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Abstract

The metabolism-controlled differentiation of af T cells has been well documented; however, the role of a metabolism
program in y8 T cell differentiation and function has not been clarified. Here, using CD2-cre; mTORC1 Raptor-f/f, and
mTORC?2 Rictor-f/f mice (KO mice), we found that mTORCI1, but not mTORC2, was required for the proliferation and
survival of peripheral y5 T cells, especially Vy4 y8 T cells. Moreover, mTORC1 was essential for both yd T1 and y6 T17
differentiation, whereas mTORC2 was required for yd T17, but not for yd TI1, differentiation. We further studied the
underlying molecular mechanisms and found that depletion of mTORCI resulted in the increased expression of SOCSI,
which in turn suppressed the key transcription factor Eomes, consequentially reducing IFN-y production. Whereas the
reduced glycolysis resulted in impaired y5 T17 differentiation in Raptor KO y8 T cells. In contrast, mTORC?2 potentiated y0
T17 induction by suppressing mitochondrial ROS (mitoROS) production. Consistent with their cytokine production profiles,
the Raptor KO yd T cells lost their anti-tumor function both in vitro and in vivo, whereas both Raptor and Rictor KO mice
were resistant to imiquimod (IMQ)-induced psoriasis-like skin pathogenesis. In summary, we identified previously unknown
functions of mMTORC1 and mTORC?2 in y8 T cell differentiation and clarified their divergent roles in mediating the activity
of y8 T cells in tumors and autoimmunity.
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. . , . . vy8 T cells are considered innate-like lymphocytes and play
Supplementary information The online version of this article (https://

doi.org/10.1038/541418-020-0500-9) contains supplementary important roles 1'n protectlve immunity against infections and
material, which is available to authorized users. tumors [1-6]. Similar to af T cells, yd T cells can produce

different arrays of cytokines, such as IFN-y, IL-4, and IL-17,
and are named y8 T1, yd T2, and yd T17, respectively.

Our group has extensively studied the molecular
mechanisms underlying yd T cell differentiation, especially
IFN-y production by yd T cells and their roles in tumor
immunity [7-9].
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the maximum differentiation of both y56 T1 and yd T17 cells
[12] and strong TCR signals suppress the yd T17 fate [13],
controversial results have been reported, such that y5 T17
cells were found to originate from SOX13" DNId pro-
genitors, which are independent of TCR signaling [14].

In addition to the thymic development theory mentioned
above, the extrathymic programming of yd T1 and yd T17
cells from peripheral naive cells has been reported [15, 16].
However, the molecular mechanisms by which y& T cells
are programmed are not well understood.

The mammalian (or mechanistic) target of rapamycin
(mTOR) is an important signal transducer that integrates
environmental signals, cell metabolism, and differentiation
for immune cells [17]. However, the roles of the mTOR
complexes in driving y& T cell differentiation and function
remain unclear. A recent study identified mTORCI1 directs
thymic DN progenitor cells to the off lineage [18]. In our
previous study, we also found that rapamycin, inhibitor of
mTORCI1, promoted yd T cell NKG2D and TNF-a
expression [19].

In this study, we found that mMTORCI1 directs both the ¥
T1 and yd T17 differentiation of peripheral y5 T cells by the
mechanisms involving glycolysis. mMTORC2 promotes yd
T17 differentiation via inhibiting mitoROS production. yd
T cells from Raptor KO, failed to control tumor growth,
whereas both Raptor KO and Rictor KO mice were resistant
to psoriasis. The results of this study thus established dis-
tinct functions of mTOR complexes in y0 T cell
differentiation.

Results

mTORC1 signaling maintains peripheral y6 T cell
numbers

The mTOR signaling pathway has been found to be
involved in the biological functioning of afy T cells and
other immune cells; however, it has not yet been studied in
vo T cells. We investigated the expression of mTOR,
Raptor, and Rictor in lymphoid organs ex vivo, and found
that all of them were highly expressed and further induced
following activation with different kinetics (Fig. la, b).
CD71 and CD98, downstream of mTORC]1, were found to
be expressed higher in CD27% y8 T cells and Vy4 y8 T cells
(Fig. 1c, d), indicating the involvement of mTORCI-
signaling in the functional regulation of yd T cells.

To investigate the roles of mTOR complexes in Yo T cell
differentiation and function, we used conditional knockout
mice in our research. We crossed Raptor-f/f and Rictor-f/f
with CD2-cre mice to generate Raptor-f/f; CD2-cre (Raptor
KO) and Rictor-f/f; CD2-cre (Rictor KO) mice to clarify the
function of mTORC1 or mTORC2, respectively. In these

mice, Raptor or Rictor was knocked out in all lymphocyte
subsets (af and y0 T cells and B cells) [18]. We confirmed
the deletion of the Raptor or Rictor protein successful and
mTOR downstream signals were weakened in yd T cells
from Raptor KO or Rictor KO mice (Fig. SIA-D). We
examined the cell numbers of total T cells as well as yo
T cells in these KO mice. Depletion of Raptor greatly
reduced aff T cell numbers as well as yd T cell numbers in
the spleen (Fig. le, f, S1E, S1F). Interestingly, Raptor KO
mice exhibited a selective reduction in the percentage of
Vy4 vd T cells, with normal percentages of Vyl yd T cells
(Fig. 1g). On the other hand, Rictor KO mice had reduced
of T cell numbers (Fig. 1h, S1G, S1H) and normal yd T cell
numbers (Fig. 1i), and the percentage of the Vy1 subset was
slightly increased, with no change in the Vy4 percentage in
vO T cells (Fig. 1j). To further investigate the underlining
mechanisms, we analyzed Ki-67, a proliferation marker, in
Raptor KO spleen yo T cells. Ki-67 expression was sig-
nificantly reduced in Raptor KO yd T cells (Fig. 1k, 1).
Consistently, sorted y& T cells from Raptor KO mice
showed reduced proliferation following either TCR or anti-
CD3 activation in in vitro culture (Fig. S2). Furthermore,
enhanced apoptosis in Raptor KO yd T cells was observed
following activation (Fig. 1m-o). In contrast, Rictor KO
mice had normal numbers of yd T cells in the spleen
(Fig. 1i), with no change in the proliferation rate (Fig. S3A)
and the percentage of apoptosis (Fig. S3B). To determine
whether the regulation of yd T cells by mTORCI1 was cell
intrinsic, WT (CD45.1) and Raptor KO (CD45.2) bone
marrow cells were mixed at a ratio of 1:1 and injected into
irradiated TCR ™~ hosts intravenously. The host mice were
then analyzed 2 months post-bone marrow transfer
(Fig. 1p). Raptor KO cells failed to maintain the number of
vO T cells, especially the Vy4 subset in the spleen (Fig. 1q,
r), indicating that intrinsic mMTORCI signaling was required
for the maintenance of peripheral yd& T cell numbers.
Together, our results demonstrated that mTORCI1, but not
mTORC?2, signaling was required for the maintenance of yd
T cells, especially the Vy4 yd T cell subset, through pro-
moting proliferation and inhibiting apoptosis.

mTORC1 impacts both yé T1 and yé T17
differentiation, but mTORC2 impacts only yé T17
differentiation

The mTOR signaling pathways play essential roles in many
aspects of CD4 and CD8 T cells [20-23]. To determine the
effect of mTOR signaling on the functional differentiation
of yo T cells, we analyzed the percentages of yd T1 and yd
T17 in splenocytes samples ex vivo. yd T cells from Raptor
KO mice showed significant decreases in both IFN-y* and
IL-17" production (Fig. 2a, b). In contrast, in Rictor KO
mice, only the percentage of yd T17 cells was reduced, with
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a normal percentage of yd T1 cells in the periphery (Fig. 2c,
d). To further verify the effects of mTOR signaling on the
intrinsic differentiation ability of 0 T cells, naive y8 T cells
were sorted from WT, Raptor or Rictor KO mice and
primed under Thl or Th17 differentiation conditions as
described in our previous study [7]. Similar to the cytokine
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profiles ex vivo, the differentiation of both yd T1 and yd
T17 cells were significantly impaired in Raptor KO mice
(Fig. 2e-h). However, only yd T17 differentiation was
reduced in Rictor KO cells. The cytokine profiles of the
bone marrow chimeric mice were consistent with those of
the KO mice (Fig. S4A-D), indicating that the mediation of
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Fig. 1 mTORCI1 signaling maintains peripheral Y5 T cell numbers.
a y8, CD4 and CDS8 T cells were sorted from pooled LNs, spleens, and
thymus of WT mice (n=20). Cells were lysed for Real-time PCR
analysis for mTOR, Raptor and Rictor expression. b yd T cells were
sorted from pooled splenocytes of WT mice (n = 18), stimulated with
anti-yd TCR and cells were collected at different time points for Real-
time PCR analysis. ¢, d YO T cells isolated from pooled splenocytes of
WT mice (n=10) and stimulated with anti-yd TCR for 48 h and
analyzed for CD98 and CD71 expression in CD27/CD27% gate (c)
and Vyl /Vy4 gate (d). In each plot, the numbers following the gate
label (in black or red) represent mean fluorescence intensity (MFI) for
the stained marker. e, f Raptor-f/f and Raptor KO mice were analyzed
for CD3" T cell or y§ T cell numbers in spleen ex vivo. Each symbol
represents an individual mouse, statistics of 4-5 mice for each group
was shown. g Vy1 and Vy4 subsets were analyzed for y§ TCR™ CD3"
gate in (f), each symbol represents an individual mouse and statistics
for 4-5 mice was shown. h, i Rictor-f/f and Rictor KO mice were
analyzed for CD3™ T cell or y8 T cell numbers in spleen ex vivo. Each
symbol represents an individual mouse. Statistics of 3—6 mice for each
group was shown. j Vyl and Vy4 subsets were analyzed for y§ TCR™
CD3" gate in (i). Each symbol represents an individual mouse, sta-
tistics for 3—6 mice was shown. k, 1 The expression of Ki-67 was
analyzed by FACS gated on yd T cells from spleen ex vivo. Each
symbol represents an individual mouse. Statistics of five mice for each
group was shown in (k) and representative plots were shown in (I). m
v8 T cells were isolated from Raptor-f/f (n =5) and Raptor KO (n =
10) mice and activated by anti-yd TCR antibody for 48 h and apoptosis
was analyzed by co-staining of Annexin V and PI. Bim (n) and active
caspase-3 (0) were stained for yd T cells in Raptor-f/f and Raptor KO
mice from spleen ex vivo. Each symbol represents an individual
mouse, statistics of 3—6 mice for each group was shown. p Strategy of
bone marrow chimera for Raptor-f/f and Raptor KO mice. Bone
marrow (BM) cells from WT (CD45.1) and Raptor KO (CD45.2) mice
were isolated and mixed at a ratio of 1:1 and injected into irradiated
TCR & hosts. Two months after transfer, mice were analyzed. q, r
Chimera mice were analyzed for thymus, spleen yd T cells. Each
symbol represents an individual mouse, statistics of 10 recipient mice
for each group was shown in (q). Representative FACS plots with
gates shown at the top of plots were shown in (r). Data are means +
SEM. ns, not significant; *P <0.05, **P<0.01 and ***P<0.001
(two-tailed unpaired ¢ test). Data are representative of at least three
independent experiments. Numbers indicate percentage of cells in
quadrants or gates.

vS T cell cytokine regulation by mTORC1 and mTORC2
was cell intrinsic. The reduction in yd T1 differentiation in
Raptor KO mice was not due to insufficient proliferation, as
indicated by the reduction of y8 T1 in CTV'®Y cells after
culture in vitro (Fig. S4E). Thus, our results clearly
demonstrated that mTORCI1 impacted both ¥ T1 and yd
T17 differentiation but that mMTORC?2 only impacted yd T17
differentiation.

mTORC1 mediates yé T cell IFN-y production
through upregulation of Eomes expression

Since T-bet and Eomes are key transcription factors for
controlling IFN-y production in T cells [9, 24, 25], we
analyzed the expression levels of T-bet and Eomes in per-
ipheral y& T cells from Raptor KO mice ex vivo.

Interestingly, the expression level of Eomes was sig-
nificantly reduced in peripheral yo T cells from Raptor KO
mice, with only a slight reduction in the expression of T-bet
(Fig. 3a). In contrast, the expression level of T-bet was
significantly reduced in peripheral yd T cells from Rictor
KO mice, and the level of Eomes was not affected
(Fig. S5A, S5B). To determine the roles of T-bet and Eomes
in y& T cell IFN-y production, we crossed CD2-cre mice
with T-bet-f/f or Eomes-f/f mice to generate T-bet or Eomes
conditional KO mice. We confirmed that the deletion was
complete in yO T cells from these mice (Fig. S6A-D).
Indeed, the level of IFN-y production by yd T cells from
Eomes KO mice was significantly reduced, with no fluc-
tuations in IL-17 secretion (Fig. 3c, d). This trend was
especially apparent in the CD27" v T subset (Fig. 3e, f). y&
T cells isolated from T-bet KO mice showed reduced IFN-y
production (Fig. 3g, h), especially in the CD27" y8 T subset
(Fig. 31, j), indicating a non-redundant role of T-bet in IFN-
y production by y8 T cells, which is consistent with pre-
vious findings [9, 26]. These results provide evidence for
the role of Eomes in mediating the mTORC1 promotion of
IFN-y production.

mTORC1 promotes Eomes through inhibiting SOCS1
expression

To further investigate the underlying mechanisms by which
mTORC]1 upregulates Eomes expression, yd T cells from
Raptor KO and Rictor KO mice were sorted for RNAseq
analysis. Consistent with the cytokine profiles, yd T cells
from Raptor KO mice showed a broad reduction in both yd
T1 and yd T17 signature genes, while Rictor KO yd T cells
only showed a decrease in yd T17-related genes (Fig. 4a).
The results indicated that the expression of SOCSI sig-
nificantly increased in Raptor KO y8 T cells (Fig. 4a). The
results were further validated by analyzing SOCSI expres-
sion by real-time PCR (Fig. 4b). The expression levels of
SOCSI in y8 T cells sorted from Raptor KO mice increased
significantly following in vitro activation under yd TI
condition (Fig. 4b). To test the possibility that Raptor KO-
triggered SOCS1 might suppress IFN-y production in yd
T cells, an siRNA approach was applied. y6 T cells were
sorted from Raptor KO mice and activated under yo T1
conditions in the presence of either siControl (siCtrl) or
siSOCSI for 4 days, and the cells were then restimulated for
intracellular cytokine staining. The results indicated that the
knockdown of SOCSI restored IFN-y production by yd
T cells from Raptor KO mice (Fig. 4c, d). Interestingly, the
knockdown of SOCSI1 in Raptor KO yd T cell also sig-
nificantly increased Eomes expression (Fig. 4e, f). Fur-
thermore, co-silencing SCOS1 and Eomes in Raptor KO yd
T cells significantly reduced of IFN-y production, compared
with silencing SOCS1 (Fig. 4g, h). Together, these results
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suggest that mMTORC1 potentiated yd T1 differentiation by
suppressing SOCS1, which in turn negatively regulated
Eomes expression.

mTORC1-mediated glycolysis is required for NKG2D
expression on y8 T cells

It has been reported that NKG2D expression on yd T cells is
critical for tumor immunity [27, 28]. We also analyzed
NKG2D expression in yd T cells isolated from Raptor and
Rictor KO mice. The results indicated that NKG2D
expression was reduced in yd T cells from Raptor KO
(Fig. 5a, b) but not Rictor KO mice (Fig. 5c, d). We then
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showed that the mTORCI1 deficiency-mediated NKG2D
reduction in Y3 T cells was cell intrinsic (Fig. Se, f). We also
found that the NKG2D reduction in Raptor KO yd T cells
was independent of T-bet or Eomes (Fig. SOE-H). Because
our previous study showed that rapamycin treatment in late
phase of cultured yd T cells increased NKG2D expression
[19], we hypothesized that the inhibition time was respon-
sible for this different result. To clarify this discrepancy, we
added rapamycin in the early phase of y8 T cell culture. We
found that mTORCI1 upregulated NKG2D expression in yd
T cells at the early time points, as indicated by the sup-
pression of NKG2D by early treatment with rapamycin
(Fig. S7TA, S7B). Because mTORC1 has been shown to
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Fig. 3 mTORC1 mediates y6 T
cell IFN-y production through
the upregulation of Eomes
expression. a, b Raptor-f/f and
Raptor KO mice were sacrificed
and yd T cells were analyzed for
T-bet and Eomes expression in
spleen ex vivo. Each symbol
represents an individual mouse.
Statistics of 4-5 mice for each
group was shown in (a) and
representative staining gated on
vS T cells was shown in (b). c—f
Eomes-f/f and Eomes KO mice
were analyzed for yo T cell or
CD27" ¥8 T cell IL-17 and TFN-
y staining in spleen ex vivo.
Each symbol represents an
individual mouse. Statistics of 4
mice for each group was shown
in (c, e) and representative plots
for Eomes-f/f and Eomes KO yd
T cells was shown in (d, f). g—j
T-bet-f/f and T-bet KO mice
were analyzed for y6 T cell or
CD277% y8 T cell IL-17 and IFN-
y staining in spleen ex vivo.
Each symbol represents an
individual mouse. Statistics of 6
mice for each group in (g, i) and
representative FACS plots were
shown in (h, j). Data are

means + SEM. ns, not
significant; *P < 0.05,
**P<0.01 and ***P <0.001
(two-tailed unpaired ¢ test).
Data are representative of at
least two independent
experiments. Numbers indicate
percentage of cells in quadrants.
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promote glycolysis [29], we then hypothesized that glyco-
lysis was involved in the regulation of NKG2D expression
by mTORCI1. We confirmed that mTORC1 was a positive
regulator of glycolysis in y& T cells (Fig. 5g). We then

B

IL-17 —>

Eomes —

IL-17 —> IL-17 ——>

IL-17 —>

Raptor”®  Raptork®
37 31.713.72 3.19
o
4 E | u
+139.9 | 14.8165.8 273
T-bet ————~ -3
Eomes”  EomesKO
+{5.89 0.12{5.57 0.41
0”4 ‘f ﬁ
1743 19.7181.7 12.3
lFN°—y : >
Eomes”  EomesKo
+{1.14 0.21]{1.86 0.55
1 €/ Z
170.3 28.3 [i83 14.0
IFN-y >
T-bet™ T-betk©
+{8.89 0.7749.60 | 0.71
24770 | 13.4[806 | 9.3
IFN-y —>
T-bet T-betKO
+10.91 0.54/{1.33 0.30
o4 @/ 3 Q‘
788 | 19811852 |  13.1
[FN-y —— - —>

applied the HK2 inhibitor 2-DG (2-deoxyglucose) to inhibit
glycolysis following activation with anti-yd TCR and anti-
CD28, and we observed that the reduction in NKG2D
expression induced by 2-DG only occurred in glucose-free
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Fig. 4 mTORC1 signaling promotes Eomes expression through
inhibiting SOCS1 expression in y8 T cells. a RNAseq heat map of
differentially expressed genes in samples of WT (n = 6), Raptor KO
(n =8 mice per sample) and Rictor KO (n =5 mice per sample) yd
T cells isolated from pooled spleen. Expression of signature genes for
vy8 T1 and yd T17 were shown. b SOCS1 mRNA were analyzed by
real-time quantitative PCR in WT, Raptor KO and Rictor KO vd
T cells left unstimulated or priming under yd T1 condition for 72 h. ¢,
d Under the yd T1 condition, Y& T cells were transfected with
SOCS1 siRNA and cells were analyzed at day 4 for IFN-y staining.
Statistics of 3—6 replicates was shown in (c). Representative FACS
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plots were shown in (d). e, f Eomes was stained for yd T cells at day 4
of y& T1 condition and the MFI of Eomes for 3-6 replicates and
statistics was shown in (e) and representative Eomes staining histo-
grams was shown in (f). g, h Under the Y3 T1 condition, Raptor KO y&
T cells were transfected with SOCS1 and Eomes siRNA and cells were
analyzed at day 4 for IFN-y staining. Statistics of four replicates was
shown in (g). Representative FACS plots were shown in (h). Data are
means + SEM. ns, not significant; ***P <0.001 (two-tailed unpaired
t test). Data are representative of at least three independent experi-
ments. Numbers indicate percentage of cells in gates.
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Fig. 5 mTORC1-mediated glycolysis is required for NKG2D
expression on yd T cells. a, b Raptor-f/f and Raptor KO mice were
sacrificed and yd T cells were analyzed for NKG2D expression in
spleen ex vivo. Each symbol represents an individual mouse. Statistics
of 4-5 mice was shown in (a) and representative plots were shown in
(b). ¢, d Rictor-f/f and Rictor KO mice were sacrificed and yd T cells
were analyzed for NKG2D expression in spleen ex vivo. Each symbol
represents an individual mouse. Statistics of 3—6 mice was shown in
(c) and representative plots were shown in (d). e, f yd T cell NKG2D
expression was analyzed for mice in Fig. 1 (p-r). Each symbol
represents an individual mouse. Statistics of five mice for each group

medium supplemented with glucose (Fig. 5h, i). Notably, 2-
DG didn’t change NKG2D expression while 8 T cells were
provided with an alternative carbon source in the absence of
glucose (Fig. 5h, i), suggesting mTORC1-mediated NKG2D
expression was dependent on glycolysis of glucose.

mTORC1, but not mTORC2, is required for the
cytotoxicity of y6 T cells and tumor immunity

We have previously demonstrated that yd T cells play an
important role in tumor immunity through IFN-y and
NKG2D [5, 28]. Based on the results that Raptor deficiency

was shown in (e) and representative plots were shown in (f). g WT,
Raptor KO and Rictor KO yd T cells were expanded for 6 days and
analyzed by seahorse metabolism analyzer. Statistics of triplicates of
ECAR was shown in (g). h, i y8 T cells isolated from WT mice and
stimulated with anti-yd TCR and anti-CD28 condition with or without
2-DG (1 mM) in the indicated glucose (10 mM) or not or galactose
(10 mM) for the first 96 h. Cells were collected and NKG2D was
stained and representative plots were shown. Data are means + SEM.
ns, not significant; ***P < 0.001 (two-tailed unpaired ¢ test). Data are
representative of at least three independent experiments. Numbers
indicate percentage of cells in gates.

decreased peripheral Yo T cell IFN-y production and
NKG2D expression (Figs. 2, 5), we tested the anti-tumor
function of Raptor KO y8 T cells as previously described
[28]. The results indicated that Raptor KO yd T cells had a
significantly reduced killing capacity in vitro (Fig. 6a, b)
and in vivo (Fig. 6¢, d). We did not observe significant
changes in the anti-tumor function for Rictor KO y8 T cells
(Fig. S8), consistent with the results that Rictor deficiency
does not affect IFN-y or NKG2D. Therefore, our results
strongly suggest that functional mMTORC1 is required for yd
T cell IFN-y production and NKG2D expression, as well as
for protective anti-tumor immunity.

SPRINGER NATURE
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Fig. 6 mTORC1, but not mTORC?2, is required for the cytotoxicity
of y0 T cells and tumor immunity. a yd T cells isolated from Raptor-
f/f or Raptor KO mice and expanded for 6 days (Effector cells). B16F0
target cells were labeled CFSE" as target cells and same number of
WT splenocytes were labeled CESE' as internal cell number control.
Different numbers of effector yd T cells were mixed with the target
cells. Cells were co-cultured for 12 h and remaining target cells were
analyzed by FACS. Statistics of B16FO0 cells percentages for triplicates
was shown in (a) and representative plots were shown in (b). ¢, d

Both mTORC1 and mTORC2 are required for yé T17
differentiation through different mechanisms

RORMyt is the key transcription factor for IL-17 [11]. Con-
sistent with Fig. 2, RORyt was markedly reduced in both
Raptor KO and Rictor KO yd T cells (Fig. 7a—d). Based on
the finding that mMTORCI is a central regulator of glycolysis
[29], we determined whether glycolysis was required for
mTORC1-mediated yd T17 differentiation. We found a
significant reduction in glycolysis in Raptor KO yd T17
cells (Fig. 7e). To determine if glycolysis played a role in
the regulation of yd T17, we added 2-DG to the yd T17
culture. The results showed that the reduction of yd T17 by
2-DG only occurred in glucose-free medium supplemented
with glucose (Fig. 7f, g). Consistent with NKG2D regula-
tion (Fig. 5h, 1), 2-DG didn’t change IL-17 expression while
providing with an alternative carbon source in the absence
of glucose (Fig. 7f, g). Our results thus indicated that
mTORCI1 promotes IL-17 expression in yd T cells though
mediating glucose-dependent glycolysis.

To define the mechanism by which mTORC2 mediated
yd T17 differentiation, we first analyzed glycolysis in Rictor
KO yd8 T cells as described above. Interestingly, no sig-
nificant change in the ECAR was observed in Rictor KO y&
T cells (Fig. 7h). Because reactive oxygen species (ROS)
are known to be a negative regulator of Th17 cell differ-
entiation [30], it is unclear whether ROS play any roles in
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BI16FO cells (3 x 10° cells) and expanded Raptor-f/f or Raptor KO y&
T cells (3 x 10° cells) were co-injected into flanks of TCR 8/~ mice.
Raptor-f/f y& T cells +B16F0 were injected into the left flank, and
Raptor KO y3 T cells + B16FO0 cells were injected into the right flank.
Tumor growth for seven mice for each group was calculated and
shown in (c¢). d Tumors for each group were isolated at day 18 post
tumor injection were shown. Data are means+SEM. ns, not sig-
nificant; *P < 0.05, **P<0.01 and ***P <0.001(two-tailed unpaired
t test). Data are representative of at least two independent experiments.

vS T17 differentiation. Indeed, we detected increased ROS
activity in Rictor KO y8 T cells using DCF staining (Fig. 7i,
j)- Moreover, we found that mitoROS were also sig-
nificantly enriched in mTORC2 KO yd T cells (Fig. 7k, 1).
Furthermore, forced production of ROS in WT y8 T cells by
treatment with dichloroacetate (DCA) decreased yd T17
differentiation (Fig. 7m, n). To test the possibility that
increased ROS activity was responsible for the reduction in
IL-17 in Rictor KO yd T cells, y6 T cells were sorted from
Rictor KO mice and cultured under yd T17 conditions in the
absence or presence of ROS inhibitor, N-acetyl-L-cysteine
(NAC). We found that the addition of NAC restored yd T17
differentiation in y8 T cells from Rictor KO mice (Fig. 7o,
p). Moreover, adding mito-tempo, a mitochondria-targeting
superoxide dismutase mimetic with superoxide and alkyl
radical scavenging properties, also restored yd T17 differ-
entiation to WT levels (Fig. 7q, r). Together, these results
suggested that mMTORC?2 potentiated yd T17 differentiation
through inhibiting the production of mitoROS.

Because we found that mTORC1 and mTORC?2 are both
required for Y6 T17 differentiation through different mechan-
isms, we then determined whether the two mTOR signaling
pathways have potential crosstalk. By analyzing Raptor, Ric-
tor and double KO mice ex vivo and in vitro yd T cell dif-
ferentiation assay, we found mTORC1 and mTORC?2 signals
synergistically promote the secretion of IL-17 in y8 T cells
through different signaling pathways (Fig. S9).
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vd T cell determination. Thymus analysis showed that
thymic yd T1 and yd T17 were unchanged in Raptor KO
mice. However, thymic yd T17 was impaired in Rictor KO

Because both the thymic and extrathymic differentiation
of effector yd T cells have been reported [10, 11, 15, 16], it
is not clear whether mTOR complexes play a role in thymic
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Fig. 7 Both mTORC1 and mTORC?2 are required for y6 T17 dif-
ferentiation through different mechanisms. a, b Raptor-f/f and Raptor
KO mice were analyzed for yd T cell RORyt / T-bet expression in spleen
ex vivo. Each symbol represents an individual mouse. Statistics of 4-5
mice for each group was shown in (a) and representative plots were
shown in (b). ¢, d y5 T cell RORyt and T-bet was stained for Rictor-f/f
and Rictor KO mice in spleen ex vivo. Statistics of 3—5 mice for each
group shown in (c¢) and representative plots were shown in (d). e Raptor-
f/f or Raptor KO mice yd T cells were isolated and cultured under yd
T17-skewing conditions for 5 days. Differentiated y5 T cells were ana-
lyzed by seahorse metabolism analyzer. Statistics of triplicates of ECAR
was shown in (e). f, g Sorted WT yd T cells were primed under yd T17
condition with or without 2-deoxyglucose (2-DG) (1 mM) in the indi-
cated glucose (10mM) or not or galactose (10 mM) for 4 days. Cells
were analyzed for IL-17 expression. h Rictor-f/f or Rictor KO yd T cells
were isolated and cultured under yd T17 skewing conditions for 5 days.
ECAR was analyzed by seahorse metabolisms analyzer. Statistics of
triplicates was shown in (h). i, j Rictor-f/f or Rictor KO yd T cells were
incubated with 2’, 7’-Dichlorodihydrofluorescein diacetate (DCFH-DA)
(5 uM) for 15 min at room temperature in the dark and then fluorescent
2', 7'-dichlorofluorescein (DCF) was analyzed by FACS. Statistics of
triplicates was shown in (i) and representative plots with MFI of DCF in
each gate was shown in (j). k, 1 Rictor-f/f or Rictor KO yd T cells were
incubated with MitoSOX (5 uM) for 10 min at 37 °C in the dark and
analyzed by FACS. Statistics of four duplicates were shown in (k) and
representative plots with MFI of MitoSOX in each gate were shown in
(I). m, n WT 8 T cells were sorted and primed under y8 T17 condition
and dichloroacetate (DCA) (10 mM) was added to the culture. Cells were
analyzed for IL-17 expression at day 4, with statistics of triplicates shown
in (m) and representative plots were shown in (n). o, p yd T cells from
Rictor-f/f and Rictor KO mice were sorted and primed under y& 17
condition and N-acetyl-L-cysteine (NAC) (1 mM) was added to the
culture. At day 4, cells were collected and stained for IL-17. Statistics of
triplicates were shown in (0) and representative plots were shown in (p).
q, r yd T cells from Rictor-f/f and Rictor KO mice were sorted and
primed under yd T17 condition and mito-tempo (Mito) (0.1 uM) was
added to the culture. At day 4, cells were collected and stained for IL-17.
Statistics of four duplicates were shown in (q) and representative plots
were shown in (r). Data are means + SEM. ns, not significant; *P < 0.05,
**P<0.01 and ***P<0.001 (two-tailed unpaired ¢ test). Numbers
indicate percentage of cells in gates or quadrants.

mice (Fig. S10). Combined with the peripheral data shown
in Fig. 2a-d, these results suggested that mTORCI is
important for the peripheral differentiation and maintenance
of yd T1 and y6 T17 but that mTORC2 mainly supports Yo
T17 development in the thymus.

Both mTORC1 and mTORC2 signals in y8 T cells are
pathogenic in a psoriasis-like mouse model

Psoriasis is yd T17-driven chronic skin inflammatory disease
[31, 32]. Since yd T cells from both Raptor KO and Rictor KO
mice had impaired Y3 T17 differentiation, we then determined
whether these mice would be resistant to psoriasis. Indeed, we
observed markedly reduced skin pathology (Fig. 8a—d) in both
KO strains compared with the results in WT mice. We further
determined that yd T cells were the major source of IL-17
(Fig. 8e, f) and that the production of IL-17 by Raptor KO and
Rictor KO y8 T cells was markedly reduced in dermal
pathogenic sites (Fig. 8g, h). Moreover, we found that dermal-
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localization (Fig. S11A-D) and inflammation-driven recruit-
ment (Fig. SI1E-H) were both impaired in yd T cells, espe-
cially the Vy4 subset, from Raptor and Rictor KO mice.
Collectively, our results suggested that both mTORC1 and
mTORC?2 participated in the pathogenesis of psoriasis through
regulating YO T cells recruitment and IL-17 production.

Discussion

vd T cells have many unique features and biological func-
tions. y& T cells provide a cytokine milieu to regulate
immunity. Therefore, understanding the molecular
mechanisms that control y8 T cell cytokine production is
important. In this study, we identified the function of mMTOR
pathways in controlling yd T1 and yd T17 differentiation as
well as in regulating the effector functions of y8 T cells in
tumor immunity and autoimmunity.

One of the important findings in our study was that
mTORC1 was essential for IFN-y production by yd T cells but
that mTORC2 was not necessary (Fig. 2). Using mTOR
complex conditional KO mice, we demonstrated that depletion
of mTORCI impaired peripheral Yy T1 differentiation though
the SOCS1-Eomes axis, which was strikingly different from
that in CD4 T cells. mTORC1 suppressed SOCSI in 8
T cells, which suppressed Eomes-mediated IFN-y production
(Fig. 4). Because the cytokine production ability of yd T cells
is partially programmed in the thymus, further studies are
needed to clarify the role of Eomes in the programming of yd
T cells in the thymus.

Another notable finding of our current study was that
both mTORC1 and mTORC2 were involved in yd T17
differentiation, but through completely different mechan-
isms. However, the exact metabolic products of glycolysis
in y0 T cells and how they trigger IL-17 differentiation and
the details of how mTORC2 reduces mitoROS require
further clarification.

The physiological importance of defining the roles of
mTOR complexes in ¥ T cell cytokine production is not
fully clear. mTORC1-deficient yd T cells lose the ability for
vd T1 differentiation and NKG2D expression (Figs. 2, 5),
and consequentially, have impaired cytotoxicity against
tumors both in vitro and in vivo (Fig. 6). It should be noted
that although our current results seem to conflict with those
of our previous report in which cultured yd T cells with the
addition of rapamycin, a specific blocking reagent of
mTORCI1, exhibited increases in NKG2D, TNF-a, and
tumor cytotoxicity [19], we showed that the discrepancy
might be due to timing of the inhibition of mTORCI
activity (Fig. S7). Our results might also help explain why
the results of the usage of rapamycin or rapamycin analogs
in anticancer therapy are not as good as expected, most
likely because of the impairment of T cell function.
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Fig. 8 Both mTORC1 and
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yd T cells, especially yd T17 cells, have also been
implicated in inflammatory pathology. Interestingly, IMQ-
induced psoriasis-like skin inflammation was significantly
impaired in both Raptor and Rictor KO mice (Fig. 8), most
likely because of the impairment of IL-17 production by yd
T cells (Fig. 8). Further studies are needed to determine
whether y& T cell functions are altered in patients with
psoriasis, and the manipulation of y8 T cells may lead to
novel therapies for psoriasis.

In summary, we identified previously unknown functions
of mMTORC1 and mTORC?2 in yd T cell differentiation and
clarified their different roles in mediating the function of y&
T cells against tumors and in autoimmunity. Our work will
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help guide future efforts to manipulate y5 T cells by altering
mTORC1 or mTORC?2 activity for use in immunotherapy.

Materials and methods

Mice

B6.Cg-Rptor™!1Pms?/] (B6 Raptor-flox), Rictor™!1¥I¢/Sjm]
(B6 Rictor-flox), B6.Cg-Tg(CD2-icre)4Kio/J] (hCD2-iCre)
and B6.129P2-Terd™™M°™/J (TCR &~/~) mice are purchased

from The Jackson Laboratory (Bar Harbor, ME). Eomes-
flox, T-bet-flox and CD45.1 mice were given by Zhongjun
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Dong from Tsinghua University (Beijing, China). Sex- and
Age-matched animals were randomly assigned to different
groups. All mice were kept in SPF condition and mice
protocols were approved by the animal experiment com-
mittee of Jinan University.

Reagents

Purified anti-mouse TCR yd mAb (UC7), anti-mouse CD3
mAb (145-2C11), anti-mouse CD28 mAb (PV1), purified
anti-mouse IFN-y (XMG1.2), PE-conjugated anti-mouse
Vyl mAb (2.11), APC/PE-conjugated anti-mouse IL-17
mAb (17F3), APC-conjugated anti-mouse CD8 mAb
(53.6.7) and APC-conjugated anti-mouse T-bet (4B10)
were purchased from Sungen (Tianjin, China). APC/
Percpcy5.5-conjugated anti-mouse CD4 (GK1.5), FITC/
APC-conjugated anti-mouse TCR y8 mAb (GL3), PE-Cy7-
conjugated anti-mouse IFN-y mAb (XMG1.2), PE-Cy7-
conjugated anti-mouse CD3 mAb (145-2C11), APC-
conjugated anti-mouse Vy4 mAb (UC3-10A6) and PE-
conjugated anti-mouse Ki67(16A8) were purchased from
Biolegend (San Diego, CA, USA). PE-conjugated anti-
mouse CD98 (RL388), APC-conjugated anti-mouse CD71
(R17217), eFlour450-conjugated anti-mouse CD3 (17A2),
PE-conjugated anti-mouse NKG2D (CX5), PE-conjugated
anti-mouse Eomes (Danllmag), APC-conjugated anti-
mouse RORyt (B2D), Percpcy5.5-conjugated anti-mouse
IL-17 mAb (eBio17B7) and Foxp3 staining buffer set were
purchased from eBioscience (San Diego, CA, USA). PE-
conjugated anti-mouse pAkt473 mAb (M89-61) was pur-
chased from BD Biosciences (Franklin Lakes, NJ, USA).
Purified anti-mouse Raptor mAb (24C12), purified anti-
mouse Rictor mAb (53A2), 488-conjugated anti-human/
mouse pS6 mAb (D57.2.2E), PE-conjugated anti-mouse
cleaved casp-3 mAb (5A1E) and 647-conjugated anti-
mouse Bim mAb (C34C5) were purchased from Cell Sig-
naling Technology (Danvers, MA, USA).

Tumor models

B16F0 melanoma cells were mixed with yd T cells and
injected s.c., and tumor growth was monitored and recorded
daily as described previously [28, 33]. Sample size was
chosen to ensure the possibility of statistical analysis and to
also minimize the use of animals in accordance with animal
experiment committee of Jinan University. The results from
previous results were also used to determine the sample size.

Imiquimod (IMQ)-induced psoriasis
Female Raptor-f/f, Rictor-f/f, Raptor KO, and Rictor KO

mice (7 weeks of age) were maintained under SPF condi-
tions. The mice were treated with a daily topical dose of
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62.5mg of IMQ cream (Sichuan Med-shine Pharmaceu-
tical, H20030128) on their shaved backs for 7 consecutive
days. After the mice were sacrificed, part of the skin
sample was fixed in 4% paraformaldehyde for H&E stain-
ing, and the rest was used to isolate dermal lymphocytes for
intracellular cytokine staining. Sample size was chosen to
ensure the possibility of statistical analysis and to also
minimize the use of animals in accordance with animal
experiment committee of Jinan University. The results from
previous results were also used to determine the
sample size.

Cell preparation, activation, and staining

yd T cells were sorted and expanded as previously descri-
bed [28, 33]. For the expansion of yo T cells, day 6-yd
T cells were used, and the purity was checked (>99%). For
in vitro differentiation, sorted yd T cells were cultured in
anti-yd TCR (clone UC7)-coated plates (10 pg/ml) with
soluble anti-CD28 (clone 37.51) (1 pg/ml) and IL-2 (2 ng/
ml). IL-12 (5 ng/ml) and anti-IL-4 (clone 11B11) (10 pg/ml)
were added for yd T1-skewing conditions, and TGF-f (2 ng/
ml), IL-6 (5 ng/ml), and anti-IFN-y (clone XMG1.2) (5 pg/
ml) were added for y8 T17-skewing conditions. For intra-
cellular cytokine staining, the protocols described in our
previous publications were used [28, 33]. FACS was per-
formed with BD FACSVerse, and data were analyzed with
Flowjo 7.0 software.

In vitro killing assay

B16F0 cells (8000 cells/well) were labeled with CFSE (5
uM). Splenocytes were labeled with CFSE (0.25 uM) as an
internal cell number control. Then, BI6FO cells and sple-
nocytes were mixed with expanded yd T cells for 12h.
Killing capability was assessed by determining the per-
centage of remaining B16F0 cells (% of CESEM cells).

Real-time PCR for gene transcription

Total RNA was extracted from cells and reverse-transcribed
with a Takara reverse transcription kit. The primers for the
mouse genes were: mTOR-F: CAGTTCGCCAGTGGA
CTGAAG, mTOR-R: GCTGGTCATAGAAGCGAGTAG
AC, Raptor-F: TTTGTCTACGACTGTTCCAATGC, Rap-
tor-R: GCTACCTCTAGTTCCTGCTCC, Rictor-F: ACA
GTTGGAAAAGTGGCACAA, Rictor-R: GCGACGAAC
GTAGTTATCACCA, SOCSI1-F: CTGCGGCTTCTATTG
GGGAC, SOCS1-R: AAAAGGCAGTCGAAGGTCTCG.
The primers for internal control gene p-Actin were Actb-F:
AACAGTCCGCCTAGAAGCAC, Actb-R: CGTTGACAT
CCGTAAAGACC. Real-time PCR was performed with a
BioRad CFX Connect cycler.
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RNA sequencing

The whole cDNA products were generated using the
Discover-scTM  WTA Kit V2 (Vazyme, N711). The
sequencing libraries were generated using the TruePrep DNA
Library Prep Kit V2 for lllumina (Vazyme, TD503). Library
preparations were sequenced on the Illumina Hiseq X Ten
platform with the 150 bp paired-end module. The RNAseq
data were deposited in the Sequence Read Archive (SRA)
repository at NCBI under the accession number SRP214746.

RNA interference

RNAIi was performed as described previously [34]. Sequences
for the siRNAs were: The siControl sense: UUCUCCGAA
CGUGUCACGUTT, siControl anti-sense: ACGUGACACG
UUCGGAGAATT. siSOCSI includes three oligonucleotides
pairs: sense: ACACUCACUUCCGCACCUUTT, anti-sense:
AAGGUGCGGAAGUGAGUGUTT, sense: CUCAGCG
UGAAGAUGGCUUTT, anti-sense: AAGCCAUCUUCAC
GCUGAGTT, sense: CUCCGUGACUACCUGAGUUTT,
anti-sense: AACUCAGGUAGUCACGGAGTT. siEomes
includes two oligonucleotides pairs: sense: GGCUCUUAUU
UCUACUCAU, anti-sense: CCGAGAAUAAAGAUGAG

UA, sense: GCAAUAAGAUGUACGUUCA, anti-sense:
CGUUAUUCUACAUGCAAGU.
Statistics

Statistical significance was calculated by two-tailed unpaired
Student t test using GraphPad Prism 6 for Windows
(GraphPad). The following terminology is used to show
statistical significance: *p <0.05, **p <0.01, ***p <(.001.
No samples or animals were excluded from the analysis.
Variances are similar between the groups in ¢ test analysis.
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