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Pyruvate dehydrogenase fuels a critical citrate pool
that is essential for Th17 cell effector functions
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In brief

Pyruvate dehydrogenase (PDH) connects
glycolysis with the mitochondrial
tricarboxylic acid (TCA) cycle. Soriano-
Baguet et al. show that PDH directs a
glucose-derived citrate pool that
coordinates the central carbon
metabolism and histone acetylation and
is essential for Th17 cell function.
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SUMMARY

Pyruvate dehydrogenase (PDH) is the central enzyme connecting glycolysis and the tricarboxylic acid (TCA)
cycle. The importance of PDH function in T helper 17 (Th17) cells still remains to be studied. Here, we show
that PDH is essential for the generation of a glucose-derived citrate pool needed for Th17 cell proliferation,
survival, and effector function. In vivo, mice harboring a T cell-specific deletion of PDH are less susceptible to
developing experimental autoimmune encephalomyelitis. Mechanistically, the absence of PDH in Th17 cells
increases glutaminolysis, glycolysis, and lipid uptake in a mammalian target of rapamycin (mTOR)-depen-
dent manner. However, cellular citrate remains critically low in mutant Th17 cells, which interferes with oxida-
tive phosphorylation (OXPHOS), lipid synthesis, and histone acetylation, crucial for transcription of Th17
signature genes. Increasing cellular citrate in PDH-deficient Th17 cells restores their metabolism and func-
tion, identifying a metabolic feedback loop within the central carbon metabolism that may offer possibilities
for therapeutically targeting Th17 cell-driven autoimmunity.

INTRODUCTION

T cells are essential for adaptive immune responses, and
T helper 17 (Th17) cells are the CD4* subset that protects the
host against extracellular bacteria and fungi." However, Th17
cells are also linked to autoimmune diseases such as multiple
sclerosis and rheumatoid arthritis.”® Th17 cells are defined by
their expression of RORyT and the ability to produce
interleukin-17 (IL-17).%

Gheck for
Updates

All T cells adapt their metabolism according to their energy
demands.>® Upon activation, CD4* T cells switch from mito-
chondrial metabolism (i.e., the tricarboxylic acid [TCA] cycle,
oxidative phosphorylation [OXPHOS], and fatty acid B-oxidation)
to glycolysis and glutaminolysis to generate ATP and biosyn-
thetic precursors, a process dubbed “metabolic reprogram-
ming.” This metabolic rewiring then supports the molecular
signaling needed for T cell proliferation and effector func-
tions.””'® However, each Th cell subset shows features during
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Figure 1. Pdh ablation in T cells protects mice from severe EAE and impairs IL-17 production

(A) gPCR determination of fold change in Pdha? mRNA levels in the indicated wild-type (WT) T cell subsets that were induced to differentiate in vitro as described
in STAR Methods. AACt values were normalized to Tbp expression. Data are mean + SEM (n = 3) and representative of 2 trials.

(B) gPCR determination as in (A) of Pdha’ mRNA levels in total CD4* T cells that were isolated from spleen and lymph nodes of control (PDH"*) and PDH-deficient
(PDH"MCD4 Cre+) mice and activated in vitro for 24 h with anti-CD3/anti-CD28 antibodies. Data are mean + SEM (n = 3) and representative of 2 trials.

(legend continued on next page)
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metabolic reprogramming that are specific to that subset,'" and
the details of this process in Th17 cells are not fully understood.

The mitochondrial pyruvate dehydrogenase (PDH) complex
regulates the flux of cytoplasmic glucose into the TCA cycle.'?
PDH catalyzes the conversion of glucose-derived pyruvate into
acetyl coenzyme A (CoA), which then condenses with oxaloace-
tate (OAA) to generate citrate.’ ' Citrate enters the TCA cycle to
produce the reducing equivalents necessary for ATP production
via OXPHOS. In addition, citrate is transported out of the mito-
chondria into the cytoplasm and can even enter the nucleus,
where it is converted back into acetyl-CoA and OAA by ATP-cit-
rate lyase (ACLY).""'*'" Cytoplasmic acetyl-CoA drives lipid
synthesis, whereas nuclear acetyl-CoA participates in histone
acetylation regulating cell-type-specific gene expression.'¢2°

In this study, we show in mice that PDH plays a crucial role in
metabolic adaptation and functions of Th17 cells. Mechanisti-
cally, genetic ablation of PDH reduces cellular citrate below a
threshold level, which triggers metabolic alterations such as
increased glycolysis, glutaminolysis, and fatty acid uptake.
These changes can sustain the survival and proliferation of
Th17 cells but not their effector functions, either in vitro or in vivo.
PDH-synthesized citrate was found to be essential for histone
acetylation and subset-specific gene expression in Th17 cells.
Consequently, replenishing the citrate pool by exogenous addi-
tion of acetate reinstated normal Th17 cell metabolism and
function. Our results demonstrate the importance of PDH in
the generation of a critical citrate pool that is indispensable for
maintaining Th17 cell function.

RESULTS

Loss of Pdh in T cells protects mice from severe
experimental autoimmune encephalomyelitis (EAE)

The PDH complex is composed of the PDH-E1a subunit, which
is encoded by the Pdhat gene, and the PDH-E1 subunit, en-
coded by Pdhb. The PDH-E1a subunit catalyzes the rate-limiting
step of pyruvate conversion into acetyl-CoA, whereas the PDH-
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E1pB subunit has no catalytic activity in the absence of PDH-
E1a.?’ To investigate PDH’s importance in T cell metabolic
adaptation, we analyzed Pdhal mRNA levels in various CD4*
Th subsets induced to differentiate in vitro. Th17 cells showed
greater Pdha1 expression than ThO, Th1, or regulatory T (Treg)
cells (Figure 1A). We then crossed CD4 Cre+ mice with
Pdha1®® mice to generate a mutant mouse strain (PDH™"
CD4 Cre+) in which T cells did not express Pdhal mRNA or pro-
tein (Figures 1B and 1C) but continued to express Pdhb7 mRNA
encoding the inactive PDH-E1p subunit (Figure S1A).

Next, we induced EAE, a mouse model of multiple sclerosis
known to depend on Th17 cells,? in control (PDH"™ and PDH"
CD4 Cre+ mice. PDH"™ CD4 Cre+ mice showed significant reduc-
tions in disease burden and mortality compared with littermate
controls (Figures 1D and 1E). T cells isolated from brains and
spleens of control and PDHY" CD4 Cre+ mice on day 14 post
EAE induction showed comparable percentages and numbers
of CD45" infiltrating cells (Figures 1F and S1B). However, while
brains of PDH"" CD4 Cre+ mice showed normal infiltration of
Tbet* Th1 cells, the percentages of infiltrating RORyT" Th17 cells
and CD25"Foxp3* Treg cells were reduced (Figures 1G, S1C, and
S1D). Wethenanalyzed Th17 cell function by measuring interferon
v (IFNy) and IL-17A production by CD45*CD4" cells that were iso-
lated from mouse brains and stimulated in vitro with phorbol
12-myristate 13-acetate (PMA)/ionomycin. The IFNy*IL-17A*
Th17 cell subset deemed to be pathogenic was significantly
decreased in proportion in PDH"" CD4 Cre+ brains (Figure 1H),
whereas the frequencies of IFNy*IL-17A~ and IFNy IL-17A*
CD4* T cells were unaffected (Figures S1E and S1F). Thus, PDH
is critical for Th17 cell function in vivo.

To gain mechanistic insight into PDH’s role in Th17 cells, we
induced naive CD4* T cells isolated from spleens and lymph no-
des of control and PDH"" CD4 Cre+ mice to differentiate into
Th17 cells in vitro by exposing them to anti-CD3/CD28 anti-
bodies plus IL-6 and transforming growth factor  (TGF-p).*>?
PDH-deficient Th17 cells showed only marginally decreased
RORYT expression but markedly impaired IL-17 production

(C) Representative immunoblot to detect total PDH-E1a. protein in total CD4* T cells that were isolated from spleen and lymph nodes of two PDH"" and two
PDH"™ CD4 Cre+ mice and activated in vitro as in (B). Actin, loading control. Data are representative of 4 mice/genotype.
(D and E) EAE clinical scores (D) and survival (E) of PDH"" (n = 7) and PDH"" CD4 Cre+ (n = 9) mice 30 days post induction. Data in (D) are mean + SEM.

(F) Flow cytometry analysis (FCA) of frequencies of CD45" cells among viable cells isolated from spleens and brains of PDH"" and PDH"" CD4 Cre+ mice on day
14 post EAE induction. Data are mean + SEM (n = 4-5/group).

(G) Intracellular FCA of frequencies of RORYT* cells among viable CD45*CD4* cells isolated from spleens and brains of the mice in (F). Data are mean + SEM (n =
4-5/group).

(H) Left: representative contour plots of intracellular staining of IL-17A and IFNy among viable CD45*CD4" cells isolated from the brains of the mice in (F) (n =
4/genotype). Cells were stimulated in vitro with PMA/calcium ionophore/Brefeldin A (PMA/lono) for 5 h before staining. Right: quantification of frequencies of the
IFNY*IL-17A* cells in the left panel. Data are mean + SEM (n = 4-5/group).

(land J) Naive T cells were isolated from spleen and lymph nodes of PDH"" and PDH™" CD4 Cre+ mice and differentiated in vitro into Th17 cells for 3 days. Results
shown are intracellular FCA of frequencies of RORyT* cells (I) and quantification of RORyT mean fluorescence intensity (MFI) (J), gated on viable CD4*RORyT*
cells. Data are mean + SEM (n = 3) and representative of 4 trials.

(K and L) Naive T cells were isolated from spleen and lymph nodes of PDH"" and PDH"" CD4 Cre+ mice and differentiated in vitro into Th17 cells for 3 days.
Results shown are intracellular FCA of frequencies of IL-17A* cells after 5-h stimulation with PMA/lono (K) and quantification of IL-17A MFI (L), gated on viable
CD4* cells. Data are mean + SEM (n = 3) and representative of 4 trials.

(M and N) Naive T cells were isolated from spleen and lymph nodes of PDH"" and PD CD4 Cre+ mice and differentiated in vitro into Th17 cells for 3 days. On
day 1, Th17 cells were infected with a control- or PDH-expressing retroviral vector. Results shown are intracellular FCA of frequencies of IL-17A* cells after 5-h
stimulation with PMA/lono (M) and intracellular FCA of frequencies of RORyT* cells gated on viable CD4* cells (N). Data are mean + SEM (n = 9) and pooled from
3 trials.

The p values are determined by unpaired two-tailed Student’s t test or one- or two-way ANOVA where appropriate. Correction for multiple comparisons was
performed using the Tukey test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001).
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Figure 2. PDH in T cells is essential for glucose metabolism

(A) Quantification of Glut-1 MFIin PDH"™ and PDH"" CD4 Cre+ Th17 cells, gated on viable CD4" cells. Data are mean = SEM (n = 3) and representative of 3 trials.
(B) Naive T cells were isolated from spleen and lymph nodes of PDH"" and PDH"" CD4 Cre+ mice and differentiated in vitro into Th17 cells for 3 days. On day 1,
Th17 cells were infected with a control or PDH-expressing retroviral vector as in Figure 1M. Results shown are quantification of Glut-1 MFI, gated on viable CD4*
cells. Data are mean + SEM (n = 6) and representative of 3 trials.

(C) YSI quantification of glucose uptake from the culture medium of PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of
2 trials.

(D) Quantification of 2-NBDG MFI in PDH"" and PDH"" CD4 Cre+ Th17 cells, gated on viable CD4* cells. Data are mean = SEM (n = 3) and representative of
3 trials.

(E) Representative Seahorse ECAR plot for PDH"" and PDH"" CD4 Cre + Th17 cells. Data are mean = SEM (n = 3) and representative of 3 trials.

(F and G) Quantification of Seahorse determinations of glycolytic capacity (F) and glycolysis (G) in PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean = SEM
(n = 3) and representative of 3 trials.

(H) YSI quantification of lactate released into the culture medium of PDH" and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of
2 trials.

(legend continued on next page)
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(Figures 11-1L and S1G). Importantly, upon PDH re-expression
via retroviral transduction of a PDH-expressing vector (Fig-
ure STH), IL-17A production was restored to control levels in
PDH-deficient Th17 cells (Figure 1M). The slight reduction in
RORYT expression in PDH-deficient Th17 cells could also be
restored by PDH re-expression (Figure 1N). In contrast, Th1
cell differentiation, effector function, or Treg induction were not
affected by PDH ablation (Figures S1I-S1K). Thus, Th17 cell
effector functions, but not differentiation per se, depend on PDH.

PDH is essential for regulation of glucose metabolism in
Th17 cells

We hypothesized that PDH loss in Th17 cells would trigger a
metabolic shift impeding their function. Flow cytometry analysis
(FCA) revealed that expression of Glut-1, the major glucose trans-
porter in T cells,”® was increased in PDH-deficient Th17 cells
compared with controls and restored to wild-type levels upon
PDH re-expression (Figures 2A and 2B). This result aligned with
the PDH-deficient cells’ elevated glucose uptake as determined
by mass spectrometry (MS) and enhanced uptake of the fluores-
cent glucose analog 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)-2-deoxyglucose (2-NBDG)?* (Figures 2C and 2D). Extra-
cellular flux analyses confirmed significantly increased glycolysis
and glycolytic capacity in PDH-deficient Th17 cells that were
associated with heightened lactate release (Figures 2E-2H).
Furthermore, the mutant cells exhibited increased expression
of hexokinase-1, which catalyzes the irreversible conversion of
glucose to glucose-6-phosphate,”” as well as enhanced intracel-
lular concentrations and release of pyruvate, the end product of
glycolysis (Figures 21-2K). These data pointed to increased flux
through glycolysis that, because PDH-deficient Th17 cells
cannot further metabolize pyruvate, resulted in pyruvate release
into the culture medium.

Despite the above, glycolytic flux analysis using an exogenous
3C-glucose tracer® revealed no difference in the contribution of
3C-glucose to pyruvate (M3 label) between control and PDH-
deficient Th17 cells (Figure 2L). This result further substantiated
our findings that glycolytic activity was increased but that
glucose flux through glycolysis itself remained unchanged in
the absence of PDH. In contrast, there was minimal 13C-glucose
incorporation into citrate (M2 label) (Figure 2M). We then
calculated the ratio of M2 citrate/M3 pyruvate as a proxy
for measuring PDH activity and observed that this ratio was
drastically reduced in PDH-deficient Th17 cells (Figure 2N).
3C-glucose incorporation into other TCA metabolites, such as
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fumarate and malate (M2 label), was also minimal in PDH-defi-
cient Th17 cells (Figures 20 and 2P). Nonetheless, despite this
lack of glucose entering the TCA cycle, PDH-deficient Th17 cells
generated normal amounts of energy in the form of ATP (Fig-
ure 2Q). These data suggested that these mutant cells used an
alternative source of carbon for energy production.

PDH-derived acetyl-CoA is essential for a functioning
TCA cycle in Th17 cells

Glutamine can replenish the TCA cycle at the stage of a-ketoglu-
tarate («KG),?” and we observed that glutamine uptake was
increased in PDH-deficient Th17 cells (Figure 3A). In accor-
dance, '3C-glutamine incorporation into TCA metabolites such
as fumarate and malate (M4 label) was elevated in PDH-deficient
Th17 cells (Figures 3B and 3C). However, we did not detect an
increased flux to citrate, either by oxidative (M4 label) or reduc-
tive (M5 label) glutamine metabolism (Figures 3D and 3E). These
results bolstered our hypothesis that citrate synthesis in Th17
cells requires PDH-generated acetyl-CoA.

RNA sequencing (RNA-seq) analysis revealed a significant
sample distance between the transcriptomes of wild-type and
PDH-deficient Th17 cells (Figure S2A). Moreover, in line with their
decreased glucose fluxinto the TCA cycle, we observed an overall
reduction in expression of TCA cycle enzymes in mutant Th17
cells compared with controls (Figure S2B). Thus, without PDH-
E1a, Th17 cells cannot convert pyruvate into acetyl-CoA to feed
into the TCA cycle, and this deficit compromises Th17 cell effector
functions. Indeed, in accordance with their reduced expression of
TCA enzymes, PDH-deficient Th17 cells showed deficits in basal
oxygen consumption rate (OCR), OCR-dependent ATP produc-
tion, and spare respiratory capacity (Figures 3F-3J).

Because the contributions of glucose- and glutamine-derived
carbons to the TCA cycle were altered, we used MS to measure
total intracellular levels of TCA metabolites in control and PDH-
deficient Th17 cells. In line with our previous results, we
observed that absolute levels of aKG, fumarate, and malate
were reduced and citrate levels were minimal in PDH-deficient
Th17 cells (Figures 3K-3N). Thus, an absence of PDH in Th17
cells drastically alters the central oxidative metabolism, prevents
glucose flux into the TCA cycle, and impairs citrate formation so
that it cannot be replenished by glutamine.

PDH ablation induces fatty acid uptake by Th17 cells
Citrate is an essential metabolite for several processes, including
de novo lipid synthesis. In this context, citrate exits the

() Quantification of hexokinase-1 MFI in PDH"" and PDH"" CD4 Cre+ Th17 cells, gated on viable CD4* cells. Data are mean + SEM (n = 3) and representative of

2 trials.

(J) Quantification of intracellular pyruvate in PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of 2 trials.
(K) Gas chromatography (GC)-MS quantification of pyruvate release into the culture medium of PDH"" and PDH"" CD4 Cre + Th17 cells. Data are mean + SEM

(n = 3) and representative of 2 trials.

(L and M) Mass isotopomer distribution (MID) of MO and M3 pyruvate (L) and MO and M2 citrate (M) in PDH™" and PDH" CD4 Cre+ Th17 cells incubated for 24 h
with [U-"3Cg]-glucose. Data are mean + SEM (n = 3) and representative of 2 trials.

(N) PDH activity ratio (M2 citrate/M3 pyruvate) in the cells in (L) and (M). Data are mean + SEM (n = 3) and representative of 2 trials.

(O and P) MID of MO and M2 fumarate (O) and MO and M2 malate (P) in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for 24 h with [U-'3Cg]-glucose. Data are

mean + SEM (n = 3) and representative of 2 trials.

(Q) Luminescence determination of ATP in PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of 2 trials.
The p values are determined by unpaired two-tailed Student’s t test or one- or two-way ANOVA where appropriate. Correction for multiple comparisons was
performed using the Tukey test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.
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Figure 3. Glutamine metabolism is altered upon PDH ablation

(A) YSI quantification of glutamine uptake from the culture medium of PDH"" and PDH"CD4Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of
2 trials.

(B-E) MID of MO and M4 fumarate (B), MO and M4 malate (C), MO and M4 citrate (D), and MO and M5 citrate (E) in PDH"" and PDH"" CD4 Cre+ Th17 cells
incubated for 24 h with [U—1305]—glutamine. Data are mean + SEM (n = 3) and representative of 2 trials.

(F) Representative Seahorse OCR plot of PDH"" and PDH™" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(G-J) Quantification of Seahorse determinations of basal OCR (G), maximal respiration (H), OCR-dependent ATP (), and spare respiratory capacity (J) in PDH""
and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(K-N) Quantification of intracellular «KG (K), fumarate (L), malate (M), and citrate (N) in PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and
representative of 2 trials.

The p values are determined by unpaired two-tailed Student’s t test or two-way ANOVA where appropriate. Correction for multiple comparisons was performed
using the Tukey test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

mitochondria and enters the cytoplasm, where it is converted by
ACLY into OAA and acetyl-CoA, which is used for fatty acid syn-
thesis.'*"%'9 We first measured total levels of fatty acid octade-
cenoic acid in control and PDH-deficient Th17 cells and
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observed them to be similar (Figure 4A). However, *C-glucose
and '3C-glutamine tracing revealed almost no contribution of
these carbon sources to octodecenoic acid synthesis in PDH-
deficient Th17 cells (Figures 4B, S3A, and S3B). Thus, the
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Figure 4. Ablation of PDH in Th17 cells induces fatty acid metabolism

(A) GC-MS quantification of intracellular octadecenoic acid in PDH"" and PDH™" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and representative of 2 trials.
(B) Distribution of carbon sources contributing to octadecenoic acid in PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean = SEM (n = 3) and representative of
2 trials.

(C) Left: representative FCA of the proliferation of CellTrace Violet (CTV)-labeled PDH"™ and PDH"" CD4 Cre+ Th17 cells. Right: fold change of the division index
of the Th17 cells in the left panel. Data are mean + SEM (n = 3) and representative of 3 trials.

(D) Left: representative FCA of BODIPY FL C16-labeled PDH"" and PDH"" CD4 Cre+ Th17 cells and fluorescence minus one (FMO) of unlabeled Th17 cells. Right:
Quantification of BODIPY FL C16 MFI in the Th17 cells in the left panel, gated on viable CD4"* cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(legend continued on next page)
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absence of citrate in PDH-deficient Th17 cells affects the biosyn-
thesis of critical metabolites such as lipids.

Because lipids are essential for proliferation, we used
CellTrace Violet (CTV) to monitor the proliferation of PDH-defi-
cient Th17 cells in culture. Although PDH"Y" CD4 Cre+ Th17 cells
showed significantly decreased proliferation compared with
controls, proliferation was still substantial (Figure 4C), suggest-
ing that the necessary lipids were derived from a citrate-inde-
pendent source. This result prompted us to measure the uptake
of extracellular lipids using fluorescently labeled palmitate
(BODIPY FL C16). We observed a marked increase in uptake
of this agent by the mutant cells (Figure 4D) and confirmed that
13C-palmitate uptake (M16 label) was increased in PDH-deficient
Th17 cells (Figure 4E). Furthermore, when cultured in medium
lacking extracellular lipids, although mutant and control Th17
cells showed impaired survival and proliferation, the survival of
PDH-deficient Th17 cells was more markedly impaired
(Figures 4F and 4G). Moreover, lipids were essential for mainte-
nance of the basal OCR in PDH"" CD4 Cre+ Th17 cells (Fig-
ure 4H). These results supported our contention that the mutant
cells rely on the import of extracellular lipids for proliferation
and survival. However, when measuring the contribution of
3C-palmitate to the generation of citrate, we detected no differ-
ences between control and PDH-deficient Th17 cells (Figure 4l).
Thus, despite their increased uptake of lipids, mutant Th17 cells
do not replenish the TCA cycle with carbons from lipids (Fig-
ure 4J). Taken together, these data suggest that PDH-deficient
Th17 cells use extracellular fatty acids from the culture medium
to directly generate the new lipids and membranes required for
survival and proliferation, independent of citrate.

19,28

PDH restricts upregulation of the glutamine-mTOR-
CD36 axis in Th17 cells
Long-chain fatty acids (LCFAs) require transporters such as CD36
to enter cells."”” We observed increased CD36 expression in
PDH"" CD4 Cre+ Th17 cells, which could be partially reversed
by restoring PDH expression in the mutant cells (Figures 5A and
S4A). CD36 expression is controlled by mammalian target of rapa-
mycin (MTOR),?*" and we detected increased phosphorylation of
mTOR (p-mTOR) and its downstream target ribosomal protein S6
(p-S6) in the mutant cells (Figures 5B and 5C). CD36 induction and
the observed increase in lipid uptake by PDH-deficient Th17 cells
could be partially reversed by two chemical inhibitors of mTOR,
Torin 1 and rapamycin (Figures 5D, 5E, S4B, and S4C).

mTOR is activated by amino acids, particularly glutamine,®
and we had already established that PDH-deficient Th17
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cells showed increased glutamine uptake and glutaminolysis
(Figures 3A-3C). In line with these results, glutamine deprivation
decreased p-mTOR and CD36 expression as well as lipid uptake
in PDH-deficient Th17 cells to control levels (Figures 5F-5H),
exposing a metabolic feedback loop regulating central carbon
metabolism. Thus, it seems that PDH-deficient Th17 cells in-
crease their mTOR activity to promote extracellular lipid uptake
through CD36 and thereby maintain the survival and functionality
of these cells.

PDH-derived citrate is crucial for histone acetylation
and gene transcription in Th17 cells

Citrate-derived acetyl-CoA is required for post-translational his-
tone acetylation,’® an important epigenetic modification that
opens up condensed chromatin and fosters transcriptional
activity.'® Intriguingly, when measuring total acetyl-CoA levels,
we observed no differences between wild-type and PDH-deficient
Th17 cells (Figure 6A). However, the contribution of '*C-glucose
to the acetyl-CoA pool was reduced in the mutant Th17 cells,
whereas the contribution of '°C-palmitate was increased
(Figures 6B and 6C). Despite having normal acetyl-CoA levels,
PDH-deficient Th17 cells showed reduced histone-3 lysine-27
acetylation (H3K27Ac) as well as a decrease in the contribution
of glucose to the acetyl groups of histone-3 (Figures 6D, 6E, and
S5A). This indicated an exclusive role of glucose-derived acetyl-
CoA for histone acetylation in Th17 cells. Taken together, these
data suggest that there are different pools of acetyl-CoA in Th17
cells that are derived from different carbon sources. Not all of these
acetyl-CoA pools are used for histone acetylation; such a diversi-
fication has been recently documented in cancer cell lines.**

To analyze the effects of this decreased histone acetylation,
we performed assay for transposase-accessible chromatin us-
ing sequencing (ATAC-seq) analysis®"*° of in vitro-differentiated
control and PDH-deficient Th17 cells. This technique revealed
39,647 significant regions with differentially opened areas in
PDH-deficient Th17 cells compared with control Th17 cells
with dramatically reduced open areas in the mutant cells (Fig-
ure 6F). The ll17a, II17f, 1123r, Smad3, Hifla, and Stat3 loci
showed decreases in chromatin accessibility and mRNA expres-
sion (Figures 6G and S5B). Although the accessibility of the Rorc
locus encoding RORYT was reduced, levels of RORyYT mRNA
were not affected (Figure 6G), in line with the near-normal
RORYT expression levels in mutant Th17 cells (Figures 1l and
1J). Similarly, the accessibility of the //17ra locus was affected,
whereas the mRNA levels remained unchanged (Figure S5B).
Therefore, we hypothesized that the PDH-mediated synthesis

(E) GC-MS measurements of relative levels of fully labeled (M16 or M15) and unlabeled (M0) palmitate in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for

24 h with [U-"3C4g]-palmitate. Data are mean + SEM (n = 4).

(F) Fold change in frequencies of viable PDH"" and PDH"" CD4 Cre+ in vitro-differentiated Th17 cells cultured in complete IMDM with or without lipids, gated on

viable cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(G) Left: representative FCA of the proliferation of CTV-labeled PDH™" and PDH™" CD4 Cre+ Th17 cells cultured in complete IMDM with or without lipids. Right:
fold change in division index of the Th17 cells in the left panel. Data are mean + SEM (n = 3) and representative of 3 trials.
(H) Quantification of Seahorse determination of basal OCR in PDH"" CD4 Cre+ in vitro-differentiated Th17 cells cultured in complete IMDM with or without lipids.

Data are mean + SEM (n = 3) and representative of 3 trials.

(1) MID of MO and M2 citrate in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for 24 h with [U-'3C4¢]-palmitate. Data are mean = SEM (n = 4).
(J) Contribution to M2 citrate of labeled M15+16 palmitate in the cells in (I), expressed as a ratio. Data are mean + SEM (n = 4).
The p values are determined by unpaired two-tailed Student’s t test or one- or two-way ANOVA where appropriate. Correction for multiple comparisons was

performed using the Tukey test. **p < 0.01, **p < 0.001, ****p < 0.0001.
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Figure 5. PDH restricts induction of the glutamine-mTOR-CD36 axis in Th17 cells
(A-C) Quantification of CD36 MFI (A), intracellular p-mTOR MFI (B), and intracellular p-S6 MFI (C) in PDH" and PDH"" CD4 Cre+ Th17 cells, gated on viable

CD4*RORyT" cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(D and E) Quantification of CD36 MFI (D) and BODIPY FL C16 MFI (E) in PDH"" and PDH™" CD4 Cre+ in vitro-differentiated Th17 cells cultured with or without
Torin 1 (100 nM), gated on viable CD4*RORyT" cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(F-H) Quantification of intracellular p-mTOR MFI (F), CD36 MFI (G), and BODIPY FL C16 MFI (H) in PDH"" and PDH"" CD4 Cre+ in vitro-differentiated Th17 cells
cultured in either RPMI medium containing 1% L-glutamine (complete) or RPMI medium without glutamine, gated on viable CD4" (F and H) or CD4*RORyT*

(G) cells. Data are mean + SEM (n = 3) and representative of 2 trials.

The p values are determined by unpaired two-tailed Student’s t test or two-way ANOVA where appropriate. Correction for multiple comparisons was performed

using the Tukey test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

of glucose-derived acetyl-CoA produces citrate that regulates
Th17 cells’ function via histone acetylation.

Acetate treatment restores the metabolic, epigenetic,
and effector alterations caused by PDH deficiency in
Th17 cells

To confirm the effects of acetylation on Th17 cells, we bypassed
the PDH deficiency in PDHY" CD4 Cre+ T cells by treating them
(and control Th17 cells) with the short-chain fatty acid (SCFA)
acetate,*>*” which is converted by acetyl-CoA synthetases into
acetyl-CoA.*® Indeed, upon acetate supplementation, PDH-defi-
cient Th17 cells increased H3K27 acetylation to wild-type levels
(Figure 7A). Furthermore, to test whether acetate was incorpo-
rated into the acetyl groups on histone-3 molecules, we treated
PDH-deficient and control Th17 cells with '*C-labeled acetate
and observed that it contributed much more intensely to
histone-3 acetylation in the mutant cells (Figures 7B and SE6A).
Moreover, acetate treatment increased chromatin accessibility
in PDH-deficient Th17 cells, as measured by ATAC-seq (Fig-
ure S6B). We also detected the contribution of '*C-acetate to
TCA metabolites such as citrate, fumarate, and malate in mutant
Th17 cells (Figures 7C, 7D, and S6C). As expected, these contribu-
tions were increased over those in control Th17 cells because of
the lack of glucose flux into the TCA cycle in the mutant cells. In
addition, RNA-seq revealed that the transcriptome of acetate-
treated PDH-deficient Th17 cells was similar to the transcriptomes
of acetate-treated or untreated control Th17 cells (Figure 7E).

Acetate treatment also restored the expression of TCA cycle
enzymes to mutant Th17 cells (Figure SED) so that the citrate
pool recovered (Figure 7F). As a result, acetate-treated PDH-defi-
cient Th17 cells were able to re-establish their de novo lipid
synthesis, regain their proliferative potential, and normalize their
basal OCR and extracellular acidification rate (ECAR) glycolysis
(Figures 7G-71 and S6E). Indeed, Glut-1 expression and
2-NBDG uptake also returned to control levels in acetate-treated
PDH-deficient Th17 cells (Figures 7J and 7K), as did glutamine
and lipid uptake and levels of p-mTOR and CD36 (Figures 7L-
70). Finally, acetate-treated PDH-deficient Th17 cells regained
the capacity to produce IL-17A (Figure 7P).

These data indicate that PDH-generated acetyl-CoA contrib-
utes to a critical citrate pool that cannot be derived from any
other carbon source except exogenous acetate. This citrate
pool is crucial for maintaining the correct chromatin state that al-
lows Th17 signature gene transcription and thereby coordinates
the metabolism, proliferation, and functionality of these cells.

DISCUSSION

Previous work has shown that the metabolism and functions of
effector T cells are closely connected.®'%""*° In our study, we
genetically targeted the PDH-E1a subunit specifically in T cells,
disconnecting glycolysis from the TCA cycle. Th17 cells are
known to rely on glycolytic ATP and regulators such as myc,
HIF-12, and mTOR for their differentiation and function,*®*°

Cell Reports 42, 112153, March 28, 2023 9
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Figure 6. PDH is crucial for histone acetylation and epigenetic modifications in Th17 cells
(A) LC-MS quantification of fold change in intracellular acetyl-CoA levels in PDH"" CD4 Cre+ Th17 cells relative to PDH"" Th17 cells. Data are mean + SEM (n = 3)

and representative of 2 trials.
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and we have now added PDH to this list. Without PDH, Th17 cells
rewire their metabolism to increase uptake of glucose, gluta-
mine, and fatty acids to ensure their survival and proliferation.
However, our mutant Th17 cells lacked a critical citrate pool
that could not be generated in a PDH-independent manner
and was essential for the functionality of Th17 cells in vivo and
in vitro.

The mitochondrial pyruvate carrier (MPC) imports pyruvate
into the mitochondria, where it is converted into acetyl-
CoA.*"*8 MPC1™" vav Cre mutant mice, which do not express
Mpc1 in any hematopoietic cells, suffer from more severe EAE
than control littermates,*° a finding that contrasts with the effects
of T cell-specific PDH deletion we observed. However, pyruvate
in the mitochondria can also be generated from glutamine in
Th17 cells, as shown previously,®® which could provide a sub-
strate for PDH while bypassing the need for MPC-mediated
pyruvate import. We surmise that PDH-dependent conversion
of pyruvate to acetyl-CoA, and not its transport into the mito-
chondria, might be essential for Th17 cell effector function during
EAE. In another study, Wenes et al.°' showed that MPC deletion
in CD8* T cells induced increased uptake of fatty acids and
glutamine, similar to our findings. However, in this context,
acetyl-CoA production was induced in the mutant cells.®" As a
result, histone acetylation of genes supporting memory T cell
development was increased, promoting CD8" memory T cell dif-
ferentiation. In addition, a different study showed that PDH could
be localized in the nucleus in a constitutively active form.>> The
generation of acetyl-CoA in the nucleus could explain the dis-
crepancies between the Ramstead et al.*® article and our data
because PDH is deleted in both, mitochondria and nucleus, in
our study, while MPC is only expressed in the mitochondria.
These results stand in clear contrast to our findings but
strengthen our theory that a PDH-dependent acetyl-CoA pool
is necessary for histone acetylation.

It is also possible that the developmental stage at which pyru-
vate metabolism is disrupted defines its effects. VavCre-medi-
ated MPC1 deletion occurs very early during hematopoiesis
and so affects T cell development, which favors the establish-
ment of a more activated T cell pool.”® Similarly, when Mx1Cre
is employed to delete PDH in bone marrow and hematopoietic
stem cells, T cell development in the thymus is impaired, which
is not the case when CD4 Cre is used.®® However, it was surpris-
ing that, during EAE progression, we found decreased amounts
of Treg cells in the brains of mice bearing PDH-deficient T cells,

¢ CellP’ress

whereas the differentiation of this cell subset in vitro was not
affected. This result is puzzling because it has been shown pre-
viously that Treg cells rely heavily on mitochondrial oxidation for
their suppressive abilities.” These data suggest that how PDH
operates during T cell development, and PDH’s effects on Treg
function, are worthy of further investigation.

Tight regulation of metabolism is important for maintaining Th
cell functionality,* and too much or too little glycolysis and/or
OXPHOS impairs T cell functions.®*°® Our data show that abro-
gation of PDH activity affects Th17 cell functionality. Conversely,
sustained PDH activation achieved by pharmacological inhibi-
tion of PDK1 (an inhibitor of PDH) also has a negative effect on
Th17 cells.®” Thus, PDH is a vital regulator of Th17 cell functions,
consistent with the idea that too little or too much flux through
this metabolic gatekeeper is detrimental to Th17 cells.

Glutamine contributes to the energy produced via the TCA
cycle,?” and ablation of glutaminase impairs Th17 cell differenti-
ation and function so that Th17-driven inflammatory diseases are
mitigated in vivo.° Glutamine is also required for the synthesis of
glutathione (GSH), an important antioxidant in T cells that is
essential for effector T cell reprogramming and Treg cell sup-
pressive capacity.”>°® However, we showed that increased
glutamine uptake did not relieve the functional defects of PDH-
deficient Th17 cells because glutamine could not replenish the
critical PDH-dependent citrate pool in these cells. Thus, only
stringent control of a specific metabolic program in a given Th
subset can ensure cell functionality. Fortunately, this restriction
offers the possibility of subset-specific therapeutic interference
at key regulatory points.

Upon PDH deletion, Th17 cells were unable to generate fatty
acids de novo. Instead, they increased their uptake of extracel-
lular fatty acids through mTOR-dependent upregulation of
CD36. Although CD36 is a target of mTOR signaling, mTOR is
also crucial for Th17 cell differentiation and metabolic rewir-
ing.°®®% A major activator of mTOR is glutamine,®® and the
increased mTOR activation in our PDH-deficient Th17 cells
was causally linked to their heightened glutamine uptake. These
data reveal a metabolic feedback loop between glycolysis and
glutaminolysis in Th17 cells that can respond to exogenous
acetyl-CoA in the form of acetate. Acetate treatment of PDH-
deficient Th17 cells reversed the metabolic dysregulation in
these cells and restored their functionality. Similarly, other
studies have shown that acetate can serve as a source of
acetyl-CoA to regulate effector T cell functions.®>”**>°" These

(B and C) MID of MO and M2 acetyl-CoA in PDH"™ and PDH"" CD4 Cre+ Th17 cells incubated for 24 h with [U-'3Cs]-glucose (B) or [U-"3C¢]-palmitate (C). Data
are mean + SEM (n = 3) and representative of 2 trials.

(D) Representative immunoblot to detect histone-3 lysine-27 acetylation (H3K27Ac) and histone-3 acetylation in Th17 cells from two PDH"" and two PDH"" CD4
Cre+ mice. Total histone-3, loading control. Data are representative of 3 mice/genotype.

(E) MID of M2 histone-3 labeling in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for 24 h with [U-'3Cs]-glucose. Data are mean + SEM (n = 4) and
representative of 2 trials.

(F) Heatmap of ATAC-seq showing significantly differentially accessible regions (DBSs) in PDH"" vs. PDH"" CD4 Cre+ Th17 cells as identified by DiffBind. The
ATAC-seq score is the Z score for the normalized count of each DBS.

(G) Left: plot of chromatin accessibility at the //717a, I117f, and Rorc loci in PDH"" (blue lines) and PDH"" CD4 Cre+ (red lines) Th17 cells. Dark blue bars depict
significant DBSs as identified by DiffBind. Above each ATAC trace, a scale bar indicates the size of the genomics sequence covered in the graph. For each gene,
the local sequence coverage observed in the ATAC experiment is shown as normalized counts (left x axis) obtained by scaling to normalization factors observed
with DiffBind. Right: quantitation of //77a, I17f, and Rorc mRNA levels (normalized counts) in PDH"" and PDH"" CD4 Cre+ Th17 cells as measured by RNA-seq.
The p values are determined by unpaired two-tailed Student’s t test or two-way ANOVA where appropriate. Correction for multiple comparisons was performed
using the Tukey test. *p < 0.05, **p < 0.001, ****p < 0.0001.
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aspects of cellular metabolism are closely linked to epigenetic
modifications. However, in contrast to our findings, Peng
et al.%" showed that LDH ablation in Th1 cells leads to reduced
acetyl-CoA levels and, thus, histone acetylation, impairing
IFNy production. We demonstrated that our PDH-deficient
T cells are perfectly capable of Th1 cell differentiation and
IFNy production. This discrepancy could be due to the fact
that Th17 cells rely on glucose-derived acetyl-CoA for histone
acetylation, whereas Th1 cells are able to use other acetyl-CoA
pools for that purpose. When PDH localizes in the nucleus in a
constitutively active form, it generates a mitochondrion-inde-
pendent pool of acetyl-CoA for histone acetylation.”” We
demonstrated that an absence of PDH impairs histone
H3K27Ac in a manner that can be restored by acetate treatment,
emphasizing the importance of PDH for maintaining normal
epigenetic control in Th17 cells. However, we would like to
mention that chromatin accessibility can be regulated by non-
classical histone modifications that are distinct from
acetylation.®?

Our results are bolstered by a recent study showing that abla-
tion of Glut-3 in murine T cells also impairs Th17 effector func-
tion.®® These mutant mice were protected against developing
EAE because Glut-3-derived acetyl-CoA production and epige-
netic modifications were defective. Our study highlights the
importance of regulating metabolism and defining the connec-
tions between metabolic disruptions and epigenetic modula-
tions in Th17 cells.

In conclusion, our study uncovered an unexpected role of PDH
as a central regulator of the effector functions of Th17 cells in vivo
and invitro. In particular, Th17 cells use PDH for establishment of
a glucose-derived citrate pool that controls the chromatin acces-
sibility of Th17-specific loci and, thus, the survival, proliferation,
and effector functions of these cells. Furthermore, this work un-
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covered potential targets for the therapy of Th17 cell-driven
autoimmune diseases.

Limitations of the study

(1) Our study deciphers the role of the catalytic subunit of PDH in
Th17 cell differentiation and function in mice in vitro and in vivo.
While we show an impact during EAE, a mouse model of multiple
sclerosis, the role of PDH in human subjects of this particular
subset and Th17 cell-driven diseases was not analyzed. (2)
This study uses cells harboring a T cell-specific deletion of the
catalytic subunit of PDH and focuses on its function (i.e., conver-
sion of pyruvate into acetyl-CoA). However, we cannot exclude
potential structural effects of ablation of PDH E1a that might
contribute to our results. (3) Here, we focus on the role of a
glucose-derived pool of citrate and its importance in Th17 cell
function. However, we describe that there are no significant dif-
ferences in cellular acetyl-CoA concentrations between control
and PDH-deficient Th17 cells. This points to an alternative
source and an alternative acetyl-CoA pool with distinct function-
ality, which we have not been able to identify in this study.
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Figure 7. Acetate treatment reverses the effects caused by PDH ablation in Th17 cells

(A) Representative immunoblot to detect H3K27Ac and histone-3 acetylation in PDH"" and PDH"" CD4 Cre+ Th17 cells treated with (+) or without (—) acetate
(10 mM). Total histone-3, loading control. Data are representative of 3 mice/genotype.

(B) MID of M2 histone-3 labeling in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for 72 h with [U-'3C,]-acetate. Data are mean + SEM (n = 4) and

representative of 2 trials.

(C and D) MID of M0 and M2 citrate (C) and MO and M2 fumarate (D) in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for 72 h with [U-'3C,]-acetate. Data are

mean + SEM (n = 3) and representative of 2 trials.

(E) Sample distance matrix between the RNA-seq normalized counts of PDH"" and PDH™" CD4 Cre+ Th17 cells cultured in complete IMDM and treated or not
with acetate (10 mM). Results shown are after conversion to homoskedastic data by variance stabilizing transformation.
(F) Quantification of intracellular citrate in PDH"" and PDH"" CD4 Cre+ Th17 cells incubated for 72 h with acetate (10 mM). Data are mean = SEM (n = 3) and

representative of 2 trials.

(G) Fractional carbon contribution of '*C-acetate to octadecenoic acid in PDH"" and PDH"" CD4 Cre+ Th17 cells. Data are mean + SEM (n = 3) and repre-

sentative of 2 trials.

(H) Left: representative FCA of the proliferation of CTV-labeled PDH" and PDH"" CD4 Cre+ Th17 cells cultured in complete IMDM and treated or not with acetate
(10 mM). Right: division index of the Th17 cells in the left panel. Data are mean + SEM (n = 3) and representative of 3 trials.
(1) Quantification of Seahorse determination of basal OCR in PDH"" and PDH"" CD4 Cre+ in vitro-differentiated Th17 cells treated or not with acetate (10 mM).

Data are mean + SEM (n = 3) and representative of 3 trials.

(J and K) Quantification of Glut-1 MFI (J) and 2-NBDG MFI (K) in PDH"" and PDH"" CD4 Cre-+ in vitro-differentiated Th17 cells treated or not with acetate (10 mM),
gated on viable CD4* cells. Data are mean + SEM (n = 3) and representative of 3 trials.
(L) YSI quantification of glutamine uptake from the culture medium of PDH"" and PDH"CD4 Cre+ Th17 cells treated or not with acetate (10 mM). Data are mean +

SEM (n = 3) and representative of 2 trials.

(M-0) Quantification of intracellular p-mTOR MFI (M), CD36 MFI (N), and BODIPY FL C16 MFI (O) in PDH"" and PDH"" CD4 Cre+ in vitro-differentiated Th17 cells
treated or not with acetate (10 mM), gated on viable CD4* cells. Data are mean + SEM (n = 3) and representative of 3 trials.

(P) Intracellular FCA of frequencies of IL-17A* cells among PDH"" and PDH"" CD4 Cre+ Th17 cells treated or not with acetate (10 mM) and stimulated for 5 h with
PMA/Iono, gated on viable CD4* cells. Data are mean + SEM (n = 3) and representative of 4 trials.

The p values are determined by unpaired two-tailed Student’s t test or two-way ANOVA where appropriate. Correction for multiple comparisons was performed

using the Tukey test. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Recombinant human TGF-f R&D Biosystems #240-B-002

Mouse IL-6, research grade

Mouse IL-2, research grade

Mouse IL-12, research grade

Cell Trace Violet

Molecular Probes™ 2-NBDG

SYBR™ Fast Green Master Mix

Luna Universal One-Step RT-gPCR Kit
Formaldehyde

Saponin

DAPI (1:2000)

Zombie NIR™ Fixable Viability Kit
Zombie Green™ Fixable Viability Kit
7-AAD

Bodipy™ FL C16

Corning™ Cell-Tak Cell and Tissue Adhesive
Oligomycin A

FCCP

Antimycin A

Rotenone

2-Deoxy-D-glucose

Sodium pyruvate

Phorbol 12-myristate 13-acetate (PMA)
Calcium ionophore A23187

Rapamycin

Torin 1

SILAC RPMI 1640 Flex Medium
13Cs-glucose

13C5-L-Glutamine

13C,-Acetate

D-(+)-Glucose solution

GolgiPlug™ (Protein Transport Inhibitor)
Tween 20

NaCl

Sodium bicarbonate solution
Protease/Phosphatase Inhibitor Cocktail (100x)
Powdered milk

Luminata™ Crescendo Western HRP substrate
Seahorse XF DMEM medium

Miltenyi Biotec
Miltenyi Biotec
Miltenyi Biotec
Invitrogen

Invitrogen

Applied Biosystems™

New England BiolLabs Inc.

Sigma-Aldrich
Sigma-Aldrich
Invitrogen

Biolegend

Biolegend

Invitrogen

Invitrogen
Corning™
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Gibco
Sigma-Aldrich
Sigma-Aldrich
Invivogen
Sigma-Aldrich

Gibco

Cambridge Isotope Lab
Cambridge Isotope Lab
Sigma-Aldrich
Sigma-Aldrich

BD Biosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Cell Signaling Technology
Carl Roth

Merck Millipore
Agilent Technologies

#130-094-065
#130-098-221
#130-096-707
#C34557
#N13195
#4385612
#E3005E
#252549-1L
#S4521-25G
#D1306
#423106
#423112
#A1310
#D3821
#354240
#75351-5MG
#C2920-10MG
#A8674-25MG
#R8875-1G
#D6134-1G
#12539059
#P8139-1MG
#C7522-1MG
#tlrl-rap
#475991-10MG
#15347143
#CLM-1396
#CLM-1822-H
#282014-250MG
#G8769-100ML
#555029
#P7949-500ML
#S9888-5KG
#S8761-100ML
#5872

#T145.2
#WBLURO100
#103575-100

Critical commercial assays

CD4* T cell Isolation Kit

Miltenyi Biotec

#130-104-454

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Naive CD4* T cell Isolation Kit, mouse Miltenyi Biotec #130-104-453
NucleoSpin RNA 250 Macherey-Nagel #740955.250
Foxp3/Transcription Factor Staining Buffer Set Invitrogen #00-5521-00
BD Cytofix/Cytoperm Fixation/Permeabilization kit BD Biosciences #554714
Mouse IL17 DuoSet ELISA R&D Systems #DY421
Seahorse XFe96 Fluxpak Agilent Technologies #102416-100
EAE induction kit: MOG35-55/CFA Emulsion PTX Hooke Laboratories, Inc #EK-2110

Deposited data

RNA-seq
ATAC-seq

This manuscript
This manuscript

GEO: GSE222882
GEO: GSE222882

Experimental models: Organisms/strains

Mouse: B6.129P2-Pdhat1™!Pt/y
Mouse: B6.Cg-Tg(Cd4-cre)1Cwi/Bflud

Jackson Laboratory
Jackson Laboratory

JAX: 17,443, RRID:IMSR_JAX:017,443
JAX: 022,071, RRID:IMSR_JAX:022,071

Oligonucleotides

Tbp Forward: GAAGAACAATCCAGACTAGCAGCA Kurniawan et al., 2020°° N/A
Tbp Reverse: CCTTATAGGGAACTTCACATCACAG Kurniawan et al., 2020°° N/A
Pdha1 Forward: CGT CTG TTG AGA GAG CAG CA This manuscript N/A
Pdha1 Reverse: CGC ACA AGA TAT CCATTC CA This manuscript N/A
Pdhb Forward: AGGAGGGAATTGAATGTGAGGT This manuscript N/A
Pdhb Reverse: ACTGGCTTCTATGGCTTCGAT This manuscript N/A
Recombinant DNA

Plasmid: pMIT-Pdha1-CD90.1 This manuscript N/A
Plasmid: pMIT-CD90.1 This manuscript N/A

Software and algorithms

FlowJo Software
Graphpad Prism
Wave Software
Inkscape

Tree Star

GraphPad Software, Inc
Agilent

Inkscape

RRID:SCR_008520
RRID:SCR_002798
RRID:SCR_014526
RRID:SCR_014479

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources or reagents should be directed to and will be made available upon reasonable request
by the Lead Contact, Dirk Brenner (dirk.brenner@lih.|u).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
o RNA-seq and ATAC-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession
number is listed in the key resource table. All other data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

PDH" mice [B6.129P2-Pdha1tm1Ptl/J] were purchased from The Jackson Laboratory and crossed with CD4 Cre-expressing mice,
also obtained from The Jackson Laboratory. All experiments used sex- and age-matched mice (8-12 weeks old) with corresponding
littermate controls. Male and female mice were used in all in vitro experiments.

20 Cell Reports 42, 112153, March 28, 2023


mailto:dirk.brenner@lih.lu

Cell Reports ¢? CellPress

OPEN ACCESS

EAE mouse model

Induction of EAE was performed and clinical scores determined based on the neurological signs described in Table S1.%* Briefly,
PDH"" and PDH"" CD4 Cre + male mice were injected subcutaneously with MOG35.55/CFA emulsion, followed by two intraperitoneal
injections of pertussis toxin (Hooke Labs). Mouse brains and spleens were analyzed at day 14 post-induction.

Study approval
All animal experimentation protocols were approved and conducted according to the LIH Animal Welfare Structure guidelines.

METHOD DETAILS

Naive T cell isolation from spleen and lymph nodes

Naive CD4* T cells were isolated from PDH"" and PDH"" CD4 Cre + mouse spleen and lymph nodes by magnetic bead sorting
(MACS) using the Naive CD4* T cell isolation kit (Miltenyi Biotec) according to the manufacturer’s protocol. Sorting was performed
using an autoMACS pro-Separator (Miltenyi Biotec). Cell number calculations were performed using a CASY cell counter (Omni Life
Science).

Isolation of lymphocytes from mouse brain

Isolation of lymphocytes from the brains of EAE-affected mice at day 14 post-induction was performed.®* Mice were sacrificed and
brains were perfused with 20 mL cold PBS through the left ventricle. Brains were digested in RPMI supplemented with 50 ug/mL
collagenase D (Roche) and 10 png/mL DNAse | (Sigma-Aldrich) for 1 h at 37°C in a mixer (Labortechnik). Lymphocyte enrichment
was obtained by centrifugation using a two-layer Percoll gradient (40% and 70%), followed by two washes in RPMI.

In vitro differentiation of Th cell subsets

Naive T cells isolated from PDH™Y" and PDH"" CD4 Cre + spleen and lymph nodes as described above were seeded at 2x10° cells/mL
in complete medium consisting of IMDM (Lonza) supplemented with 10% FBS (Biochrom GmbH), 55uM 2-mercaptoethanol (Gibco)
and 1% penicillin/streptomycin (Gibco), and incubated for 3 days in the presence of the appropriate Th subset-specific cytokine mix
(cf. Table S2). For acetate-treated cells, in vitro Th cell differentiation was performed in the presence of 10 mM sodium acetate
(Sigma-Aldrich) diluted in culture medium. For experiments examining the effects of glutamine, cells were cultured in RPMI-1640
medium (Lonza) supplemented with 10% FBS (Biochrom GmbH), 55uM 2-mercaptoethanol (Gibco) and 1% penicillin/streptomycin
(Gibco) with 1% L-Glutamine (Lonza) (Complete) or without glutamine (w/o Glutamine).

Immunoblotting

Cells were lysed in lysis buffer (Cell Signaling Technology, 9803S) containing protease and phosphatase inhibitors (Cell Signaling
Technology) following manufacturer’s instructions. 20 pL of lysates were loaded on 16% polyacrylamide gels (Invitrogen), followed
by electrophoresis and transfer to membrane.®® The antibodies used for protein detection were anti-Pdha1 (Abcam, ab168379), anti-
actin (Sigma Aldrich), anti-acetyl-histone H3 Lys27 (Cell Signaling Technology, 8173S), anti-histone H3 (Cell Signaling Technology,
97158S) and anti-acetyl-histone H3 (Millipore, 06-599) all diluted 1:1000 in TBS-T.

Flow cytometry

For the detection of surface markers, cells were stained for 30 min at 4°C in FACS buffer (PBS with 1% fetal bovine serum (FBS;
Gibco) and 5 mM EDTA, pH 8.0) containing antibodies (cf. key resources table; 1:200 dilution) and one of four viability dyes: DAPI
(Invitrogen), LIVE/DEAD Fixable Near-IR or Green Dye (Biolegend), or 7-AAD (Invitrogen; 1:1000-1:3000 dilution). Cells were washed
in FACS buffer before flow cytometry measurements.

For intracellular staining of transcription factors, cells were fixed at 4°C for 1hr using the eBioscience FoxP3/Transcription Factor
Fixation kit (Invitrogen) and permeabilized using the buffer provided by the kit. To measure intracellular cytokine expression, cells
were restimulated for 5hr in vitro with phorbol 12-myristate 13-acetate (PMA; Sigma, 50 ng/mL), calcium ionophore A23187 (lono-
mycin, Sigma, 750 ng/mL), and BD GolgiPlug Protein Transport Inhibitor (BD Biosciences, 1:1000 dilution). Cells were washed
once with FACS buffer before extracellular staining, then fixed for 20 min at 4°C with BD Cytofix/Cytoperm and permeabilized
with BD Perm/Wash buffer (BD Biosciences). To detect hexokinase-1, cells were fixed in 4% formaldehyde (Sigma-Aldrich) for
10 min at room temperature (RT), then permeabilized in PBS containing 0.1% Tween 20. For p-mTOR and p-S6 detection, cells
were fixed in 2% formaldehyde (Sigma-Aldrich) for 10 min at RT, then permeabilized in 0.01% saponin (Sigma-Aldrich). Antibodies
used for intracellular staining were diluted 1:200 in the appropriate permeabilization buffer prior to incubation with cells for 30 min
at 4°C.

To measure 2-NBDG uptake, cells were incubated in glucose-free RPMI for 2 h at 37°C in the presence of 50 uM 2-NBDG
(Invitrogen). To measure lipid uptake, cells were incubated in IMDM containing 1 uM BODIPY FL C16 (Invitrogen) for 30 min at
37°C. Cells were washed once with PBS prior to flow cytometric measurements.
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Experiments have been done in accordance with the guidelines for flow cytometry and cell sorting.®® All flow cytometric measure-
ments were obtained using a BD Fortessa instrument (BD Biosciences) and analyses were performed using FlowJo v10.6.2 software
(Tree Star).

Expression plasmids and retroviral transduction

Murine full-length Pdha1 cDNA was cloned into the pMIT-CD90.1 vector at the EcoRl restriction site (GeneCust, France), with empty
pMIT-CD90.1 vector serving as the control. Retroviral transduction was performed by adding retroviral supernatants to in-vitro differ-
entiated Th17 cells on day 1 by spin infection.*>°® Infected cells were cultured at 37°C in the appropriate Th subset differentiation
medium for 48h, followed by MACS-sorting using the CD90.1 marker.

Cytokine quantification
Measurement of IL-17 in culture supernatants of in vitro-differentiated Th17 cells was performed using the Mouse IL-17 DuoSet
ELISA kit (R&D Systems) following the manufacturer’s instructions.

ATP quantification
ATP levels in 1x10° in vitro-differentiated Th17 cells were measured using the CellTiter-Glo assay (Promega) according to the
manufacturer’s protocol.

Metabolic flux measurements and analysis
In vitro-differentiated Th17 cells were seeded at 3x10° cells/well in a pre-coated XFe96 cell culture plate (Agilent Technologies) using
Corning Cell-Tak Cell and Tissue Adhesive (Corning) and 0.1 M sodium bicarbonate (Sigma-Aldrich).

For OCR measurements, plated cells were cultured in XF Seahorse DMEM medium (Agilent Technologies) containing 2 mM gluta-
mine (Lonza), 1 mM sodium pyruvate (Gibco) and 25 mM glucose (Sigma-Aldrich). OCR was measured using the XF Cell Mito Stress
Test (Agilent Technologies) following the manufacturer’s protocol, which involved sequential injections of oligomycin A (1 uM),
carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP; 3 uM) and antimycin A/rotenone (1 uM) (all from Sigma-Aldrich).

For ECAR measurements, plated cells were cultured in XF Seahorse DMEM medium (Agilent Technologies) containing 2 mM gluta-
mine (Lonza), and ECAR was determined by the XF Glycolysis Stress Test Kit (Agilent Technologies). Measurements were taken
during sequential injections of glucose (10 mM), oligomycin (1 M) and 2-deoxy-D-glucose (2-DG; 50 mM) (all from Sigma-Aldrich).

Experiments were performed using an XFe96 Extracellular Flux Analyzer (Agilent), and results were analyzed using Wave 2.6.1
software (Agilent Technologies). All measurements were calculated from raw OCR or ECAR data as described in Table S3.

Isotopic labeling
For glucose and glutamine isotopic tracing, naive T cells were incubated for 3 days with the appropriate cytokine cocktail to induce
Th cell differentiation in vitro. At day 3, cells were counted, washed and seeded for 24hr in tracing medium consisting of SILAC RPMI
1640 (Gibco) supplemented with 10% FBS (Biochrom GmbH), 55uM 2-mercaptoethanol (Gibco), 1% penicillin/streptomycin (Gibco),
L-arginine (Sigma-Aldrich) and L-lysine (Sigma-Aldrich), and containing [U-'3Cg]-glucose (11.1 mmol/L; Cambridge Isotope Labora-
tories) or [U-'3Cs]-glutamine (2 mmol/L; Cambridge Isotope Laboratories).

For acetate isotopic tracing, naive T cells were incubated for 3 days in complete IMDM medium containing the appropriate cytokine
cocktail and [U-"3C,]-acetate (10 mM; Sigma-Aldrich).

Extraction of intracellular metabolites, MID and carbon contribution determinations, GC and LC-MS measurements, and substrac-
tions of natural isotope abundance, were performed using MetaboliteDetector software.®® Glucose, lactate and glutamine concen-
trations in medium were measured by a YSI 2950D Biochemistry Analyzer (YSI Incorporated).

GC-MS measurement of non-polar fractions, data processing and normalization

Derivatization was performed using a multi-purpose sample preparation robot (Gerstel). Dried non-polar extracts of '*C-glucose or
13C-glutamine treated Th17 cells were dissolved in 30 pL N-Methyl-N-(tert-butyldimethylsilyltrifluoroacetamide (MTBSTFA) contain-
ing 1% tert-butyldimethylchlorosilane (TBDMCS) and incubated for 60 min at 55°C with continuous shaking.

GC-MS analysis was performed using an Agilent 7890A GC coupled to an Agilent Mass Selective Detector (MSD; Agilent Tech-
nologies). A sample volume of 1 uL was injected into a Split/Splitless inlet operating in splitless mode at 280°C. The gas chromato-
graph was equipped with a 30 m (I.D. 0.25 mm, film 0.25 um) ZB-5MSplus capillary column (Phenomenex) with a 5 m guard column in
front of the analytical column. Helium was used as the carrier gas with a constant flow rate of 1.4 mL/min. GC temperature program
was 100°C for 1 min, then increased to 325 °C at 7.5 °C/min, and held for 4 min. The total run time was 35 min. The transfer line tem-
perature was set to 280°C. The MSD was operating under electron ionization at 70 eV. The MS source was held at 230°C and the
quadrupole at 150°C. GC-MS measurements were performed in selected ion monitoring mode for precise determination of MIDs.

MetaboliteDetector (v3.2.20190704) was used to process all GC-MS chromatograms.®” Compounds were annotated by retention
time and mass spectrum using an in-house mass spectral library (overall similarity: >0.85). The following deconvolution settings were
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applied: Peak threshold of 2; Minimum peak height of 2; 10 Bins per scan; Deconvolution width of 8 scans; No baseline adjustment;
Minimum 1 peak per spectrum; No minimum required base peak intensity. MIDs for the following fragments were calculated (cf.
Table S4).

LC-MS analysis of histones

Histones were extracted using acid extraction and separated on a 16% polyacrylamide gel.®® In-gel acylation of histones was
performed using propionic anhydride. Subsequently, in-gel digestion of histone proteins was performed to obtain tryptic-digested
peptides. Peptides were desalted using C18-Omix tips (Agilent Technologies), vacuum-dried, and reconstituted in 0.1% formic
acid in water. Peptide digest (10 plL) was injected into a Vanquish UHPLC System (Thermo Scientific) equipped with Hypersil
GOLD and coupled to an Orbitrap ID-X Tribrid Mass Spectrometer (Thermo Scientific). Peptides were separated on Vanquish
C18 UHPLC Columns (1502.1 mm, 1.9 um) at a flow rate of 300 uL/min using a 50 min gradient program starting from 5% to
50% of mobile phase B, where mobile phase A was water containing 0.1% formic acid and mobile phase B was acetonitrile contain-
ing 0.1% formic acid. The MS instrument was operated in full scan mode (m/z 350-1600) with resolution R = 60,000 at m/z 400.
Peptide fragmentation was performed using data-dependent acquisition (DDA). The top 10 peptide ions subjected to DDA-based
ms/ms fragmentation were selected based on peptide ions’ intensity. Typical mass spectrometric conditions were as follows:
AGC target, standard; spray voltage, 4000 V; 45; auxiliary gas flow, 10; ion transfer tube temperature, 325°C; vaporizer temperature,
325°C; DDA cycle time, 3; collision energy, 30%. Tracefinder software was used for manual inspection of chromatograms and
integration of peak areas. Peptide identification and confirmation were performed using Skyline software.

GC-MS of samples labeled by '3C-palmitate

From the polar phase of '3C-palmitate treated Th17 cells, 250 pL were transferred to a glass vial with a micro insert and lyophilized ina
CentriVap (Labconco Corporation). The metabolites in the polar phase were derivatized before injection into the GC-MS system. To
this end, 15 pL. methoxyamine hydrochloride (20 mg/mL in pyridin) were injected into the glass vials and incubated at 55°C for 30 min,
followed by injection of 15 ul. MTBSTFA and further derivatization for 90 min. For quantification of labeled palmitate, 500 pL deriv-
atization reagent [2% (v/v) H.SO, in methanol] was added to the dried non-polar phase. The samples were incubated for 2 h at 50°C.
Subsequently, 100 pL saturated NaCl solution and 500 pL hexane were added to the reaction tube, followed by vortexing for 2 min.
After phase separation, 400 pL of the upper hexane phase was collected in a new reaction tube. An additional 500 pL hexane were
added to the first reaction tube and the previous steps were repeated. After evaporating the hexane from the second reaction tube in
a CentriVap, the samples were reconstituted in 75 pL hexane and transferred to a glass vial with micro insert and capped
immediately.

For analysis of polar metabolites, 1 uL sample was injected into an SSL injector at 270°C in splitless mode. GC-MS analysis was
performed using a 7890A GC System from Agilent coupled to a 5975C inert XL MSD. The GC was equipped with a 30 m ZB-35
column from Zebron and helium was used as a carrier gas with a flow rate of 1 mL/min. The initial oven temperature of 100°C
was held for 2 min, followed by an increase in temperature to 300 °C at a rate of 10 °C/min, which was held for 4 min. Metabolites
were detected in selected ion monitoring (SIM) mode. The MSD was operating under electron ionization at 70 eV.

For fatty acid analysis, 1 uL sample was injected into an SSL injector at 270°C in splitless mode. GC-MS analysis was performed
using a 7890A GC System from Agilent coupled to a 5975C inert XL MSD. The GC was equipped with a VF-35 MS column from Agilent
and helium was used as a carrier gas with a flow rate of 1 mL/min. The initial oven temperature of 55°C was held for 5 min, followed by
an increase in temperature to 325 °C at a rate of 6 °C/min, which was held for 10 min. Metabolites were detected in full scan mode and
mass spectra were acquired from m/z 70 to 800. The MSD was operating under electron ionization at 70 eV.

Data analysis of relative metabolite levels and analysis of mass isotopomer distribution (MID) were performed using Metabolite
Detector software.®”

Acetyl-CoA measurement by LC-MS

The LC-MS setup consisted of a Vanquish Flex (Thermo Scientific) liquid chromatography system configured in binary gradient
coupled to a Q-Exactive Plus mass spectrometer (Thermo Scientific). The analytical column was a SeQuant ZIC-pHILIC (Merck)
(2.1 mm x 150 mm, 5 um) with a guard column (2.1 mm x 20 mm), and was heated at 45°C in the column oven. Solvent A was
20mM ammonium carbonate (pH 9.2) containing 5uM medronic acid. Solvent B was pure acetonitrile. Samples were injected
onto the column and eluted using a linear gradient that ranged from 80% Solvent B to 20% Solvent B, and was conducted over
15 min at a constant flow rate of 200 puL/min.

Acetyl-CoA isotopic enrichment was measured by selected ion monitoring (SIM). The quadrupole isolation window was set from
808 to 838 m/z in order to accumulate all the isotopologues of acetyl-CoA, from the M+0 (810.1331 m/z) to the M+23 (833.2102 m/z).
The maximum accumulation time was set to 250 ms, with automatic gain control of 1e6 charges. Orbitrap resolution was set to
140,000 at 200 m/z. Data was acquired with Thermo Xcalibur software (Version 4.3.73.11) and analyzed with TraceFinder (Version
4.1). Subsequent data analysis for normalization and natural isotope subtraction were performed using in house script.®®

For calculations of isotopic distributions of acetyl groups in acetyl-CoA, the formulas described by Seim et al. were applied but,
instead of using the MIDs for CoA, the MIDs of ATP were used.”’
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Proliferation
Cells (1x108) were labeled with 5uM CellTrace Violet (CTV; Invitrogen) for 72hr and analyzed by flow cytometry according to the
manufacturer’s protocol. Division indexes were calculated using FlowJo software.

RNA extraction and quantitative RT-PCR

RNA was extracted using a NucleoSpin RNA Kit (Macherey-Nagel) according to the manufacturer’s protocol. RNA concentrations
were measured by a NanoDrop 2000c Spectrophotometer (Thermo Fisher Scientific). RT-gPCR was carried out by mixing 2uL
RNA (150 ng) with 5uL Master Mix (Luna Universal One-Step RT-gPCR Kits; New England BioLabs Inc.), 2pmol forward primer,
2pmol reverse primer, 0.3uL reverse transcriptase and 2.7uL. RNAse-free water (cf. key resources table). Reactions were run on a
CFX384 instrument (Bio-Rad). Data were normalized to Thp gene (housekeeping) and analyzed using the AACt method.*®

RNA-seq sample preparation

RNA was extracted as described above. RNA-seq and ATAC-seq were performed on the same pools of PDH"" and PDH""CD4 Cre +
naive T cells induced to differentiate into Th17 cells in vitro for 72 h mRNA sequencing was performed by the Sequencing Platform of
the Luxembourg Center for Systems Biomedicine (LCSB) of the University of Luxembourg. Single-end (RNA-seq samples round 1) or
paired-end (RNA-seq samples round 2), stranded sequencing was executed using an lllumina NextSeq 500 machine with a read
length of 75 bp. The TruSeq Stranded mRNA Library Prep kit (lllumina) was used for library preparation.

RNA-seq data analysis

FastQC (v0.11.5) was used to assess the quality control of the raw reads.”’ Adapter removal was performed using the PALEOMIX
pipeline (v1.2.12),”? with a minimum length of the remaining reads set to 25 bp. SortMeRNA (v2.1) was used to remove rRNA reads, "
followed by mapping using STAR (v.2.5.2b).”* RNA-seq transcript alignment was performed with Salmon’® against the Mouse Tran-
scriptome from Genecode v.M30.”° Subsequent analysis was conducted in R, and Tximeta’” was used to assign transcripts to genes
before differential analysis with DESeq2.”® Gene set enrichment analysis (GSEA) was performed using ClusterProfiler.”® Colored
KEGG view pathways were prepared using Pathview.°

ATAC-seq sample preparation

RNA-seq and ATAC-seq were performed on the same pools of PDH"" and PDH"" CD4 Cre + naive T cells induced to differentiate
into Th17 cells in vitro for 72 h. ATAC-seq was performed using OMNI-ATAC supplementary protocol 1 by Corces et al.®” with some
modifications. Viable cells (1x10°) were resuspended in 50 uL cold ATAC-Resuspension Buffer (RSB) containing 0.1% NP40, 0.1%
Tween 20 and 0.01% digitonin, and lysed for 3 min on ice. Lysates were washed with 1 mL cold ATAC-RSB containing 0.1% Tween
20 but no NP40 or digitonin. Samples were centrifuged for 10 min at 500xg at 4°C, the supernatants removed, and the pellets
resuspended in 50 pL transposition mix (Tagment DNA buffer from lllumina, #15027866) containing 2.5 uL. Tagment DNA TDE1
Enzyme (lllumina #15027865). After 45 min incubation at 37°C and 1000 rpm in an Eppendorf ThermoMixer, chromatin fragments
were isolated using the Zymo Research DNA Clean & Concentrator kit (ZymoResearch ZY-D4013). For pre-amplification of trans-
posed fragments, 5 PCR cycles were run using primers Ad1 and Ad2.x.%° The remaining cycles of library amplification were deter-
mined by gPCR.?? Another clean-up was performed using the Zymo Research DNA Clean & Concentrator kit (21 pL elution volume)
followed by size selection using AMPure XP beads (Beckman Coulter #A63880), with samples adjusted to 100 uL plus 55 pL of beads
to remove large fragments. Samples were incubated for 5 min before bead separation using a magnetic stand and transfer of the
supernatant to a new tube. Another 225 pL of beads were added followed by incubation for 10 min and separation on a magnetic
stand. After washing with 80% ethanol, beads were resuspended in 20 ulL elution buffer and incubated for 5 min. After separation
on a magnetic stand, the eluate was transferred to a new tube. Library quality control was performed using the Agilent DNA High
Sensitivity Bioanalyzer chip (Agilent #5067-4626). The sequencing of ATAC-seq libraries was performed by the Sequencing Platform
of LCSB. Paired-end, unstranded library sequencing was performed using the lllumina NextSeq 500/550 75 cycles High Output Kit.

ATAC-seq data analysis

FastQC (v0.11.5) was used to assess the quality control of raw reads.”’ Alignment and mapping to generate BAM files were
performed with BWA (v.0.7.16a).%° The mouse reference genome used for mapping was GRCm38 release 102 downloaded from
GENCODE (https://www.gencodegenes.org/). The Picard tool (v2.10.9)%? was used to validate BAM files. Genrich (https://github.
com/jsh58/Genrich) was used for peak calling with parameters “-r -m 30 -j -a 200 -g 15 -L 15 -d 50” to remove PCR duplicates
and include only reads with mapping quality of at least 30. This approach also achieved a minimum AUC for a peak of 200 bp, a
maximum distance between significant sites of 15 bp, a minimum length of a peak of 15 bp, and cut sites to 50 bp.

Samples for ATAC-seq with more than 15 million read were kept for analysis. Differentially accessible regions were detected using
DiffBind (3.6.1)%* in R (4.2.0). Briefly, peaks from all samples have been overlapped and merged resulting into 132,759 unique regions.
Then, a blacklist region obtained from the ENCODE®® project was applied to filter out problematic regions resulting into 116,364
peaks that were identified in at least two samples and constituted the peakset. Then, the number of mapped reads was calculated
for each peak included in the peakset and background normalization was performed. Finally, differential analysis was performed
using DESeq? resulting into 39,647 significant regions with differentially opened chromatin between the PDH"" and PDH" CD4
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Cre + untreated conditions using an adjusted p value of 0.05. ATAC-seq tracks were generated using the bamCoverage command
from deepTools (3.5.1)%° with the —scaleFactor setting enabled and being equaled to the normalization factors as calculated by
DESeq2 for each sample.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are presented as the mean + SEM with a minimum n = 3 per group (for more information, please refer to the Figure Legends).
p values were calculated using the unpaired Student’s t test, or one or two-way ANOVA using Tukey test correction for multiple

comparisons, and Prism 9.3.1 (GraphPad). Statistical significance was set at p < 0.05, with levels indicated by asterisks as follows:
*p < 0.05; *p < 0.01; *p < 0.001; ***p < 0.0001; ns, not significant.
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