulatory (Treg) cells are essential for self-tolerance whereas they are detrimental for
dampening the host anti-tumor immunity. How Treg cells adapt to environmental sig-
nals to orchestrate their homeostasis and functions remains poorly understood. Here,
we identified that transcription factor EB (TFEB) is induced by host nutrition depriva-
tion or interleukin (IL)-2 in CD4™ T cells. The loss of TFEB in Treg cells leads to
reduced Treg accumulation and impaired Treg function in mouse models of cancer and
autoimmune disease. TFEB intrinsically regulates genes involved in Treg cell differenti-
ation and mitochondria function while it suppresses expression of proinflammatory
cytokines independently of its established roles in autophagy. This coordinated action
is required for mitochondria integrity and appropriate lipid metabolism in Treg cells.
These findings identify TFEB as a critical regulator for orchestrating Treg generation
and function, which may contribute to the adaptive responses of T cells to local envi-
ronmental cues.
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T regulatory (Treg) cells are essential for self-tolerance but detrimental for dampening
anti-tumor immunity (1, 2). Treg cells respond to cues within local tissues, such as
nutritional availability and abundance of cytokines to coordinate their homeostasis, sur-
vival, and stability to execute their functions (3, 4). Interleukin (IL)-2 is required for
the maintenance of Treg cells through activation of STATS, which is known to
enhance expression of Foxp3 (5-8). In addition to STAT5 activation, IL-2 activates
mammalian target of rapamycin (mTOR), yet inhibition of mTOR enhances Treg dif-
ferentiation (9).

Treg cells favorably accumulate within the tumors to maintain an immunosuppres-
sive environment (10, 11), despite the harsh conditions within the tumor microenvir-
onments that is often acidic, hypoxic with a lack of critical nutrients such as glucose
and glutamine. Nutrient deprivation has been associated with enhanced Treg genera-
tion, consistent with mTOR inhibition (12). Treg cells, in contrast with effector
T cells, have been shown to rely on fatty acid oxidation for their generation and func-
tion rather than glycolysis (13-15), although this has been recently disputed (16-18).

Transcription factor EB (TFEB), encoded by 7c¢feb gene, was identified as a master
transcription factor for lysosome biogenesis and autophagy (19). TFEB expression is
up-regulated in mouse kidney, liver, and fat tissues in response to starvation, which
subsequently controls lipid metabolism to maintain host homeostasis (20). Moreover,
TFEB plays a key role in differential regulation of the presentation of exogenous anti-
gens by DCs (21). TFEB is largely regulated through a variety of posttranslational
modifications, which affect its dynamic subcellular localization and activity (22, 23).
Mechanistic target of rapamycin complex 1 (mTORCI1) phosphorylates TFEB on
Serine 142 and Serine 211 residues under nutrient-rich conditions (24, 25). Once these
serines are phosphorylated, TFEB remains cytosolic and inactive. The role of TFEB in
T cell development and function remains largely unknown.

We report here that diverse Treg-related stimuli including T cell receptor (TCR)
and IL-2 stimulation in vitro or nutrition deprivation in vivo induced TFEB expression
in CD4™ T cells, which promotes Treg differentiation. Deletion of TFEB in Treg cells
leads to reduced Treg accumulation and impaired suppressive function. Deficiency of
TFEB affected neither autophagy nor lysosome activity in Treg cells. Transcriptome
analysis revealed TFEB regulates genes associated with Treg cell generation and mito-
chondria organization. The loss of TFEB in Treg cells resulted in mitochondrial dys-
function and impaired fatty acid oxidation. Mice bearing 7¢feb deficiency in Treg cells
had enhanced anti-tumor immunity in a xenograft mouse model. In summary, our
data identified TFEB as a regulator of Treg generation and function with both a dis-
tinct and a shared program with mTORCI.

PNAS 2022 Vol. 119 No.31 2205469119

https://doi.org/10.1073/pnas.2205469119

Significance

Here, we show that transcription
factor EB (TFEB), thought to be a
key regulator of autophagy and
lysosome function, can be
regulated by T regulatory (Treg)-
related cues in a mechanistic
target of rapamycin complex
1-independent manner and is
crucial for Treg cell generation and
function. TFEB deficiency affects
Treg mitochondrial fitness and
could result in impaired
generation and function of Treg
cells in autoimmune disease and
tumors irrespective of autophagy
and lysosome activity. These data
demonstrate that TFEB acts as a
critical regulator for orchestrating
Treg generation and function in
response to local environmental
cues.
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Results

TFEB Is Induced in T Cells by Diverse Stimuli. To investigate
the potential function of TFEB in response to nutrient depriva-
tion in immune cells, mice were fasted for 24 h, and TFEB
expression in splenocytes was determined using immunofluores-
cent staining. Nutrient deprivation enhanced TFEB expression
in the spleen (87 Appendix, Fig. S1A), which was accompanied
with reduced mTORCI activity measured by p-S6 levels in
CD4" T cells (SI Appendix, Fig. S1B). This was confirmed
with immunoblotting in isolated CD4" T cells (Fig. 14). Con-
sistent with a previous study (26), starvation resulted in increased
Treg population in the periphery blood (S7 Appendix, Fig. S10),
suggesting a possible association of TFEB with Treg generation.
Stimulation of TCR induced TFEB expression in a time-
dependent manner and enhanced its nuclear localization (Fig.
1B and (), despite well-documented mTORCI activation
upon TCR stimulation (27, 28). Blockade of IL-2 with neutral-
izing antibodies against murine IL-2 resulted in both band shift
and significant inhibition of TCR-induced TFEB expression
(Fig. 1D). Conversely, exogenous IL-2 enhanced TFEB expres-
sion in a dose-dependent manner (Fig. 1E and F). Further
analysis showed IL-2 enhanced the presence of TFEB in both
cytosol and nucleus (87 Appendix, Fig. S1D), indicating both
induction and translocation of TFEB are regulated by IL-2. To
investigate the mechanism underlying this, we measured phos-
phorylation of TFEB at serine 211 in Jurkat T cells. We found
that despite the enhanced mTORCI activation, IL-2 inhibited
the phosphorylation of TFEB (Fig. 1G and H), indicating that
a dominant dephosphorylation of TFEB is induced by IL-2.
Together, these data demonstrate that both nutrient depriva-
tion and IL-2 can induce TFEB expression in CD4' T cells,
which was irrespective of the status of mMTORCI activity.

TFEB Regulates Treg Differentiation In Vitro. Th17 and Treg
differentiation are conversely regulated by IL-2 (29). Compared
with in vitro differentiated Th17 cells, iTreg cells had signifi-
cantly up-regulated TFEB expression (Fig. 24). To investigate
the potential function of TFEB in Treg cells, we generated
Tcfeb-deficient mice in the T cell compartment by crossed mice
carrying loxp-flanked Tefeb (Tcfeb™) to Cd4-Cre transgenic
mice. The deletion in CD4" T cells was confirmed by quanti-
tative polymerase chain reaction (QPCR), immunoblotting, and
immunofluorescence assays (SI Appendix, Fig. S2A-C). Tcfeb-
deficient T cells had comparable Th17 polarization with wild-
type (WT) cells in vitro (Fig. 2B). However, the polarization of
naive T cells into Treg cells in vitro was significantly inhibited
in the absence of TFEB (Fig. 2C). Conversely, overexpression
of a constitutive TFEB S211A mutant with retroviral particles
significantly enhanced Treg differentiation (Fig. 2D). The pres-
ence of H3K4me3 within the promoter of Foxp3 was signifi-
cantly reduced in Tc¢feb-deficient Treg cells (Fig. 2E).

Next, we asked whether deletion of TFEB in the CD4 com-
partment would affect Treg development and T cell homeosta-
sis. The percentages and numbers of CD4"Foxp3™ Treg cells
were significantly lower in the spleen, periphery lymph nodes
(pLNs), and colon LP of 20-wk-old knockout (KO) mice, com-
pared to WT controls (Fig. 2F and G). Both
CD4"NRP1*Foxp3™ tTreg and CD4*NRP1 Foxp3™ pTreg
were affected by the TFEB deficiency (SI Appendix, Fig. S2D
and £). The total numbers of CD4" and CD8™ T cells, as well
as the percentages of CD44"8"CD62L'" activated CD4™ and
CD8" T cells, were higher in the spleen and pLNs isolated
from KO mice (SI Appendix, Fig. S2F and G). The percentages
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of interferon (IFN)-y-producing CD4" T cells and CD8" T cells
in the spleens were also higher (S Appendix, Fig. S2H). Taken
together, these data demonstrate that TFEB positively regulates
Treg cell differentiation both in vitro and in vivo.

TFEB Is Critical for Treg Suppressive Function. To investi-
gate the function of TFEB in Treg cells, we generated the
Foxp3 ™" Tefeb”™ mice, in which Tefeb is deleted in the
Treg compartment. These mice had increased cell numbers in
the spleen and lymph nodes and reduced Treg cell numbers (57
Appendix, Fig. S3A and B), indicating that TFEB is indispens-
able for Treg homeostasis. To test whether TFEB is required
for the suppressive activity of Treg cells, we sorted YFP" Treg
cells from Foxp3™™* =" or Foxp3™™" = Tefeb™ mice, cocul-
tured them with fluorescence-labeled naive CD4* T cells at dif-
ferent ratios, and the cells were stimulated with plate-bound
anti-CD3/CD28 for 3 d. While both WT and TFEB KO Treg
cells suppressed CD4" T cell proliferation in a dose-dependent
manner, 7¢feb-deficient Treg cells were significantly less able to
suppress effector T cell expansion, compared with WT Treg
cells at all tested ratios (Fig. 34 and B).

We next investigated Treg cell function in vivo using a
transfer colitis model. We adoptively transferred sorted
CD4*CD25 CD45RB™ naive T cells alone or with YFP*
Treg cells from Foxp3" ™"~ or Foxp3™ = Tefeb™™ mice
into Rag2-deficient mice. Naive T cells induced gradual weight
loss and colitis of Rzg2 '~ mice, whereas cotransfer of WT
Treg cells reversed the weight loss and colitis (Fig. 3C and D).
By contrast, T¢feb-deficient Treg cells did not prevent weight
loss and failed to suppress T cell-mediated colitis (Fig. 3Cand D).
In addition, WT Treg cells, but not chebf/f Treg cells, reduced
effector cell-induced spleen weight loss (SI Appendix, Fig. S3C).
While transfer of CD4TCD25 CD45RB" T cells alone led to
the presence of IFN-y* and IL-17* effector Th cells in the lam-
ina propria, cotransfer of WT Treg cells significantly suppressed
the percentages and total numbers of IFN-y* and IL-17" effec-
tor Th cells (Fig. 3F and F). The inhibitory effect was dimin-
ished by the cotransfer of T¢feb-deficient Treg cells (Fig. 3£ and
F). Similar results were obtained in the mesenteric lymph nodes
(S Appendix, Fig. S3D). Furthermore, the spleens isolated from
the mice cotransferred with WT Treg had significantly higher
percentages and numbers of Foxp3"CD4" T cells (Fig. 3G and
H), compared with the group cotransferred with 7¢feb-deficient
Treg cells. Together, these data demonstrate that TFEB is essen-
tial for the immunosuppressive function of Treg cells both
in vitro and in vivo.

TFEB Regulates Treg Homeostasis in a Cell-Intrinsic Manner.
To test whether TFEB intrinsically regulates Treg cell homeo-
stasis, we transferred mixed bone marrows from congenic
CD45.17CD45.2" Foxp3™™ and CD45.2% Fosp3"™ “ Tefel"™
mice into sublethal irritated CD45.1" C57BL/6 mice (Fig, 4A).
After 8 wk, we analyzed the Treg percentages and numbers in the
spleens, mesenteric lymph nodes, and lamina propria (Fig. 4B).
CD4' T cells were gated on the congenic mark (87 Appendix,
Fig. S44). We found significantly higher percentages and num-
bers of WT Foxp3™ cells in both secondary lymphoid organs and
small intestines, compared to their 7¢feb-deficient counterparts
(Fig. 4C and D). The median fluorescence intensity (MFI) of
Foxp3 in Treg cells were significantly lower in the 7¢feb-deficient
populations, compared with WT populations (S/ Appendix, Fig.
S4B), indicating an intrinsic regulation of Treg cell generation
by TFEB. In line with this, loss of TFEB also affected the stability
of in vitro-generated Treg cells (SI Appendix, Fig. S4C). The
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Fig. 1. TFEB is induced in T cells by diverse stimuli. (A) Immunoblot analysis (Left) and quantitative results (Right) of TFEB expression in splenic CD4* T cells
isolated from C57/BL6 mice given ad libitum access to normal chow diet or starved for 36 h (n = 3 mice per group). (B) Confocal microscopy analysis of TFEB
(Red) expression in naive CD4* T cells stimulated with anti-CD3/anti-CD28 (5 pg/mL) for 0, 12, 24, and 48 h. (Scale bars: 5 pm.) (C) Immunoblotting analysis
and quantitative results of TFEB expression under anti-CD3/anti-CD28 stimulation (5 pg/mL) for the indicated time. (D) Naive CD4* T cells were stimulated
with anti-CD3/anti-CD28 (5 pg/mL of each) for 72 h in the absence or presence of anti-IL-2 (10 pg/mL). TFEB expression was determined with immunoblotting
and band intensities were quantified. (€ and F) Confocal microscopy (£) and immunoblot (F) analysis of TFEB expression in activated CD4* T cells in the pres-
ence of anti-mIL-2 and varying amounts of hIL-2 for 12 h. (Scale bars: 5 pm.) (G and H) Immunoblot analysis (G) and quantitative results (H) of p—TFEBserz”
and TFEB in Jurkat cells stimulated with varying amounts of hiL-2. Data are representative of three experiments. Data are means + SEM and were analyzed

by two-tailed, unpaired Student'’s t test.

PNAS 2022 Vol.119 No.31 2205469119 https://doi.org/10.1073/pnas.2205469119 3 of 11



4§ Q ) 37 = & Tefeb™ Cdd4oeTefeb™ =801 ns
o 2]
S mw g . 2
A P L E
el T Lol L -
- =
0 N 5 TR S NI | B T 7
N @ CD4 > S
QA8 e 0
c = ’ﬂé 0»\0\@
= Control TFEB-S211A =
Tefeb™ Cd4Tcfeb™ R 607 — retrovirus retrovirus & 90,
] K%, == 2
: S 40 g 8
1 328 = - T +
3 - 8
; O 20 cg_ o
+ > +
o - g 2 2
(o] & @ (o]
> [ & 9 L
N\ «0&
E F
o Tcfeb™
= Cd4eeTefeb™
anti-H3K4me3 A
6 - Tefeb™
5 ns W
(e}
£ )
S 44
= +
8 R CD4ee
2 21 L Tefeb™
= o
3 o a Q
. X
0 1 . S
ThO Treg CD4 g
G . Spleen . pLNs —_ Colon LP
X X X .
T 16, i gy —* = 157
= a0 =2 - T
] D = ] 2
o 124 » o 151 = . 5]
Y. PmEs e
2% 3 55 T
O 4 O g 2
2 2 3
5 0 5 6 g0
w & o s & L & @
0 IR AV Ko 0 éb‘ &
@ ¥ S @~ 8 7
0 0 ¢ O 0 G )
Al /\6\% A »ﬂ(‘;@ Al «ci’\@;

Fig. 2. TFEB regulates Treg differentiation in vitro. (A) Immunoblot analysis (Left) and quantitative results (Right) of TFEB in Th17 and Treg cells. (B and C) WT
and Tcfeb-deficient naive CD4* T cells were differentiated under Th17 (B) and Treg (C) conditions for 3 d. Representative flow cytometry plots and frequen-
cies of IL-17* T cells (B) and Foxp3* T cells (C). (D) Activated CD4* T cells were transduced with control retrovirus or TFEB-S211A retrovirus and then differen-
tiated under Treg conditions. Representative flow cytometry plots and frequencies of Foxp3* cells were shown. (E) The occupancies of H3K4me3 in the
Foxp3 promoter were determined by chromatin immunoprecipitation and reverse transcription-PCR. (F and G) Representative flow cytometry plot (F) and
frequencies (G) of CD4* Foxp3* Treg cells in spleen, pLNs, and colonic lamina propria (LP) of 20-wk-old Tcfeb™™ and CD4"®Tcfeb™" mice (n = 4). ns, no signifi-
cance; *P < 0.05, **P < 0.01, ***P < 0.001. Data are representative of three (A, D, E) or four (B, C) experiments. Data are means + SEM and were analyzed by
two-tailed, unpaired Student's t test.

recovered 7c¢feb-deficient Treg cells had significanty reduced — SI Appendix, Fig. S4D). The expression of Treg function related
proliferative and anti-apoptotic activities measured by K-67 stain- molecules including CTLA-4, GITR, and ICOS were also
ing and anti-apoptotic BCL-2 expression (Fig. 4F and F and reduced in Te¢feb-deficient Treg cells (Fig. 4G and H).
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Fig. 3. TFEB is critical for Treg suppressive function. (A and B) Cell trace-labeled WT naive CD4* T cells were stimulated with anti-CD3/anti-CD28 (1 pg/mL of
each) in the absence or presence of Treg cells sorted from Foxp3"™ <" mice or Foxp3'™"ceTcfeb™™ mice at indicated ratios for 72 h. Representative histo-
grams (A) and the mean percentages of divided cells (B) were shown. (C-H) RagZ’/’ mice received 4 x 10° CD4*CD25-CD45RB"8" T cells alone or in combina-
tion with 2 x 10° WT or Tcfeb-knockout Treg cells. (C) Weight changes of mice post T cell transfer were shown (n = 5 or 6). (D) Representative images of colon
sections. (Scale bars: 100 um.) (E, F) Representative flow cytometry plots and frequencies of IL-17- and IFN-y-producing CD4™ cells in colonic LP. (G, H) Repre-
sentative flow cytometry plots and frequencies of CD4*Foxp3* Treg cells in the spleens. *P < 0.05. Data are representative of two independent experiments
with similar results. Data are means + SEM and were analyzed by two-tailed, unpaired Student's t test.
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Fig. 4. TFEB regulates Treg homeostasis in a cell-intrinsic manner. (4) Schematic of bone marrow (BM) chimera mice generation. (B-D) Representative flow
cytometry plots (B), frequencies (C), and numbers (D) of wild-type Foxp3"<"® (CD45.1* CD45.2%) and Foxp3'™reTcfeb™" (CD45.1~ CD45.2*) CD4*Foxp3* Treg cells
recovered in the spleens, pLNs, and colonic LP from chimera (n = 10 or 11). (E and F) Representative flow cytometry plots (F) and frequencies (F) of K-67" cells in
wild-type and Tcfeb-deficient Treg cells from the spleens of chimera (n = 11). (G and H) Representative histogram (G) and MFI quantitation (H) of CTLA-4, GITR and
ICOS in WT and Tcfeb-deficient Treg cells from chimeric mice (n = 11). *P < 0.05. Data are means + SEM and were analyzed by two-tailed, paired Student's t test.

Together, these data demonstrate that TFEB regulates Treg

cell homeostasis in a Treg cell-intrinsic manner.

TFEB Does Not Regulate Autophagy and Lysosome Activity in
Treg Cells. Next, we asked whether TFEB regulates genes that
are associated with autophagy and the lysosome in in vitro

6 of 11

https://doi.org/10.1073/pnas.2205469119

differentiated Treg cells. Treatment with rapamycin signifi-
cantly induced autophagy and lysosome-related genes including
Atg5, Atg7, Atgl0, Atgl6l, Vsp34, Cisf; Clen7, and Lamp2, and
to a lesser extent for other test genes in WT Treg cells (S/
Appendix, Fig. S5A and B). However, deletion of 7¢feb in Treg
cells did not affect the induction pattern for the autophagy- and
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lysosome-related genes (SI Appendix, Fig. S5A and B). Of note,
expression of Azg5 and Beclinl induced by rapamycin was
slightly reduced in the absence of TFEB (S Appendix, Fig. S5A
and B). To test if TFEB affected autophagy in Treg cells, we
compared the amounts of LC3 puncta in WT or Te¢feb-deficient
Treg cells treated with rapamycin or bafilomycin A (BafAl).
Rapamycin treatment induced comparable amounts of LC3
puncta in WT and 7T¢feb-deficient Treg cells (Fig. 5A). Simi-
larly, the lysosomal inhibitor bafilomycin A led to accumulation
of LC3 puncta, and the amounts of LC3 puncta were compara-
ble (Fig. 5A4). Deletion of TFEB did not affect Lysotracker
staining (SI Appendix, Fig. S50), indicating the absence of
TFEB did not impair the lysosome activity. Consistent with
this, the LC3 levels after rapamycin and bafilomycin A treat-
ment were comparable (S/ Appendix, Fig. S5D). BafAl sup-
pressed the maturation of Cathepsin B in both WT and KO
groups; however, the amounts of cleaved Cathepsin B were
comparable between WT and KO Treg cells (S Appendix, Fig.
S5D), indicating deletion of TFEB does not affect lysosomal
activity. Of note, the amounts of phosphorylated S6 were not
affected by the deficiency of TFEB (SI Appendix, Fig. S5D).
TFEB is a known mTORCI substrate, and we asked
whether TFEB mediates the enhancement of Treg differentia-
tion by rapamycin. Consistent with the literature (9), rapamy-
cin significantly enhanced Treg differentiation in both WT and
Tcfeb-deficient group (Fig. 5B and SI Appendix, Fig. S5E
and F). While BafAl had no effects on Treg differentiation,
3-methyladenine (3-MA), an autophagy inhibitor, suppressed
Treg cell differentiation in both WT and 7t¢feb-deficient group
(Fig. 5B and SI Appendix, Fig. SSE and F). Nevertheless, Treg

differentiation ability of 7¢feb-deficient cells was impaired in
the presence of 3-MA or BafA (Fig. 5B and SI Appendix, Fig.
S5F). The induction of autophagy by Rapamycin was con-
firmed by enhanced LC3II expression and degradation of p62;
3-MA had the opposite effects (ST Appendix, Fig. S5G). How-
ever, there was no difference between WT and KO iTreg cells
(81 Appendix, Fig. S5G). Together, these data demonstrate that
TFEB regulates Treg differentiation independent of the autophagy-
lysosomal pathway.

TFEB Regulates Mitochondria Fitness and Fatty Acid Oxidation
in Treg Cells. We next compared the transcriptomes of WT and
Tcfeb-deficient Tregs by RNA sequencing (RNA-seq). Using
fold changes >2, we found 349 genes were down-regulated and
1,040 genes up-regulated in the T¢feb-deficient Treg cells (Fig.
6A). Tcfeb-deficient Tregs showed significant enrichment of
gene signatures associated with the cytokine production, cytokine
secretion, and regulation of proinflammatory response (Fig. 65).
These included genes such as /16, 1l17a, Ifng, and I-5 (Fig. 6A
and SI Appendix, Fig. S6A).

Among the most prominent down-regulated genes seen in
Tefeb-deficient Treg cells, we found two functional groups. The
first group included Car56, TrnG, and TrnR; genes that are
involved in regulation of mitochondria integrity and function.
The second group included Ch25h and Angl4_I; genes that are
associated with lipid metabolism (Fig. 64). TFEB deficiency
affected multiple pathways in lipid metabolism including phos-
pholipid metabolic process, lipid phosphorylation, and fatty
acid biosynthetic process (Fig. 6B). While Ch25h, Angl4d_1I,
and Pld4 were down-regulated, Elov4, Alox5, Alox5ap, and
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Fig. 5. TFEB does not regulate autophagy and lysosome activity in Treg cells. (A) WT or Tcfeb-deficient naive CD4™ T cells were differentiated under Treg
condition for 3 d in the absence or presence of rapamycin (100 nM) or BafA1 (100 nM). LC3 puncta was stained with immunofluorescent antibodies and ana-
lyzed with confocal microscopy, and the amounts were quantified with Image J. (B) WT or Tcfeb-deficient naive CD4* T cells were differentiated under Treg
conditions, in the presence of rapamycin (100 nM), or 3-MA (5 mM) for 3 d. Representative flow cytometry plots and frequencies of CD4*Foxp3* Treg cells
were determined. ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001. Data are representative of three experiments. Data are means + SEM and were

analyzed by two-way ANOVA.
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Fig. 6. TFEB regulates mitochondria integrity and metabolism in Treg cells. (A-C) RNA-seq analysis of WT or Tcfeb-deficient naive CD4* T cells differentiated
under Treg condition for 60 h. (A) Volcano plot showing differentially expressed genes between the two groups (n = 3). Each red or blue dot denotes a differ-
entially expressed gene with fold change >2. (B) Gene ontology analysis of pathways in differentially expressed genes. (C) Heatmap showing the expression
patterns of mitochondria related genes in Treg cells. The color density indicates the expression of genes, each row was scaled by z-score. (D) Representative
electron microscope images (Left) and quantitative percentages (Right) of damaged mitochondrial cristae structure. (F) Representative flow cytometry plots
(Left) of MitoTracker Green and MitoTracker Deep Red and frequencies of MitoTracker Deep Red in WT and TFEB-deficient ThO and Treg cells (Right). (F) The
amounts of intracellular ATP were determined by luminescent ATP detection assay. (G and H) A representative plot of oxygen consumption rate (OCR) and
respective basal and maximal (after FCCP addition) respiratory activity of WT and Tcfeb-deficient Treg cells were shown. (/) The occupancies of TFEB in the
Myc promoter were determined by chromatin immunoprecipitation. (/) Immunoblot analysis and quantitative results of Myc expression of in vitro differenti-
ated Treg cells from Tcfeb™™ and Cd4<eTcfeb™™ mice. (K) Activated CD4* T cells were transduced with control retrovirus or Myc retrovirus and differentiated
under Treg conditions. Representative flow cytometry plots (Left) and frequencies (Right) of CD4*Foxp3* Treg cells were shown. ns, no significance; *P <
0.05; **P < 0.01. Data are representative of three (A, B, C, J) or two (E, G, H, I, K) experiments. Data are means+ SEM and were analyzed by two-tailed,

unpaired Student’s t test (D-/) and two-way ANOVA (K).
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Prgs2 were up-regulated in T¢feb-deficient Treg cells (87
Appendix, Fig. S6B). Key mitochondrial regulators Myc, Car5b,
genes 7rnG and TrnR encoding mitochondrial RNAs, and
Cox6a encoding a subunit of complex IV, the last enzyme in the
mitochondria electron transport chain, were down-regulated in
Tcfeb-deficient Treg cells (Fig. 6C and ST Appendix, Fig. S60).
We differentiated naive T cells isolated from Foxp3™™ "™ or
Foxp3™ " Tefe"™ and sorted YFP* Treg cells. Similar results
were obtained on TFEB-regulated gene expression in these cells
(SI Appendix, Fig. S6D and E), suggesting TFEB intrinsically reg-
ulates expression of Treg-related genes, cytokines, and mitochon-
drial genes.

In line with this, we saw that the mitochondria were enlarged
with loss of cristae structure in KO Treg cells, compared to WT
Tregs (Fig. 6D). In additon, KO Treg cells had significantly
enhanced percentages of MitoTracker Deep Red lower staining
(Fig. 6F) and reduced fluorescence intensity of TMRE staining
(ST Appendix, Fig. S6F and G), whereas deletion of T¢feb had no
effects on ThO cells. These data suggest the regulation of mito-
chondrial fitness by TFEB is highly likely Treg-specific. TFEB
deletion led to reduced intracellular adenosine 5'-triphosphate
(ATP) production (Fig. 6F). Seahorse extracellular flux assay
showed that Te¢feb-deficient Treg cells had similar glycolytic rates
compared with control Treg cells, but significantly reduced oxy-
gen consumption rates (OCR), which was most pronounced in
the presence of the uncoupling agent FCCP, further supporting
impaired mitochondrial function (Fig. 6G and H and S/
Appendix, Fig. S6H).

To investigate whether TFEB directly regulates mitochondrial
genes, we transduced CD4% T cells with TFEB-HA retrovirus
under Treg differentiation condition and performed chromatin
immunoprecipitation analysis with anti-HA antibody. Over-
expression of TFEB-HA significantly enhanced occupancies of
TFEB within the promoter of Myc (Fig. 61). Furthermore, we
found the protein level of Myc was significantly decreased in the
Tefeb-deficient iTreg cells (Fig. 6/). Myc overexpression reversed
the defect of Treg differentiation in TFEB-KO group (Fig. 6K).
Moreover, overexpression of Myc in the Tcfeb-deficient Tregs
restored their ability to suppress the proliferation of fluorescence-
labeled T effector cells to a level similar to that of WT Treg cells
(SI Appendix, Fig. S61).

Together, these data demonstrate that TFEB regulates Treg
differentiation via maintenance of Treg mitochondria integrity
and function.

Mice with TFEB Deficiency in Treg Cells Had Enhanced Anti-
Tumor Immunity. Treg cells play critical roles for establishing
and maintenance of an immunosuppressive microenvironment
within tumors, where immune cells often compete with tumor
cells for oxygen, nutrition, and cytokines. We investigated whether
TFEB deficiency in Treg compartments would affect host anti-
tumor immunity. To test this, we isolated tumor-derived cell
lines (TDCLs) using a well-established Kras-Sb G120/, Tp53ﬂ /A
conditional non—small cell lung cancer (NSCLC) model, where
spontaneous lung tumors developed upon treatment of the mice
with lentiviruses expressing the recombinase Cre by intranasal
instillation or intratracheal intubation (30). Those isolated
TDCLs were subcutaneously inoculated into Foxp3™"" <" mice
or Foxp3 ™" Tefeb® mice. Compared to Foxp3 Y mice,
tumor sizes and weight were significantly smaller in the
Foxp3"™ Tl mice (Fig. 74 and B and the survival
period of Foxp3" ™" Tefeb™™ mice was significantly extended
(Fig. 70). We found that Te¢feb-deficient Treg cells had less sup-

pressive activity on cytotoxic CD8" T cell proliferation in vitro

PNAS 2022 Vol. 119 No.31 2205469119

(81 Appendix, Fig. S7A and B). Consistent with this, in the Fox-
p3YFP'Cre Tcﬁbﬂ/ " mice, there were more CD8" TILs (tumor
infiltrating lymphocytes) and higher percentages of IFN-y- and
granzyme B-positive cells within the CD8" T cell population, as
well as the total numbers of IFN-y*CD8* and GZMB*CD8*
T cells (Fig. 7D-F). This was associated with reduced Foxp3™*
Treg cells within the CD4" T cell population (Fig. 7G and H).
Together, these data indicate that TFEB regulates Treg immu-
nosuppressive function within the tumor microenvironment.

Discussion

Here, we show that diverse Treg-related stimuli impinge on
and activate TFEB, and deletion of 7¢féb inhibited Treg differ-
entiation and function both in vitro and in vivo. Deficiency of
TFEB led to reduced expression of Foxp3, as well as genes asso-
ciated with Treg differentiation and function. By contrast,
proinflammatory cytokines and chemokines were up-regulated.

It has been reported that key autophagy components (i.e.,
Atg5, Atg7, and Atgl6l) are required for the maintenance and
functional integrity of Treg cells (31, 32). The defect of autoph-
agy leads to enhanced mTORCI activation and glycolysis, which
suppresses Treg function (31). Despite the widely reported role
of TFEB in regulation of autophagy and lysosomal biogenesis,
we did not see alterations in autophagy, lysosome activity, nor
mTORCI activation in the absence of TFEB in Treg cells. In
line with our study, over-expression or deletion of TFEB does
not affect autophagy in adult skeletal muscle (33). It could be
that TFE3 compensates for TFEB for the regulation of autoph-
agy and lysosome activity, since TFEB and TFE3 have been
shown to cooperatively regulate B cell humoral response by regu-
lating CA40l expression in T cells (33), as well as innate response
in macrophages (34).

We found enhanced TFEB expression in splenic T cells, simi-
lar to that reported in liver and kidney after food deprivation
(20), indicating TFEB may mediate metabolic adaption in both
lymphoid and nonlymphoid tissues. Both TCR and IL-2, two
strong activators of mTORCI, induced TFEB expression. This
suggests that TFEB can be activated in the presence of active
mTOR, consistent with a previous study (35). TFEB expression
and subcellular localization and activity are tightly regulated by
hierarchical phosphorylation at numerous serine residues with
different consequences (23, 36). While IL-2 enhances phosphor-
ylaton on ~10% of the identified phosphorylation sites in
T cells, it suppresses phosphorylation on ~49% sites, indicating it
both positively and negatively regulates protein phosphorylation
(37). We found that blockade of IL-2 signaling not only sup-
pressed TFEB expression but also resulted in a faster band shift,
indicating possible de-phosphorylation of TFEB by IL-2. This
has been confirmed in Jurkat cells. It remains unclear which
phosphatase upon IL-2 stimulation dephosphorylates TFEB.

We found that absence of TFEB affected lipid metabolism
genes, as well as genes related to mitochondria organization and
function. Although deletion of TFEB has no effect on mito-
chondria biogenesis in muscle cells, overexpression of TFEB
enhances mitochondria biogenesis (33). In our hands, deletion
of TFEB only affected mitochondria fitness in Treg cells but not
in activated ThO cells, indicating a cell-type-specific regulation of
TFEB on mitochondria function. Myc is a key regulator of
mitochondria structure, function, and dynamics that is activated
both by TCR and IL-2 stimulation (38, 39). Consistent with
this notion, Myc has been shown to be required for the homeo-
stasis, activation, and suppressive functions of Treg cells (40).
Along with Myc, other key genes in regulation of mitochondria
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Fig. 7. Mice with TFEB deficiency in Treg cells had enhanced anti-tumor immunity. 8-wk-old Foxp3'™"-¢"® mice and Foxp3¥™™<¢Tcfeb™™ mice (n = 5) were subcuta-
neously injected with TDCL lung tumor cells (1.5 x 10° cells per mouse). (A and B) Tumor growth (A) and tumor weights (B) were shown. (C) Survival curves of
TDCL lung tumor bearing Foxp3"™ ¢ mice and Foxp3"™“*Tcfeb™™ mice were shown. (D) Total numbers of tumor infiltrating CD8* T lymphocytes were deter-
mined. (E and F) Representative flow cytometry plots and frequencies of IFN-y and GZMB-producing CD8* T cells within tumors were determined by flow cytometry.
(G and H) Representative flow cytometry plots (G) and frequencies (H) of CD4*Foxp3* Treg cells within tumors were determined. *P < 0.05, **P < 0.01, ***P < 0.001.
Data are representative of two experiments with similar results. Data are means + SEM and were analyzed by two-tailed, unpaired Student’s t test.

fitness and metabolism (i.e., TrnG, TrnR, Car5b, and Cox6a)
were down-regulated in 7¢feb-deficient Treg cells. This regula-
tion seems to be Treg-intrinsic, as we obtained similar results
with sorted YEPY WT and Tcfeb-deficient Treg cells. These
data, in combination with the regulation of mitochondrial fit-
ness in Treg cells, but not in ThO cells, suggest that the overall
phenotype in the aged CA4“ Tcfeb™™ mice could be highly
likely due to the impaired Treg differentiation and function,
rather than effects on T effector cells. Despite the up-regulation
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of genes involved in fatty acid uptake and lipid biosynthesis,
fatty acid oxidation was reduced in the 7e¢feb-deficient Treg
cells, suggesting the defect of respiration in the absence of
TFEB might be secondary to the impaired mitochondria fitness
and function. In line with this, overexpression of Myc parti-
ally rescued the Treg differentiation defect in 7¢feb-deficient
T cells.

In summary, our findings revealed that TFEB, in response to
multiple cues to regulate Treg, functions via directly regulating
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differentiation, mitochondria fitness, and related metabolisms.
Our study opens further avenues for understanding the meta-
bolic adaption of Treg cells in different tissues.

Materials and Methods
Afull description of the materials and methods is available in the SI Appendix.

Mice. Tcfeb”™ mice were generated by CRISPR/Cas9 technology and crossed
with Cd4“" mice or Foxp3"™“* mice.

T Cell-Transfer Colitis. 2 x 10° CD45RB"CD25~ CD4™ T cells mixed with
2 % 10° WT or Tcfeb-deficient CDA+CD25+YFP™ Treg cells were transferred intra-
peritoneally into Rag2~'~ mice.

Bone Marrow Chimera. Sublethally irradiated CD45.1% mice were reconsti-
tuted with a 1:1 mixture of bone marrow (BM) cells (5 x 10° cells) from con-
genic Foxp3"™® mice or Foxp3"™“eTcfeb™ mice.

Treg Differentiation and Suppression Assay. Sorted naive CD4™ cells were
stimulated with plate-bound anti-CD3/CD28 (5 pg/mL of each) in the presence
of transforming growth factor-type f (5 ng/mL), hiL-2 (10 ng/mL), and anti-IL-4/
IFN-y (10 pg/mL of each) for 3 d. Fluorescent dye-labeled naive CD4* cells or
CD8* T cells were cultured alone or at different ratios of sorted WT or Tcfeb-deficient
CD4*CD25*YFP* Treg cells in the presence of plate-coated anti-CD3/CD28
(1 pg/mL of each) antibodies for 3 d. Cells were analyzed by flow cytometry.
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