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IMMUNOLOGY

Differential metabolic requirement governed by
transcription factor c-Maf dictates innate y6T17 effector

functionality in mice and humans

Xu Chen'?, Yihua Cai?, Xiaoling Hu?, Chuanlin Dingz, Liging He3, Xiang Zhang3,

Fuxiang Chen'**, Jun Yan?*

Cellular metabolism has been proposed to govern distinct yé T cell effector functions, but the underlying molec-

Copyright © 2022

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

ular mechanisms remain unclear. We show that interleukin-17 (IL-17)-producing yd T (y8T17) and interferon-y
(IFN-y)-producing yo T (y8T1) cells have differential metabolic requirements and that the rate-limiting enzyme
isocitrate dehydrogenase 2 (IDH2) acts as a metabolic checkpoint for their effector functions. Intriguingly, the
transcription factor c-Maf regulates y8T17 effector function through direct regulation of IDH2 promoter activity.
Moreover, mTORC2 affects the expression of c-Maf and IDH2 and subsequent IL-17 production in y8 T cells. Deletion
of c-Maf in v T cells reduces metastatic lung cancer development, suggesting c-Maf as a potential target for cancer
immune therapy. We show that c-Maf also controls IL-17 production in human yé T cells from peripheral blood
and in oral cancers. These results demonstrate a critical role of the transcription factor c-Maf in regulating y6T17
effector function through IDH2-mediated metabolic reprogramming.

INTRODUCTION

vd T cells play a critical role in tissue homeostasis and host defense
against pathogens in both mice and humans (1-3). Preprogrammed in
the thymus, y3 T cells can mainly divide into interleukin-17 (IL-17)-
producing yd T cells (y8T17) and interferon-y (IFN-y)-producing
counterpart (y8T1) based on their cytokine secretion profiles (4).
y8T17 display proinflammatory function in infectious diseases, auto-
immune disorders, and tumor microenvironment (2, 5, 6). Murine
y8T17 (mostly restricted to Vy4" and V6", Heilig and Tonegawa’s
system) lack CD27, CD73, or CD45RB but express CCR6, IL-1 re-
ceptor (IL-1R), and IL-23R, whereas human y3T17 (including V31"
and V§2") express CCR6, CD161, and natural killer receptors (7-12).
A complex of regulatory network integrating environmental cues,
cellular intrinsic signaling, and transcription factors governs the de-
velopment and effector function of y& T subsets (13-15). In mice,
cytokines and Notch and T cell receptor (TCR) signaling pathways
play critical roles in the development and function of y8T17 (16).
Precisely, IL-1B/IL-1R, IL-23/IL-23R, and spleen tyrosine kinase/
phosphatidylinositol 3-kinase/ Akt pathway regulate the production
of IL-17 in mouse y3 T cells (10, 17, 18). However, limited information
has been known about human y8T17. Previous studies have shown
that a cocktail of cytokines and transcription factors such as retinoic
acid-related orphan receptor gamma t (RORyt) or signal transducer
and activator of transcription 3 (STAT3) are required for human
v8T17 differentiation and function (9, 19-21). Recently, it has been
revealed that the activator protein-1 (AP-1) transcription factor
c-Maf acts as a universal commitment factor that drives type 17
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programming in all murine Y8 T subsets via coordinating with RORyt
and RORyt-independent molecular mechanisms (7). RORyt is also
expressed in human y8T17, and targeting RORyt in spondyloarthritis
inhibits the function of human y8T17 (20). However, the role of c-Maf
in human y8T17 and its potential in human disease remains unclear.
Transcription factor-mediated molecular signals usually work
with metabolic programming for cellular function (22-24). Cellular
metabolism has emerged as the key regulator for T cell proliferation,
differentiation, and function (25-27). Recently, it has been reported
that y8T1 and y8T17 subsets have distinct metabolic requirements
(28-30). y8T1 are dependent on glycolysis, and glucose supplement
enhances the antitumor function of y8T1 cells, while y8T17 engage
oxidative phosphorylation (OXPHOS) metabolism (28) and gluta-
mine metabolism (29, 30). Dermal y8T17 also rely on OXPHOS pathway
and glutaminolysis, and the mechanistic or mammalian target of rapa-
mycin (mTOR) signaling and STAT3 are essential for dermal y3T17
effector functions (31, 32). Moreover, mTOR complex 1 (mTORC1) was
required for the survival of peripheral Vy4" subset, and loss of Raptor-
mediated mTORCI signaling promotes Y3 T generation (33, 34),
while targeting mTORC2 signaling significantly reduces imiquimod-
induced skin inflammation (31). However, it remains elusive how
the transcription factor-mediated cellular metabolic complex net-
work coordinates in y3 T cells, e.g., the role of c-Maf in regulating
v8T17 metabolism. Here, we show that y3T17 and y8T1 are regulated
through different metabolic pathways, and the transcription factor
c-Maf serves as a key orchestrator of cellular metabolism in y3T17.
Specifically, c-Maf directly regulates the rate-limiting metabolic
enzyme isocitrate dehydrogenase 2 (IDH2) and interacts with the
mTORC2 signaling in y8T17 to regulate its effector function.

RESULTS

Differential metabolic pathways used by CD27" v6

and CD27* vy3 T cell subsets

Specialized metabolic pathways link to differential T effector subsets
(35). CD27 is a functional marker to differentiate IFN-y-producing
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¥8 T cells (CD27" y8T1) from IL-17-producing y8 cells (CD27~ y3T17)
(4). We then explored the metabolic differences between CD27~ y8T17
and CD27" y8T1 effector cells. Using in vitro polarized CD27" and
CD27 y8 T cells, we first verified the distinct cytokine production
in these two subsets (fig. S1, A to D). We found that CD27" y8T1
expressed higher glucose transporter 1 (Glutl) mRNA and had more
glucose uptake compared to CD27" y8T17 as determined by 2-NBDG
(2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose)
uptake (Fig. 1, A and B), suggesting that CD27" y3T1 may predom-
inately use glycolytic metabolic pathway for energy fuel. In contrast,
CD27 y8T17 expressed higher metabolic enzymes such as glutaminase
(GLS) and glutamate dehydrogenase 1 (GLUDI) in glutamine me-
tabolism compared to CD27" y8T1 cells (Fig. 1C), while glutamine
transporter CD98 expression showed no difference (fig. S1E), im-
plying that CD27" y8T17 may also depend on glutaminolysis.

Previous studies have shown that y§T17 mainly use the OXPHOS
pathway (31), suggesting the importance of the tricarboxylic acid
(TCA) cycle in y8T17 cells. To further unbiasedly profile y5 T cell
metabolic pathways, we cultured CD27" y8T1 and CD27~ y8T17 cells
with *C-labeled glucose for stable isotope-resolved metabolomics
(SIRM) analysis (Fig. 1D). The total differentially expressed metab-
olites related to glycolysis and the TCA cycle between these two
subsets of y3 T cells are shown in fig. SIF. CD27" y8T1 cells showed
increased, labeled isotopologs including pyruvate and lactate,
suggesting that glycolysis dominated metabolic pathway (Fig. 1D
and fig. S1G). In contrast, CD27" y8T17 cells had increased, labeled
isotopologs such as cis-aconitate, a-ketoglutaric acid (a-KG),
malate, and glutamate that are mainly involved in the TCA cycle
(Fig. 1D and fig. S1G), further supporting the possibility of differen-
tial metabolic activities between CD27~ y8T17 and CD27" y8T1
effectors. Because OXPHOS takes place in the mitochondria, we then
examined mitochondrial function in CD27~ and CD27" y8 T cells
by MitoTracker Green/Red staining. There was not much differ-
ence in intact and dysfunctional mitochondria between these two
subsets (Fig. 1E). However, a much higher level of mitochondrial
reactive oxygen species (mitoROS) was detected in CD27" y8T1 by
mitoSOX Red staining (Fig. 1F), and this phenotype was not the
consequence of cell size difference as two subsets showed similar
sizes (Fig. 1F). In addition, inhibition of ROS significantly reduced
IFN-y production from CD27" y8T1 cells (fig. S2A), suggesting a
critical role of ROS in CD27" y8T1 effector function. We also
observed that CD27" y8T1 cells were prone to apoptosis induction
upon TCR stimulation, while there was no impact on CD27~ y3T17
cells (fig. S2B). Together, these data suggest that distinct metabolism
and mitochondrial function are present between CD27~ y8T17 and
CD27" y8T1 effectors.

CD27” vyé and CD27" v3 T cell effector function is governed
by differential metabolic pathways

To validate the role of differential metabolism in CD27" y3T17 and
CD27" y8T1 effector functions, we used small-molecule inhibitors
to block different metabolic pathways and examine their influence
on cytokine production. Polarized CD27" y8 T cells predominately
secreted IL-17, while CD27" y3 T cells mainly produced IFN-y
(Fig. 2A). 2-Deoxy-D-glucose (2-DG) is a glucose analog that acts to
competitively inhibit the glucose metabolism. After 2-DG treatment,
CD27" y8T17 cells showed no difference in IL-17 production, while
CD27" y8T1 exhibited a great decrease in IFN-y production in a
dose-dependent manner (Fig. 2B). By targeting pyruvate kinase
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(PK) with oxalate (OXA), both CD27~ y8T17 and CD27* y8T1
reduced cytokine production, suggesting a common metabolic
pathway in these two subsets (Fig. 2C). Inhibition of the enzyme
IDH by AGI also decreased the production of cytokines in CD27~ and
CD27* y8 T (Fig. 2D), indicating the significant role of metabolic
enzymes such as IDH in yd T functions. Collectively, differential
and shared metabolic pathways are required for the effector func-
tion of CD27~ y8T17 and CD27" y8T1 subsets.

IDH2 serves as the metabolic checkpoint fory6 T

effector function

Rate-limiting enzymes play pivotal roles in the metabolic pathways.
We next examined the expression of a series of metabolic enzymes
that are involved in glycolysis and TCA cycle, including hexokinase
1 (HK1), pyruvate dehydrogenase kinase 1 (PDK1), pyruvate kinase
M2 (PKM2), lactate dehydrogenase A (LDHA), IDH1, and IDH2
between two subsets of y8 T cells. We found that IDH2, which is an
enzyme in mitochondria catalyzing the oxidative decarboxylation
of isocitrate and producing 0-KG, was expressed higher in CD27~
¥8T17 cells as compared to CD27" y8T1 cells. This was revealed by
both Western blot (Fig. 3A) and real-time polymerase chain reac-
tion (RT-PCR) analyses (Fig. 3B). We also analyzed other TCA-
related enzymes and found that fumarase, succinate dehydrogenase
complex flavoprotein subunit A, and mitochondrial pyruvate carrier 1
were noticeably stronger in CD27~ y3T17 than those in CD27"
v8T1 cells (fig. S2C), further supporting the notion that CD27"
Y8T17 cells preferentially use OXPHOS metabolism. '*C-labeled
tracing experiment showed that the transformation to 0-KG from
(iso)citrate was substantially decreased in CD27" y3T1 cells com-
pared to CD27" y8T17 cells, suggesting that there is a metabolic
break from citrate to a-KG flow in these cells (Fig. 3, C and D). To
demonstrate the precise role of IDH2 in regulating differential v
T effector functions, IDH2 in CD27" y8T17 was silenced by small
interfering RNA (siRNA) interference, and we found that IL-17
production was significantly decreased in CD27" y3T17 regardless
of the stimulators (Fig. 3E). In addition, the mRNA expression
levels of c-Maf and Rorc were also significantly reduced upon IDH2
siRNA treatment (Fig. 3F). In contrast, upon gain of function of
IDH2 in CD27" y8T1 by lentivirus transfection, we found the
decrease of IFN-y production (Fig. 3G). Furthermore, addition of
0-KG into the medium also dampened the production of IFN-y in
CD27" ¥8T1 cells (Fig. 3H). These data demonstrate that IDH2
serves as the metabolic checkpoint for effector function in y8 T cells.

Transcription factor c-Maf regulates IDH2 activity

to orchestrate IL-17 production inyo T cells

The transcription factor c-Maf was reported to be specifically
expressed in primary CD27" y8T17 and progenitors (7). We con-
firmed the expression of c-Maf in polarized CD27" y3T17 cells but
not in CD27" y8T1 cells by flow cytometry (Fig. 4A) and RT-PCR
analysis (Fig. 4B). Upon c-Maf-specific inhibitor nivalenol (NIV)
treatment, CD27" y8T17 cells had reduced mRNA expression levels
of c-Maf, RORyt, and IDH2 and attenuated production of IL-17
(Fig. 4C). To rule out any off target effect of c-Maf inhibitor NIV,
we generated Rorc-cre; c-Maf'" mice. The c-Maf expression was
completely abrogated in CD27~ y8T17 from Rorc-cre; c-Maf' mice
(Fig. 4D). Consistent with c-Maf inhibitor data, we also saw signifi-
cantly decreased IDH2 mRNA expression level in CD27" y3T17
from Rorc-cre; c-Maf’ mice (Fig. 4E). However, the mRNA expression
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Fig. 1. Differential metabolic requirement for CD27* and CD27 y3 T cells. (A) The mRNA expression levels of Glut1 in polarized CD27" and CD27~ y§ T cells by real-time
polymerase chain reaction (RT-PCR). (B) 2-NBDG uptake in polarized CD27" and CD27~ v T cells assessed by flow cytometry. Representative histogram and summarized
mean fluorescence intensity (MFI) data are shown. (C) The mRNA expression levels of GLS and GLUD1 in polarized CD27" and CD27~ v5 T cells. (D) Differential abundance
of metabolites detected by SIRM in polarized CD27~ (n=5) and CD27" (n=6) y& T cells. (E) MitoGREEN/MitoRED (top) and MitoGREEN/MitoSOX (bottom) staining of polar-
ized CD27 and CD27* v T cells. Representative dot plots are shown. (F) Cell size [forward scatter (FSC)] from polarized CD27~ and CD27* y8 T (top) and MitoSOX staining
from polarized CD27~ and CD27" y8 T (bottom). Summarized data of mitochondrial ROS from polarized CD27~ and CD27* y8 T are shown (right). Data are represented as
means + SEM. **P < 0.01. Data (A to C and E to F) are representative of at least three independent experiments with similar results. AMP, adenosine 5-monophosphate;
ATP, adenosine 5'-triphosphate; ADP, adenosine 5'-diphosphate; CoA, coenzyme A; DHAP, dihydroxyacetone phosphate; NADP?*, nicotinamide adenine dinucleotide
phosphate; NADPH, reduced form of NADP*; PEP, phosphoenolpyruvate; PPP, pentose phosphate pathway; PPi, inorganic pyrophosphate; UDP, uridine 5-diphosphate.
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Fig. 2. Inhibition of metabolic pathways affects the cytokine production of CD27* and CD27" vy3 T cells. (A) Cytokine profiles of polarized CD27" (top) and CD27~
(middle) y3 T cells. Isotype control for IFN-y staining is shown in the bottom. (B) 2-DG was added into the cell culture, and intracellular IL-17 (top) and IFN-y (bottom) were
measured. Representative dot plots and summarized data are shown. (C) Cell cultures were added with various concentrations of OXA, and intracellular IL-17 and IFN-y
were measured. Representative dot plots and summarized data are shown. (D) Various concentrations of AGl were added into the cell culture, and intracellular IL-17 and
IFN-y were measured. Representative dot plots and summarized data are shown. Data are represented as means £ SEM. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
Data are representative of at least three independent experiments with similar results.
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Fig. 3. IDH2 serves as a metabolic checkpoint for CD27* and CD27" y3 T cells. (A) Western blot analysis of metabolic enzymes including HK1, PKM2, LDHA, IDH1, and
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Fig. 4. Transcription factor c-Maf regulates IDH2 activity in CD27~ 3 T cells. (A) The c-Maf expression in polarized CD27* and CD27~ y8 T cells assessed by flow
cytometry. Representative histogram and summarized MFI are shown. (B) The c-Maf mRNA expression in polarized CD27" and CD27~ 8 T cells by RT-PCR analysis.
(C) Polarized CD27 y3 T cells were treated with dimethyl sulfoxide (DMSO) or c-Maf inhibitor NIV, and the mRNA levels of c-Maf, Rorc, and IDH2 were assayed by RT-PCR
analysis. Cells were also stimulated with IL-1B and IL-23, and intracellular IL-17 production was measured by flow cytometry. Representative flow plots and summarized
data are shown. (D) c-Maf expression in polarized CD27~ y5 T cells from c-Maf”f (blue) or Rorc-cre; c-Maf”f (red) mice by flow cytometry (left) or by RT-PCR analysis (right).
(E) The mRNA expression level of IDH2, GLS, and Glud1 in polarized CD27~ y8 T cells from c-Maf” or Rorc-cre; c-Maf™” mice. (F) ChIP-gPCR analysis of predictive c-Maf
binding sites in IDH2, including two IDH2 regions: a negative control and a positive control (Rorc CNS+10). Data are represented as means + SEM. *P < 0.05, **P < 0.01, and
***P < 0.001. Data (A to E) are representative of at least three independent experiments with similar results.

levels of GLS and GludI were not altered (Fig. 4E). To further deter-
mine the underlying mechanism, we performed a virtual screening
to see whether c-Maf could bind to the promoter region of IDH2.
We found that c-Maf has two binding sites on the IDH2 promoter
region. To confirm this, we performed c-Maf chromatin immuno-
precipitation (ChIP) and then examined IDH2 promoter activity.
As shown in Fig. 4F, c-Maf directly bound onto two predicted
regions in IDH2 promoter as assessed by ChIP-quantitative PCR
(qPCR) analysis. As expected, c-Maf also bound to Rorc promoter
region as previously reported (7). Together, these data suggest that
transcription factor c-Maf directly regulates IDH2 activity via bind-
ing to IDH2 promoter region.

The mTORC2 pathway affects the c-Maf expression

inydT17 cells

We next explored the potential signaling pathways that regulate
c-Maf expression. The mTOR pathway is a critical regulator linking
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metabolism and molecular signaling (36, 37). We previously dis-
covered that mTORC2 but not mTORC1 affected the IL-17 pro-
duction in dermal y8 T cells (31). Here, we confirmed that loss of
function in Rictor-mediated mTORC?2 signaling (fig. S3A), but not
Raptor-mediated mTORCI signaling (fig. S4A), led to reduced
IL-17 production in y3 T from inguinal lymph nodes (iLNs). In
contrast, Y8T1 cell function was not affected by mTORC2 deficiency.
Similarly, IL-17 production of lung y3 T but not y8T1 cells were also
greatly decreased after depletion of Rictor in y& T cells (fig. S3A).
Furthermore, the percentage of lung CD27~ y8 T cells decreased
(fig. S3B). In addition, Vy4 T cells were also significantly decreased
in CD27~ v8 T cells from CD2-cre; Rictor”! conditional knockout
(cKO) mice (fig. S3C). Rictor deficiency in y8 T cells also led to the
reduced c-Maf expression in lung y8 T cells (fig. S3D). Because
c-Maf directly regulates IDH2 activity as shown above, we then
examined IDH2 expression level in CD27~ y8T17 cells. As shown
in fig. S3E, IDH2 expression level was substantially reduced in
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Rictor-deficient CD27" y3 T cells as compared to CD27” y3 T cells
from control mice assessed by Western blot analysis (left) and
RT-PCR analysis (right). These results reveal that the mTORC2 has
a regulatory role in c-Maf, thus controlling IL-17 production in
vo T cells.

Hypoxia-inducible factor 1o (HIF-1a) is essential for T helper
cell 17 (Tyl7) generation and differentiation (24, 38), and higher
mRNA expression of HIF-10 was also detected in CD27" y3T17
cells (fig. S4B). However, there was no significant difference in v
T cell numbers from iLNs, spleens, and the lungs of control versus
HIF-1o0 ¢cKO mice (fig. S4C). In addition, neither Y8 T cell produc-
tion of IL-17 and IFN-y (fig. S4D) nor c-Maf expression in Y8 T cells
was altered in HIF-1a cKO mice (fig. S4E). These results suggest
that HIF-1a is dispensable for y3T17 effector function. Together,
these data indicate that the mTORC2 signaling, not mTORCI or
HIF-1a, regulates CD27~ y3T17 effector function through the
c-Maf-IDH2 axis.

c-Maf deficiency in v T cells reduces metastatic lung cancer
Lung y8T17 cells have been reported to play a critical role in pro-
moting metastatic lung cancer (39). We next examined the role of
c-Maf in metastatic lung cancer development and progression. To
this end, Rorc-cre; c-Maf’ mice and control mice were injected
intravenously with green fluorescent protein (GFP)-tagged Lewis
lung carcinoma (LLC) cells. Fourteen days after tumor cell injec-
tion, mice were euthanized, and tumor burden was determined by
flow cytometry. We found significantly decreased LLC tumor cells
in the lungs of Rorc-cre; c-Maf"" mice (Fig. 5A) compared to con-
trol mice. In addition, tumor-bearing Rorc-cre; c-Maf'" mice had
prolonged survival compared to control mice (Fig. 5B). We also
examined the immunophenotype of the lungs. As shown in Fig. 5C,
the percentages of lung yd T, particularly y8T17, were greatly
decreased, while IFN-y-producing y3T1 cells were significantly
elevated in Rorc-cre; c-Maf" mice compared to those in control
mice. However, there were no differences in the production of
IFN-y in CD4" and CD8" T cells (Fig. 5D). Unexpectedly, IL-17
production in CD4" T cells was slightly increased (Fig. 5D). Fur-
thermore, there was no substantial difference regarding the total
CD45" pan immune cells and CD11b" myeloid cells (Fig. 5E) in the
lungs between these two strains of mice. We further used metastatic
melanoma B16F10 model to validate these findings. As shown in
Fig. 5F, B16F10 lung metastasis model also indicated a prolonged
survival in Rorc-cre; c-Maf'" mice compared to control mice. These
results demonstrate the critical role of y8T17 cells in metastatic
lung cancer and imply c-Maf as a potential target for cancer
immunotherapy.

c-Maf controls y6T17 in humans and is correlated with oral
cancer progression

Transcription factor c-Maf has been shown to regulate ydT17 in
mice, while its role in human y8T17 remains undefined. In healthy
individuals, the percentage of Y8 T from peripheral blood was less
than 10%, and these y8 T cells consisted mainly V82 (40). The
primary Y8 T cells in the peripheral blood secreted a negligible level
of IL-17 but mainly produced IFN-y (fig. S5A). It has been reported
that human y3T17 cells express CCR6 (12) but only a small propor-
tion of CCR6" y5 T cells (yST““R*) in the periphery. We then used
a previously described protocol to polarize human y8T17 (41). The
v8 T cells expanded and produced more IL-17 after polarization,
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and IL-17-producing y8 T cells were restricted to CCR6" subsets,
while CCR6™ y3 T cells secreted scarce amount of IL-17 (Fig. 6A). In
addition, the IL-17A mRNA was also highly expressed in y§T““R¢*
compared to yST“R® (Fig. 6B). IDH2 siRNA interference signifi-
cantly decreased IL-17 production in yY§T““*** (Fig. 6C and fig. S5B).
We also observed that c-Maf was highly expressed in yST“*®* at
both the protein and mRNA levels (Fig. 6D). Inhibition of c-Maf
with NIV, human y§T““*®* showed decreased IL-17 production
(Fig. 6E), similar to their mouse counterparts (Fig. 4C).

To examine the regulation of y8T17 in human diseases, we
recruited patients with oral squamous cell carcinoma (OSCC). We
found a significant amount of 3 T cell infiltration in OSCC tissues,
and a fraction of y3 T cells expressed CCR6 (fig. S5C). Similarly,
these CCR6" y8 T cells from OSCC also secreted a considerable
amount of IL-17 (Fig. 7A). Inhibition of IDH2 with small-molecule
inhibitor AGI significantly decreased IL-17 production in CCR6"
v T cells from patients with OSCC (fig. S5D). To further explore
different clusters of y3 T cells in human OSCC tissues, we per-
formed a single-cell RNA sequencing (scRNA-seq) using two pairs
of tumor and adjacent tissues. By scRNA-seq, we discovered diverse
immune cells (fig. SS5E) and different clusters of T cells (fig. S5F) in
normal adjacent tissue (N) and OSCC tissue (T). Using uniform
manifold approximation and projection (UMAP) and conventional
vd T cell lineage genes, we identified five different clusters of Y3
T cells in human oral tissues (Fig. 7B). Cluster analysis for each pair is
shown in fig. S5G. Of which, clusters 1 and 4 showed high expression
of IFNG and TBX21, which is transcription factor for Tyl cells
compared to other clusters (Fig. 7C), indicating y8T1 phenotype.
Notably, cluster 5 (Fig. 7B, black dotted circle) expressed higher
levels of ¢-MAF, CCR6, IL-17A, and IL-22 while lower levels of
IFNG and TBX21 than other clusters (Fig. 7C), indicating that this
cluster represents human y8T17 cells. Cluster 2 also expressed high
levels of MAF and CCR6, but IL-17A and RORC levels were low,
suggesting that this cluster may be precursors of cluster 5 as shown
in pseudotime analysis (fig. SSH). Compared to y3 T cells in normal
adjacent oral tissues (Fig. 7B), OSCC tissues had more abundant
vOT17 cells (cluster 5). Further metabolism-related gene expression
profile revealed that IDH1 and IDH2 in cluster 5 were highly ex-
pressed in OSCC tissue compared to these in an adjacent tissue
(Fig. 7D). In contrast, IDH1 and IDH2 expression levels in cluster 1
were decreased in OSCC tissue compared to normal adjacent tissue.
Using publicly available datasets, we found that patients with head
neck squamous carcinoma (HNSC) whose tumors had low c-Maf
expression with high y3 T cell infiltration exhibited a significant
better overall survival compared to other combinations (Fig. 7E).
These data suggest a critical role of c-Maf-mediated metabolic re-
programming in human y8T17 cells and further support the notion
that targeting c-Maf in Y8 T may provide benefit for treating pa-
tients with cancer.

DISCUSSION

vd T cells are innate-like lymphocytes existing in the peripheral
blood and mucosal tissues. While y8T1 cells show potent antitumor
function, y8T17-mediated protumor effects have been observed in
both human cancers and murine tumor models (39, 42-45). Cellular
metabolism plays a central role in the function of T cells, and
distinct metabolic requirements between y3T1 and y8T17 cells have
been reported (28). Y8T1 cells are mainly dependent on glycolysis,
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Fig. 5. Deficiency of c-Maf in v T cells prolongs the overall survival in lung cancer metastasis models. (A) Rorc-cre;c-Maf” and control c-Maff mice were injected
intravenously with LLC-GFP cells for 14 days. Tumor burden (%LLC-GFP) was assessed by flow cytometry. Summarized data are combined data from two independent
studies. Each dot represents data from one mouse. (B) The overall survival of LLC-tumor bearing c-Maf®f (n = 9) or Rorc-cre; c-Maf? mice (n= 8). (C) Percentages of y5 T cells
in CD3" cells and IL-17- or IFN-y—producing y8 T cells in the lung of LLC tumor model. Representative dot plots and summarized data are shown. (D) Intracellular IL-17 and
IFN-y production from CD4" T cells and IFN-y production from CD8" T cells in the lungs of LLC tumor model. Representative dot plots and summarized data are shown.
(E) Percentage of CD45" cells (%) (top) and percentage of CD11b* cells in CD45" cells (%) in the lung of LLC tumor model (bottom). Representative dot plots and summarized

data are shown. (F) Survival of B16F10-bearing c-Maff (n=6) or Rorc-cre; c-Maff (n = 8) mice. Data are represented as means + SEM. *P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001.
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Fig. 6. c-Maf is critical in regulating human polarized y3T17 cells. (A) Intracellular IL-17 production in polarized CCR6™ and CCR6" y8 T from human peripheral blood
mononuclear cells (PBMCs) (n = 6). Representative dot plots and summarized data are shown. (B) The IL-17 mRNA expression levels in human polarized CCR6~ and CCR6*
v8 T by RT-PCR analysis. (C) Polarized y8 T cells from human PBMCs were transfected with control or IDH2 siRNA, and intracellular IL-17 was determined by flow cytometry.
Summarized data are shown. (D) c-Maf expression in human CCR6™ and CCR6" v5 T cells by flow cytometry (left) and RT-PCR analysis (right). (E) Human polarized CCR6*
v8 T cells were treated with or without c-Maf inhibitor NIV, and intracellular IL-17 was detected by flow cytometry. Representative flow plots and summarized data are
shown. Isotype control for IL-17 staining is also shown. Data are represented as means + SEM. *P < 0.05 and ***P < 0.001.

while y8T17 use oxidative metabolism in mitochondria (46).
Consistent with these studies, we found high expression of glutl
and high glucose uptake in y8T1 cells. Inhibition of glycolysis by
2-DG reduced the production of IFN-y from y38T1 but did not
influence IL-17 production from y8T17 cells. We found that y8T17
cells may also rely on glutaminolysis in addition to OXPHOS path-
way. High expression levels of metabolic enzyme genes including
GLS and GLUDI that are involved in glutaminolysis were observed
in y8T17 cells. In addition, o-KG, which is the critical metabolite
linking TCA cycle and glutaminolysis, was also increased in y3T17
through an unbiased SIRM analysis. A recent study also demon-
strated the critical role of glutamine metabolism in mouse y8T17
cells and skin inflammation (29, 30). Further exploring the function
of mitochondria, we observed differential levels of mitoROS in
v8T17 and y8T1 cells. It has been reported that excessive ROS
inhibits lung y8T17 cells (47). We observed a lower level of mitoROS
intrinsically in y8T17 cells, while y8T1 cells have higher levels of
mitoROS, which may be related to their antitumor effect. Inhibition
of ROS significantly reduced IFN-y production in y3T1 cells, further
supporting this notion.

We have shown that differential metabolic activities play a critical
role in the function of y8T1 and y3T17 cells. Intriguingly, we found
a high expression level of metabolic enzyme IDH2 in y3T17, while
v8T1 cells virtually do not express IDH2. Knockdown of IDH2 in
y8T17 substantially decreased IL-17 production, while gain of func-
tion of IDH2 in y8T1 decreased the production of IFN-y. These
data suggest that IDH2 may function as a metabolic checkpoint reg-
ulating effector functions of y§ T subsets. IDH2 is mainly located
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in mitochondria and usually catalyzes isocitrate into a-KG in the
TCA cycle. More carbon labeling in a-KG was seen in y8T17 cells
compared to y8T1 cells. Deficiency of IDH2 in y8T1 cells may lead
to a natural break in the transformation from isocitrate to 0-KG.
Furthermore, addition of exogenous a-KG significantly decreased
IFN-y production in y3T1 cells. These data identify IDH2 as a criti-
cal metabolic checkpoint regulating OXPHOS pathway in y3T17 cells
and y8T1 effector function via shunting pyruvate into glycolysis
pathway. IDH1 and IDH2 are also highly expressed in differentiated
Ty17 cells (48). Knockdown of both IDH1 and IDH2 reduces IL-17A/F
expression, suggesting a common metabolic pathway used by both
Ty17 cells and innate y3T17 cells.

Interactions between transcription factor-mediated molecular
mechanism and cellular metabolism determine T cell differentiation
and effector function (22, 35, 49). Here, we found that transcription
factor c-Maf was highly expressed in y8T17 cells and that c-Maf
controls IL-17 production by directly interacting with IDH2, sup-
porting the biological role of c-Maf in immune metabolism (7). It is
worth noting that deficiency of c-Maf in CD27” y3 T cells did not
affect the GLS and GLUDI1 expression in these cells. These data
suggest that c-Maf may regulate IL-17 production in yd T cells
independent of glutaminolysis (30). The mTOR signaling pathway
has been shown to play a critical role in y8 T development and func-
tion (31, 33, 34). We found that mTORC2 deficiency resulted in
reduced IL-17 production through regulation of c-Maf expression,
suggesting that mTORC?2 signaling is upstream of c-Maf. However,
the detailed molecular regulatory mechanism needs to be elucidated
in the future. In contrast, HIF-1o is dispensable for the function

9of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

*hkk

A yOCCRe” yOCCR6e* Isotype control 40
N~ s ] 5 ] 5 ] X 30 &
«— 10 10 10 % 20
1 3 3 =
4 1 00% 20.6% 0.0% B0 -
4] 4
10 -
e 3
3] * (]
10 :F 2
= 1 <
1073
0
3 § 8
L OQQ‘ OQQ‘
0 10 LA TANT' 0 10 w0t 0 10 w0t a’ {)\ b&
CD3 L
® : T ° "
5.0 11 ]
. 18
. 2 @
o’ . 1 . o
x
25 R | - 0%S
o 1 2
o 2 ! 2
3 00 : 8 -18
5 ® 4
e 5 44 - . . ° p
-25 . 03
o
s, %o e 54 ® . . . 203
5.0 ® 403
-4 -2 0 2 0 2 4 @
——— @ 60 §
UMAP_1 < v O O N @,
D E O AT g0 S S
GOT1 ) W & <Q
2
BOR o
_?EI:'C 1 1 A === 1: Low gene expression + low T cell y§_XCELL
APDH — 2: Low gene expression + high T cell y6_XCELL
_: 0 === 3: High gene expression + low T cell y6_XCELL
AMGCS1 === 4: High gene expression + high T cell y6_XCELL
sucLgz | -1 5 o« |
SQLE
SLC2A1 -2 2 =
. MDH1 S
HK1 -
GPI > ©
LDHB 0] s ]
PKM ) ©
MDH2 S
GLUD1 = <
GLS
DIt o ol
- s S
ALDOA E
ACO2
- . GOT2 S N .
SDHA O ol =
LDHA
g PMVK
[ I sucLa2
MV o 2vs. 1: HR = 0.44, P = 0.00913
FH = | 4vs. 3:HR=0.606, P=0.0297
SDHB o - : - |
SDHD
1 ACLY 0 50 100 150

Time to follow-up (months)

Fig. 7. y8T17 cells in human oral tissues. (A) Intracellular IL-17 production in human CCR6~ and CCR6" v3 T from OSCC tissues by flow cytometry. Isotype control for
IL-17 staining is also shown. Representative flow plots and summarized data are shown. Each dot represents data from one patient. (B) UMAP analysis from scRNA-seq
data shows five y3 T cell clusters. The cluster 5 (circled) is more abundant in OSCC tissue (T) as compared to normal adjacent tissue (N). (C) Dot plots of gene expression in
five clusters of y3 T cells from oral tissues. (D) Heatmaps of gene expression (metabolic enzymes) in five clusters of y3 T cells from adjacent normal tissue (N) and OSCC
tissue (T). (E) Overall survival of patients with HNSC (n = 522) classified into four groups with differential c-Maf gene expression and Y3 T cell infiltration. Group 1, low c-Maf
expression and low 8 T cell infiltration; group 2, low c-Maf expression and high y3 T cell infiltration; group 3, high c-Maf expression and low y8 T cell infiltration; group 4,
high c-Maf expression and high y3 T cell infiltration. HR, hazard ratio. Data are represented as means = SEM. ****P < 0.0001.

and c-Maf expression in Y8T17 cells. This is in contrast to Ty17 cells
(50). Collectively, these results support the notion that transcription
factor c-Maf plays a central role in Y8T17 cells via the transcriptional
and metabolic reprogramming.

Through the induction of an immunosuppressive tumor micro-
environment, stimulation of angiogenesis, and restricting anti-
tumor of T cell function, y8T17 have gained intensive investigation
in various cancer types (6). In murine lung cancer, y8T17 were
thought to be a potentially effective target for cancer treatment (39).
It is hypothesized that inhibiting the transcription factor that con-
trols IL-17 production in yd T cells, such as RORyt, may serve as a
promising approach. In this study, we observed significantly re-
duced IL-17 production in lung y8 T cells from c-Maf cKO mice.
Consequently, c-Maf cKO mice exhibited prolonged survival in
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both LLC lung cancer model and B16F10 melanoma lung metastasis
model. These results suggest that c-Maf is a promising target for
cancer immunotherapy. Previously, we found that c-Mafis a check-
point for reprogramming macrophages in lung cancer and that
targeting c-Maf in myeloid cells leads to reduced tumor burden and
enhanced antitumor immune response (51). Macrophages have
been shown to play a critical role in promoting tumor progres-
sion and metastasis (52). Thus, developing previously unidentified
approaches to target c-Maf in immunosuppressive macrophages and
v8T17 cells may reverse their tumor-promoting effect while stimu-
lating antitumor immunity, thereby controlling cancer progression
and metastasis.

Although c-Maf has been identified as a critical transcription
factor for murine y3T17 cells, it is unknown whether c-Maf also
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regulates human y3T17 cells. Human y8T17 cells are scarce in the
periphery, and they express CCR6. We found that c-Maf is highly
expressed in CCR6y8 T cells and inhibition of c-Maf with a
small-molecule inhibitor reduced IL-17 production, suggesting a
potential role of c-Maf in human y8T17 cells. Similar as mouse vy
T cells, human y8 T cells are also enriched in mucosal tissues. We
found a significant fraction of Y8 T cells in oral tissues including
OSCC tissues (53). Using scRNA-seq, we found five y§ T cell
clusters and one particular cluster showed enriched gene expression
of MAF, CCR6, IL-22, and IL-17A, suggesting a unique Y3T17 gene
signature. The abundance of this cluster also correlates with high
expression levels of IDHI and IDH2 in OSCC tissues, suggesting
potential interactions between c-Maf- and IDH-mediated metab-
olism in human y8T17 cells. Silence or inhibition of IDH2 reduces
IL-17 production in both polarized and primary human y3T17
cells. A recent elegant study using y& T cells sorted from adult
human peripheral blood and cord blood discovered type 1 effector
v T cells that express TBX21, FCGR3A, and cytotoxicity-associated
gene expression and type 3 effectors characterized by CCR6, RORC,
IL23R, and DPP4 expression (54). These type 1 and type 3 effector
v8 T cells express similar gene signatures as y8T1 and y8T17 shown
in our study. However, IL-17 was not detectable from type 3 effector
v T cells, at least using flow cytometry (54). In our study, we did see
considerable amount of IL-17 production from oral tissue infiltrat-
ing CCR6™y8 T cells by flow cytometry. It is possible that oral tissue
environment provides a specific set of cytokines/metabolites to en-
dow IL-17 production (53), similar as y8T17 cells shown in human
colon cancer (42) and pancreatic cancer (55). Patients with HNSC
whose tumor had high infiltration of Y8 T cells with low c-MAF
gene expression but potentially high IFN-y production showed
significant better survival compared to those with high c-MAF gene
expression regardless of high or low y& T cell infiltration. These
findings provide evidence to suggest that c-Maf also critically regu-
lates human y3T17 cells in cancer potentially through metabolic
reprogramming.

MATERIALS AND METHODS

Mice

Mice were housed and bred in the vivarium of clinical and transla-
tional research building (University of Louisville) under specific
pathogen—free conditions. C57BL/6, c-Maf”’ and Rorc-cre; c-Maf',
Raptor”fand CD2-cre; Raptor”’, and Rictor” and CD2-cre; Rictor”*
mice aged between 6 and 8 weeks (both male and female) were
used in experiments. c-Maf'' mice were generated by Biocytogen
(Beijing, China) and then were bred with Rorc-cre mice (022791,
Jackson Laboratory) to generate c-Maf cKO mice. CD2-cre; Raptorf/f
and CD2-cre; Rictor’”" mice were generated as previously re-
ported (31). All these mice were on C57Bl/6 background and were
both male and female mice (6 to 8 weeks old). All experiments
involving animals were conducted in accordance with the ethical
guidelines set by the University of Louisville Institutional Animal
Care and Use Committee under the approved protocols 19471
and 19536.

Preparation of a single-cell suspension and mouse y3

T cell polarization

A single-cell suspension was prepared from mouse LNs and spleens
(both male and female mice, 6 to 8 weeks old). For the lung tissues,
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lungs were cut into small pieces and then digested for 20 min using
digestion buffer containing collagenase IV, hyaluronidase, and
deoxyribonuclease I. For y8T17 cell polarization, CD27" y3 T cells
from LNs were cultured with IL-1p (10 ng/ml) and IL-23 (10 ng/ml)
for 7 days in wells precoated with anti—yd TCR monoclonal antibody
(mADb) (clone: UC-7). For y8T1 cell polarization, sorted CD27* y§
T cells from pooled LNs and spleens were cultured with IL-2 (10 ng/ml)
and IL-7 (10 ng/ml) for 7 days in wells precoated with anti-CD3 mAb
(clone: 145-2C11). In some experiments, dimethyl 2-oxoglutarate
(a-KG, Sigma-Aldrich), N-acetyl-L-cysteine (Sigma-Aldrich) were
added during the culture. y8T17 and y8T1 cells were further sorted
from cultures based on CD27 expression. Cells were sorted using
FACSAria III cell sorter (BD Biosciences). The detailed commercial
Ab information is listed in table S1.

Intracellular staining and flow cytometry

Primary y8 T cells or polarized y8 T cells were stimulated with
phorbol 12-myristate 13-acetate (PMA) and ionomycin in the
presence of Golgi plug (BioLegend) for 4 hours or by IL-1B (10 ng/ml)
and IL-23 (10 ng/ml) in the presence of Golgi plug (BioLegend)
overnight at 37°C in complete RPMI 1640 medium. For some
experiments, different concentrations of inhibitors were added as
indicated. Small-molecule inhibitors including 2-DG, OXA, and
AGI were purchased from Sigma-Aldrich. Cells were collected,
surface-stained, fixed, and then intracellularly stained with fluoro-
chrome-labeled mAbs against cytokines or transcription factors
according to the manufacturer’s instructions. Cells were acquired
by FACSCanto II (BD Biosciences), and data were analyzed using
Flow]Jo software (Tree Star).

siRNA transfection and lentivirus infection in polarized
mouse yo T cells

Polarized CD27" y3 T cells were cultured in RPMI 1640 medium
with 20% fetal bovine serum (FBS), and fluorescein isothiocyanate
(FITC)-conjugated control siRNA (Santa Cruz Biotechnology,
sc-36869) and IDH2 siRNA (Thermo Fisher Scientific, AM16708)
were transfected with Lipofectamine 2000 (11668-027, Invitrogen).
For the cytokine stimulation, cells were cultured for additional
24 hours with IL-1B (10 ng/ml) and IL-23 (10 ng/ml). The Golgi
plug was added in the final 4 hours. For the PMA stimulation, cells
were cultured for additional 24 hours and stimulated with PMA and
ionomycin in the presence of Golgiplug (BioLegend) for 4 hours.
Intracellular cytokine staining of IL-17 was performed. For lentivirus
infection, polarized CD27" v8 T cells were cultured in complete
RPMI 1640 medium with polybrene (8 pg/ml). Cells were infected
with GFP-tagged blank lentivirus or IDH2 lentivirus (Applied
Biological Materials Inc.) by centrifugation at the speed of 2300 rpm
for 90 min at 30°C. Cells were then cultured in RPMI 1640 medium
containing 20% FBS, IL-2 (10 ng/ml), and IL-7 (10 ng/ml). On the
second day, GFP" y3 T cells were sorted and cultured for an addi-
tional 48 hours, and intracellular IFN-y was examined.

2-NBDG uptake assay, MitoTracker Green/Red,

and MitoSOX staining

Polarized y3 T cells were stained with 2-NBDG (Thermo Fisher
Scientific) to determine the glucose uptake. MitoTracker Green/Red
staining was performed as previously described (31) for the measure-
ment of mitochondrial content. MitoSOX staining was performed
to detect mitoROS release.
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Metabolomics analysis

For tracer and SIRM analyses, polarized CD27" and CD27" y8
T cells were cultured in glucose-free Dulbecco’s modified Eagle’s
medium supplemented with 10 mM [U-"*C]-glucose and 10% di-
alyzed FBS for 24 hours. The cells were rinsed in cold phosphate-
buffered saline (PBS) and quenched using a mixture containing
2 ml of acetonitrile and 1.5 ml of H,O. After adding 1 ml of chloro-
form, the sample was homogenized and centrifuged at 3000 rpm,
4°C for 20 min. The top layer was transferred to a new tube and
lyophilized. The dried sample was then dissolved in 100 pl of 20%
acetonitrile and vigorously vortex-mixed for 3 min. After centrifu-
gation at 14,000 rpm, 4°C for 20 min, the supernatant was collected
for two-dimensional liquid chromatography-mass spectrometry
(2DLC-MS) analysis. All samples were analyzed on a Thermo Q
Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer
coupled with a Thermo DIONEX UltiMate 3000 HPLC system
(Thermo Fisher Scientific, Waltham, MA, USA). The UltiMate
3000 HPLC system was equipped with a reversed phase chromatog-
raphy (RPC) column and a hydrophilic interaction chromatog-
raphy (HILIC) column. The two columns were configured in
parallel 2DLC mode.

For 2DLC separation, H,O with 0.1% formic acid was used as
the mobile phase A for RPC and 10 mM ammonium acetate (pH
3.25) was used as the mobile phase A for HILIC. Acetonitrile with
0.1% formic acid was used as mobile phase B for both RPC and
HILIC. To avoid systemic bias, the samples were analyzed by 2DLC-MS
in a random order. All samples were first analyzed by 2DLC-MS positive
mode followed by 2DLC-MS negative mode, to obtain the full MS
data of each metabolite. A group-based pooled sample was prepared
for quality control by mixing a small portion of the supernatant from
all unlabeled samples in one group. One pooled sample was analyzed
by 2DLC-MS after injection of every five biological samples. All
pooled samples were also analyzed by 2DLC-MS/MS (tandem MS)
in positive and negative mode respectively, to acquire MS/MS spec-
tra of each metabolite at three collision energies (20, 40, and 60 eV).

MetSign software was used for spectrum deconvolution, metabo-
lite identification, cross-sample peak list alignment, normalization,
and statistical analysis (56, 57). For a metabolite of interest with a
poor chromatographic peak shape, its peak area was further validated
using Xcalibur software (version 2.2 SP1; Thermo Fisher Scientific
Inc., Germany). To identify metabolites, the 2DLC-MS/MS data of
the pooled samples were first matched to an in-house MS/MS
database that contains the parent ion mass/charge ratio (m/z), MS/
MS spectra, and retention time of 205 metabolite standards. The
thresholds used for metabolite identification were MS/MS spectral
similarity > 0.4, retention time difference < 0.15 min, and m/z
difference < 4 ppm. The 2DLC-MS/MS data without a match in the
in-house database were then analyzed using Compound Discoverer
software (version 2.0; Thermo Fisher Scientific Inc., Germany),
where the threshold of MS/MS spectrum similarity score was set as
>40 with a maximum score of 100. The remaining peaks that did
not have a match were then matched to the metabolites in the
in-house MS/MS database using the parent ion m/z and retention
time to identify metabolites that do not have MS/MS spectra. The
thresholds for assignment were parent ion m/z < 4 ppm and reten-
tion time difference < 0.15 min. The metabolomics data were
deposited to Metabolomics Workbench with project ID: PR001313
(www.metabolomicsworkbench.org/data/DRCCMetadata.
php?Mode=Project&ProjectID=PR001313).
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Western blot analysis

Sorted CD27" and CD27” v8 T cells were lysed in lysis buffer con-
taining protease and phosphatase inhibitors. The cell lysates were
then harvested and centrifuged at 14,000 rpm and 4°C for 15 min.
The supernatants were then collected into separate 1.5-ml tubes and
assayed for protein concentration using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific). The samples were further
denatured and ran for SDS—polyacrylamide gel electrophoresis followed
by transfer to polyvinylidene difluoride (PVDF) membrane. The PVDF
membrane was blocked with 5% bovine serum albumin (BSA) in
tris-buffered saline-Tween (TBST) solution for 1 hour at room tem-
perature with shaking, washed with TBST three times for 10 min
each, and stained for primary anti-HK1 (Cell Signaling Technology),
PKM2 (Cell Signaling Technology), LDHA (Cell Signaling Tech-
nology), IDH1 (Aviva Systems Biology), IDH2 (Santa Cruz Biotech-
nology), and B-actin (Sigma-Aldrich) individually by incubating
overnight at 4°C. The membranes were also blotted with primary Abs
against enzymes critical in the TCA cycle (Tricarboxylic Acid Cycle
Antibody Sampler Kit, Cell Signaling Technology). The membrane
was then washed three times using 1x TBST for 10 min each, stained
for secondary Abs, and incubated for 1 hour at room temperature
followed by washing and addition of detection reagent (ECL plus
Western Blotting Detection System, Amersham Biosciences).

RNA extraction and RT-qPCR analysis

Sorted CD27" or CD27" y8 T cells were put in TRIzol, and RNA
extraction was performed as previously described (31). Comple-
mentary DNA (cDNA) was synthetized with a reverse transcription
kit (Bio-Rad), and RT-qPCR was then performed on a Bio-Rad CFX
Connect Real-Time system (Bio-Rad) with SYBR Green (Bio-Rad).
The primer sequences are listed in table S2.

c-Maf ChIP-qPCR

In vitro polarized CD27™ y8 T cells were used for ChIP studies. In
brief, extracted chromatins were subjected to sonication using a soni-
cator [Adaptive Focused Acoustics (AFA) Focused ultrasonicator
$220] to obtain chromatin fragments of 100 to 500 base pairs (bp).
Fragmented chromatin was incubated with c-Maf Ab (LifeSpan
BioSciences Inc.) or control normal rabbit immunoglobulin G (Cell
Signaling Technology) overnight and then incubated with beads
(Dynabeads Protein G, Invitrogen). Precipitated chromatins were
reversed (65°C for 12 to 16 hours) and then purified using a QIAquick
PCR purification kit (QIAGEN). ChIP-qPCR analysis was performed
as described above. The primer sequences are listed in table S2.

Mouse tumor models

c-Maf”! and Rorc-cre; c-Maf”f mice (6 to 8 weeks) were intrave-
nously injected with GFP-tagged LLC cells (4 x 10° per mouse). After
2 weeks, mice were euthanized, and tumor burden and immune cell
phenotype in the lungs were examined. For survival study, mice
were intravenously injected with LLC cells (4 x 10° per mouse) or
B16F10 cells (1 x 10° per mouse). Mice were monitored up to 50 days
after injection. LLC (CRL-1642) and B16F10 (CRL-6475) cells were
originally purchased from American Type Culture Collection.

Human PBMC isolation, human y4T17 in vitro expansion, and

single-cell suspensions from oral cancer and adjacent tissues
Healthy donors were recruited to isolate peripheral blood mono-
nuclear cells (PBMCs). PBMCs were cultured for 1 to 2 weeks in
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complete RPMI 1640 medium with 10% FBS containing human
IL-7 (20 ng/ml) in plates precoated with anti-human y TCR Ab
(1 pg/ml) for the expansion of human y8T17 cells as previously
reported (41). OSCC tissues and adjacent normal tissues were freshly
collected from patients with OSCC in the Shanghai Ninth People’s
Hospital. Samples were subsequently minced on ice, followed by
enzymatic digestion using type II collagenase (Sigma-Aldrich) with
manual shaking every 5 min. Samples were then centrifuged at 300
relative centrifugal force (RCF) for 30 s at room temperature and
removed the supernatant without disturbing the cell pellet. Next,
1x PBS (calcium and magnesium free) containing 0.04% BSA was
added and then centrifugation at 300 RCF for 5 min. The cell pellet
was resuspended in 1 ml of red blood cell lysis buffer and incubated
for 10 min at 4°C. After lysis of red blood cells, samples were re-
suspended in 1 ml of PBS containing 0.04% BSA. Next, samples
were filtered over 40-um cell strainers (VWR) to obtain a single-cell
suspension. Human participant study was approved by the Ethics
Committee of the Shanghai Ninth People’s Hospital, Shanghai, China.

Human IDH2 siRNA knockdown and AGl inhibition

Polarized human y3 T cells were cultured in RPMI 1640 medium
containing 20% FBS and then transfected with FITC-conjugated
control siRNA (Santa Cruz Biotechnology, sc-36869) and IDH2
siRNA (Santa Cruz Biotechnology, sc-62487) with Lipo8000 reagent
(Beyotime, C0533). A small amount of FITC-conjugated siRNA
was also added into the IDH2 siRNA transfection well. Cells were
cultured for additional 48 hours in RPMI 1640 medium with 10%
FBS and IL-7 (10 ng/ml). For AGI inhibition assay, single-cell
suspensions from oral cancer tissues were treated with varying
concentrations of AGI (Sigma-Aldrich) or vehicle control dimethyl
sulfoxide for 1 to 2 hours. Cells were stimulated with PMA and
ionomycin in the presence of Golgi plug for 4 to 6 hours. Intracellular
cytokine staining for IL-17 was performed.

An scRNA-seq and data processing

Fresh OSCC and adjacent normal tissues (n = 2) were collected and
processed into single-cell suspensions. Single-cell suspensions were
loaded onto a Chromium single-cell controller instrument (10x
Genomics) to generate single-cell gel beads in emulsions. Then,
reverse transcription reactions were engaged to generate barcoded
full-length cDNA, which was disrupted of emulsion by recovery
agent. After cDNA cleanup, cDNA was amplified by PCR for
appropriate cycles. Next, these amplified cDNA was fragmented,
end-repaired, A-tailed, and ligated to an index adaptor, and then,
the library was amplified. Every library was sequenced on a Hiseq X
Ten platform (Ilumina), and 150-bp paired-end reads were generated.
The Cell Ranger software pipeline (version 3.1.0) provided by 10x
Genomics was used to demultiplex cellular barcodes, map reads to
the genome and transcriptome using the STAR aligner, and downsam-
ple reads as required to generate normalized aggregate data across
samples, producing a matrix of gene counts versus cells.

The unique molecular identifier count matrix was processed
using the R package Seurat (version 3.1.1). After applying quality
control, single cells were included in downstream analyses, and
library size normalization was performed with NormalizeData func-
tion in Seurat. Graph-based clustering was performed to cluster
cells according to their gene expression profile using the FindClusters
function in Seurat. The Find AllMarkers function (test.use = bimod)
was used in Seurat to identify marker genes of each cluster. For a
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given cluster, FindAlIMarkers identified positive markers compared
with all other cells. Then, the R package SingleR, a novel computa-
tional method for unbiased cell type recognition of scRNA-seq, was
applied with the reference transcriptomic datasets (Human Primary
Cell Atlas) to infer the cell of origin of each of the single cells inde-
pendently and identify cell types. Cells were visualized by RunUMAP,
and differentially expressed genes were identified using the Find-
Markers function (test.use = MAST) in Seurat. Y8 T lineage genes
including TRDC, TRGCI, and TRDV2 were used to define y8 T cells.
The scRNA-seq data were deposited to Gene Expression Omnibus
(GEO) with access number 193766 (www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE193766).

Outcome analysis of tumor-infiltrating y6 T cells and c-MAF
gene expression

To further analyze the relationship between tumor-infiltrating v
T cells and c-Maf gene expression levels, publicly available web
platform TIMER (http://timer.cistrome.org) was used (58). The
outcome mode was chosen to analyze the overall survival for patients
with HNSC (n = 522, xCELL) with high or low y3 T cell infiltration
with differential c-MAF gene expression levels.

Statistical analysis

The data were processed by Prism 6 (GraphPad Software) and
expressed as means = SEM. The statistical analysis was performed
using Prism 6 by Student’s t test or one-way analysis of variance
(ANOVA). Survival was analyzed by the Kaplan-Meier method.
Differences were considered statistically significant when P value
was less than 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm9120

View/request a protocol for this paper from Bio-protocol.
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