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SUMMARY
Upon antigen-specific T cell receptor (TCR) engagement, human CD4+ T cells proliferate and differentiate, a
process associated with rapid transcriptional changes and metabolic reprogramming. Here, we show that
the generation of extramitochondrial pyruvate is an important step for acetyl-CoA production and subse-
quent H3K27ac-mediated remodeling of histone acetylation. Histone modification, transcriptomic, and
carbon tracing analyses of pyruvate dehydrogenase (PDH)-deficient T cells show PDH-dependent acetyl-
CoA generation as a rate-limiting step during T activation. Furthermore, T cell activation results in the nuclear
translocation of PDH and its association with both the p300 acetyltransferase and histone H3K27ac. These
data support the tight integration of metabolic and histone-modifying enzymes, allowing metabolic reprog-
ramming to fuel CD4+ T cell activation. Targeting this pathway may provide a therapeutic approach to
specifically regulate antigen-driven T cell activation.
INTRODUCTION

The immune system comprises specialized cell populations that

are conditioned to respond rapidly to antigenic and inflammatory

signals. While research has focused on these signals in guiding

immune responses, emerging data indicate that cellular meta-

bolism is critical inmoderating immune cell function and differen-

tiation, consequently influencing the outcome of the adaptive

and innate immune response.1–4 Engagement of the T cell recep-

tor (TCR), concurrent with the recognition of costimulatory

molecules by the receptor CD28, triggers T cell activation char-

acterized by transcriptional reprogramming, clonal expansion,

and differentiation to effector phenotypes.5 These changes in
This is an open access article under the CC BY-N
the activation status of CD4+ T lymphocytes not only require

energy, but also increase demand for metabolic precursors for

the biosynthesis of proteins, nucleic acids, and lipids. Therefore,

efficient T cell activation requires profound changes in intracel-

lular metabolism.6,7

T cell homeostasis is characterized by the metabolism of

glucose, fatty acids, and amino acids to generate intermediate

metabolites, which can enter the mitochondrial TCA cycle.

Upon antigen recognition, T cells rapidly upregulate aerobic

glycolysis, but not at the expense of oxidative metabolism,

to support bioenergetic demands.8–10 While the metabolism

of proliferating T cells is adapted to facilitate the uptake and

incorporation of nutrients into the biomass needed to produce
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a daughter cell,11–13 it has been shown that carbon compound

biosynthesis from glucose does not contribute to most of the

carbon in proliferating T cells.14 Hand in hand with activation-

induced metabolic changes, epigenome reprogramming (in

this paper, the term "epigenome" refers specifically to modifi-

cations of histones that can influence gene expression) and

regulation of transcriptional output are essential for T cell

expansion and differentiation. Underlying this, histone acety-

lation results in a more accessible chromatin structure permis-

sive to transcriptional machinery. This requires the availability

of acetyl-CoA, which is the sole source of acetyl groups in eu-

karyotic cells.15 Regulation of the synthesis of acetyl-CoA,

which can be produced from acetate, citrate, or pyruvate,

serves as a critical rate-limiting step for histone acetyltransfer-

ase (HAT) activity within cells.16–18 Notably, in CD4+ T cells, it

has been demonstrated that deletion of lactate dehydroge-

nase A (LDHA) inhibited glycolytic metabolism, reduced

acetyl-CoA levels, and lowered H3K9ac of the Ifng

enhancer.19 However, it remains unclear how LDHA deficiency

directly modulates acetyl-CoA levels, whether by reducing

levels of citrate available for conversion to acetyl-CoA or

through inhibition of acetyl-CoA synthetase.19 Flavell and co-

workers have proposed a role for mitochondrial metabolism in

regulating H3K9 acetylation in differentiated murine CD4+ Th1

cells.20 Recently it has also been shown that ATP citrate

synthase (ACLY) plays a role in acetyl-CoA generation and

epigenome remodeling of T cells during T helper cell (Th) 17

differentiation, specifically through Glut3-mediated uptake of

glucose.21 T cells have also recently been shown to remodel

the epigenome by metabolizing acetate in an acetyl-CoA syn-

thetase (ACSS)-dependent manner during conditions of

glucose restriction.22 Furthermore, polyamine metabolism

has also been shown to be critical for the ability of CD4+ help-

er T cells to differentiate, a process that takes several days af-

ter initial activation.23

CD4+ T cells are metabolically flexible and clearly have multi-

ple mechanisms to ensure acetyl-CoA generation required for

epigenome remodeling and transcription. However, it remains

unclear whether there is a requirement for specificity in terms

of the metabolic pathways that generate (nuclear) acetyl-CoA

and whether these pathways play a deterministic role in gene

transcription. Here, we have explored the metabolic pathways

required for TCR-mediated transcriptional activation during the

first 24 h of CD4+ T cell activation. Our results demonstrate

that, early after TCR engagement, extramitochondrial pyruvate,

as an end-product of glycolysis, but not mitochondrial citrate

or exogenous acetate, is driving the remodeling of the CD4+

T cell epigenome. This metabolic-epigenetic crosstalk is critical

for the expression of activation-dependent transcription. CD4+

T cell activation also leads to nuclear translocation of pyruvate

dehydrogenase and its association with histones and HATs,

potentially resulting in localized acetyl-CoA production. Our find-

ings highlight the intimate link between metabolism, transcrip-

tion, and T cell function. The influence of metabolic alterations

in inflammatory environments may allow the design of original

interventions to specifically target these pathways, mitigating in-

flammatory disorders and autoimmunity, in which T cells play a

pathophysiological role.
2 Cell Reports 42, 112583, June 27, 2023
RESULTS

Glucose-derived acetyl-CoA is essential for TCR-
induced epigenome remodeling and transcription
T cell activation is known to require a metabolic shift toward

glycolysis, triggered by TCR engagement.6,24 To substantiate

the role of glycolysis in transcriptional reprogramming during an-

tigen-driven T cell activation, we utilized a well-established

ex vivo model to recapitulate the process of antigen stimulation

without the requirement for additional antigen-presenting

cells.25,26 We initially explored and validated the conditions for

both metabolic and epigenetic reprogramming. Antigen-medi-

ated CD4+ T cell activation initiates context-specific gene-

expression programs that drive effector functions and cell fate

through changes in the epigenetic landscape.27 To evaluate

global changes in histone modifications, we isolated CD4+

T cells from the peripheral blood (PB) of healthy control (HC) hu-

man donors and either maintained them under resting conditions

or stimulated with anti-CD3/CD28 for 8, 12, and 24 h. Total levels

of H3K27ac, H3K4me1, H3K27me3, and H3K4me3 did not

change during the activation (Figures S1A and S1B). However,

as expected, rapid changes in the CD4+ epigenome and tran-

scriptome were observed within 24 h as measured by RNA

sequencing (RNA-seq) and H3K27ac chromatin immunoprecip-

itation followed by DNA sequencing (ChIP-seq) (Figures S1C–

S1F). Upon T cell activation, increased H3K27ac levels at

enhancer-promoters directly correlated with the expression of

associated genes (Figures S2A–S2C). Notably, metabolic genes

regulating glycolysis also demonstrated both increased activa-

tion-induced H3K27ac and increased RNA levels, supporting a

positive feedback loop for enforcing and stabilizingmetabolic re-

programming (Figures S2D and S2E).

To explore the requirement for metabolic reprogramming in

regulating transcriptional responses after initial TCR engage-

ment, CD4+ T cells from PB of healthy donors were isolated

and activated either in the presence or absence of oligomycin

(inhibitor of ATP synthase blocking the production of ATP by

oxidative phosphorylation [OXPHOS]) or 2-deoxyglucose (2DG;

competitively inhibiting production of glucose 6-phosphate

from glucose) or with replacement of glucose with galactose.

Galactose is metabolized through glycolysis, utilizing the Leloir

pathway, which is energy neutral, forcing cells to use all the py-

ruvate production to sustain the TCA cycle for OXPHOS and ATP

synthesis at the expense of lactate production.28–30 We were

again unable to detect significant global changes in histone

modifications as a consequence of metabolic inhibition

(Figures 1A and S3A). According to ChIP-seq and RNA-seq, in-

hibition of OXPHOS-mediated ATP production by oligomycin

had only a limited effect on H3K27 acetylation or activation-

induced transcription during the first 24 h of activation

(Figures 1B, 1C, and S3B). This is supported by studies that

have shown decreased utilization of glucose-derived carbon

for mitochondrial metabolism after T cell activation.8,19 In

contrast, inhibition of glycolysis by 2DG treatment compromised

both H3K27 acetylation and transcriptional changes (Figures 1B,

1D, and S3C). In the context of murine Th1 cells, the generation

of lactate has been found to increase acetyl-CoA levels and

H3K9 acetylation at the IFN-g enhancer.19 However, under
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Figure 1. Glycolytic reprogramming is essential for TCR-induced epigenome remodeling and transcription

(A) Immunoblot analysis of acetylated histone H3 (H3K27ac), trimethylated histone H3 at lysine 27 (H3K27me3), trimethylated histone H3 at lysine 4 (H3K4me3),

monomethylated histone H3 at lysine 4 (H3K4me1), and global histone H3 levels in human peripheral blood CD4+ T cells after 20-h activation with anti-CD3/CD28

in the presence or absence of oligomycin, 2-deoxyglucose (2DG), or galactose.

(B) Principal components analysis of H3K27ac signal intensity in enhancer regions.

(C–E)MA plots displaying H3K27ac signal intensity at enhancer regions, based on comparisons of replicates within each group. Enhancers with an FDR< 0.05 are

marked with red dots.

(F) Acetyl-CoA levels in CD4+ T cells activated for 24 h with anti-CD3/CD28 antibodies, in the absence or presence of oligomycin or 2DG.

(G) LC-MS/MS analysis of the relative levels of acetylated H3K27ac peptide in resting or stimulated T cells, in the absence or presence of 2DG, 24 h after

stimulation and resuspension in medium containing 11 mM D-[U-13C]glucose. The M+2/M0 ratio represents the 13C2-labeled peptide-to-monoisotopic peptide

ratio, while the M+3/M+1 ratio represents the ratio in the case of one additional 13C isotope (serving as a technical replicate). The expected ratio based on the

natural abundance of 13C is also indicated.

Data are shown as the mean ± SD of triplicate samples. *p < 0.05, ****p < 0.0001 (ANOVA). Each dot on the graphs represents an independent experiment.
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Figure 2. ACSS2 inhibition or ACLY deficiency does not affect epigenome remodeling during T cell activation

(A) Immunoblots of ACLY, ACSS2, PDCE1, and actin from human T cells activated for 8, 16, 24, or 48 h with anti-CD3/CD28 stimulation.

(B and C) CD25 protein expression was measured by flow cytometry (FACS) and IL2ra gene expression was determined by quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) in human CD4+ T cells activated with anti-CD3/CD28 in the presence and absence of ACSS2 inhibitor (15.6 mM).

(legend continued on next page)
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conditions of galactose metabolism, where lactate production is

abrogated, activated CD4+ T cells were still able to globally

remodel H3K27 acetylation and reprogram the transcriptome

(Figures 1B, 1E, S3D, and S10B). Principal components analysis

(PCA) of H3K27ac ChIP-seq and RNA-seq analyses suggests

that activation-induced H3K27ac changes and transcription

are dependent on glycolysis but not the production of lactate

(Figures 1B and S3E).

Identification of activation-induced genes, as defined by

increasedH3K27 acetylation (%5 kb away from their transcription

start site [TSS]), in the absence or presence of 2DG, identified a

subset that depends on increased glycolysis (Figure S3F). Gene

ontology (GO)-term analysis reveals that these are critical players

in T cell activation and include interleukin receptors, CDmarkers,

andothergenesassociatedwithT cell activation (FiguresS4Aand

S4B). IL2RA, SEMA7A, and CD38 are examples of this group of

genes and were used as surrogate activation markers for further

analysis (Figure S4C). To validate that these genes are dependent

on glycolysis during T cell activation, we activated human CD4+

T cells in the presence of 2DG or the absence of glucose and

measured cell-surface and RNA expression of CD25, CD38, or

SEMA7A (Figure S4D). Access to glucose and initiation of glycol-

ysis are clear requirements for the expression of these genes.

To evaluate the role of glucose-derived acetyl-CoA in changes

in H3K27ac we first measured acetyl-CoA levels in CD4+ T cells

under resting or activated conditions in the presence or absence

of oligomycin or 2DG. Increased acetyl-CoA levels were

observed after activation and were primarily dependent on

glycolytic metabolism (Figure 1F). In addition, human T cells

were stimulated with anti-CD3/CD28 in the presence of heavy

glucose (D-[13C6]glucose), and the levels of isotopically coded

acetyl groups on H3K27 were measured by liquid chromatog-

raphy-mass spectrometry (LC-MS). CD4+ T cell activation re-

sulted in an increase in 13C2 incorporation in acetylated H3K27

histones that was abrogated by the addition of 2DG

(Figures 1G and S4E). Taken together, these data demonstrate

that during the early phase of antigen-driven T cell activation,

glycolysis is essential for acetyl-CoA production, H3K27ac-

mediated chromatin remodeling, and transcriptional reprogram-

ming, independent of lactate production.

Acetate and citrate metabolism is not required for TCR-
induced epigenome remodeling
To evaluate the potential role of intermediate glycolytic metabo-

lites in the generation of acetyl-CoA and histone remodeling, we
(D) IL2ra gene expression was determined by qRT-PCR in human CD4+ T cells ac

acetate (20 mM).

(E and F) CD25 protein expression was measured by FACS and IL2ra gene expres

CD28 in the presence and absence of ACLY inhibitors (SB204990 [5 mM] and BM

(G) Acly gene expression by naive murine CD4+ T cells 24 h after in vitro activati

(H) CD25 expression was measured as a percentage on naive murine CD4+ T ce

(I) Il2ra gene expression was determined by qRT-PCR in naive murine CD4+ T ce

(J and K) Mean fluorescence intensity of total acetylation histone 3 and acetylatio

activation with anti-CD3 and anti-CD28.

(L) Differentially expressed genes were analyzed by means of MA plots, with red

(M and N) Gene set enrichment analysis was performed to compare upregulated T

between wild-type and ACLY-deficient activated T cells. Data are shown as them

dot on the graphs represents an independent experiment.
first evaluated the expression levels of enzymes generating

acetyl-CoA. Human CD4+ T cells were stimulated with anti-

CD3/CD28, and the levels of ACLY, acyl-coenzyme A synthetase

short-chain family member 2 (ACSS2), and pyruvate dehydroge-

nase alpha 1 (PDCE1) were measured (Figures 2A and S5A).

Expression of ACLY and ACSS2was low in resting cells and dur-

ing the first 16 h of activation, but increased after 24 h of stimu-

lation. In contrast, PDCE1 expression was already present in

resting cells and was subsequently upregulated. A recent study

provided evidence that T cells activated for 5 or 9 days are also

able to remodel the epigenome in an ACSS-dependent manner

during glucose restriction.22 To evaluate this in the first 24 h of

activation, T cells were activated in the presence or absence of

an inhibitor of ACSS2. Inhibition of ACSS2 did not prevent

TCR-mediated increases in CD25, protein, or mRNA expression

during this first 24 h of activation (Figures 2B and 2C). To further

validate that ACSS2 is not essential during the first 24 h of acti-

vation to remodel the epigenome, we analyzed H3K27 acetyla-

tion. Pharmacological inhibition of ACSS2 did not affect

H3K27ac levels (Figure S5B). Furthermore, the provision of

exogenous acetate during 24 h of T cell activation was insuffi-

cient to rescue IL2RA expression under conditions where glycol-

ysis was inhibited (Figure 2D). To evaluate the effects of the

inhibition of ACCS2 on T cell function, T cells were activated

for 5 days in the presence or absence of an ACCS2 inhibitor.

Cytokine production (IL-2 and IFN-g) and proliferation were eval-

uated by ELISA or fluorescence-activated cell sorting (FACS),

respectively. ACCS2 inhibition did not affect either proliferation

or cytokine production (Figures S5C, S5D, and S6A).

To evaluate the role of ACLY in transcriptional reprogram-

ming, human CD4+ T cells were activated for 24 h in the pres-

ence or absence of an ACLY inhibitor (SB204990 or

BMS303141). Cell-surface protein and mRNA expression of

CD25, CD38, or SEMA7A were again evaluated. ACLY inhibi-

tion did not prevent TCR-mediated expression, supporting

the notion that citrate-derived acetyl-CoA is not required for

the transcriptional regulation of T cells during the first 24 h of

activation (Figures 2E, 2F, S6B, and S6C). To further validate

that ACLY is not essential during the first 24 h of activation

to remodel the epigenome, we again analyzed H3K27ac. Inhi-

bition of ACLY did not affect H3K27ac (Figure S5B). We also

evaluated the effects of ACLY inhibition on cytokine produc-

tion (IL-2 and IFN-g) and proliferation. Human T cells were

activated for 5 days in the presence or absence of an ACLY in-

hibitor (SB204990). ACLY inhibition did not have any effect on
tivated with anti-CD3/CD28 in the presence and absence of 2DG or 2DG with

sion was determined by qPCR in human CD4+ T cells activated with anti-CD3/

S303141 [30 mM]).

on with anti-CD3/CD28 was measured by qRT-PCR.

lls 24 h after in vitro activation with anti-CD3 and anti-CD28.

lls 24 h after in vitro activation with anti-CD3/CD28.

n histone 3 K27 was measured in naive murine CD4+ T cells 24 h after in vitro

dots indicating enhancers with a false discovery rate (FDR) < 0.1.

cell activation gene sets and T cell activation regulated by glycolysis gene sets

ean ± SD of triplicate samples. **p < 0.01, ****p < 0.0001 (ANOVA or t test). Each
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proliferation or cytokine production (Figures S5C, S5D,

and S6A).

As previously mentioned, a role for glucose-derived citrate

in Th17 epigenetic reprogramming has recently been

described.21 To genetically confirm that ACLY is not required

for activation-induced epigenome remodeling within the first

24 h, we utilized CD4+ T cells from conditional knockout

mice with T cell-specific ablation of ACLY (CD4-Cre ACLYfl/fl)

(Figure 2G). To evaluate the impact of the loss of ACLY in regu-

lating transcriptional responses after TCR engagement, Acly-

deficient or wild-type (WT) CD4+ T cells were stimulated with

anti-CD3/CD28, and expression of CD25 was evaluated

(Figures 2H and 2I). ACLY deletion did not affect TCR-medi-

ated upregulation of CD25 expression. To substantiate the

notion that ACLY activity is also not essential to remodel the

epigenome during the first 24 h of activation, we analyzed

global histone 3 (H3) acetylation and acetylation at H3K27 by

flow cytometry and observed that the absence of ACLY does

not affect the levels of total H3 or H3K27ac (Figures 2J, 2K,

S7A, and S7B). We subsequently performed global transcrip-

tomics using RNA-seq. The absence of ACLY had a limited ef-

fect on activation-induced transcription during the first 24 h of

activation (Figures 2L and S7C). In addition, gene set enrich-

ment analysis (GSEA) demonstrated that the transcriptional

changes observed after ACLY deletion do not correlate with

genes upregulated during the first 24 h of T cell activation or

with genes downregulated upon inhibition of glycolysis

(Figures 2M and 2N). These data confirm that ACLY is not

required for transcriptional regulation during the initial phase

of human and mouse CD4+ T cell activation. Taken together

these data show that histone acetylation and gene expression

in the initial phase of T cell activation depend neither on ace-

tate nor on citrate metabolism.
Figure 3. Absence of PDH activity affects T cell function

(A) Analysis of intracellular 13C-labeled pyruvate in T cells using LC-MS after stimul

and 24 h after stimulation, and cells were incubated in medium containing 11 mM

(B) H3K27acChIP-qPCR of II2ra enhancer regions in humanCD4+ T cells. Cells we

with pyruvate (2 mM) or were untreated as a control. The results show the effect o

regions.

(C) ChIP-qPCR of the Il2ra enhancer region in human CD4+ T cells. Cells were

octanoic acid (PDC inhibitor) alone or PDC inhibitor with pyruvate (2 mM) or wer

(D) Flow cytometry analysis of CD25 expression in human CD4+ T cells activate

octanoic acid (PDC inhibitor) alone or PDC inhibitor with pyruvate or were untrea

(E and F) qRT-PCR analysis of mRNA expression of Pdha1 and Il2ra in human CD4

and activated 24 h later.

(G) Expression levels of Pdha1 in CD4+ T cells isolated from wild-type (WT) and

(H) Immunoblots and quantification of PDCE1, PDCE2, and actin in murine CD4+

(I) Representative images of spleens fromWT and Pdha1-deficient mice. Compar

any morphological differences between the spleens of the two genotypes and th

(J) Flow cytometry analysis of CD4+ and CD8+ T cell subpopulations in the splee

of age.

(K) qRT-PCR analysis of Il2ra gene expression in naive murine CD4+ T cells 24 h a

Pdha1 deficiency on the T cell subpopulations in the spleen and the effect of in v

(L) Percentage of positive CD25 on naive murine CD4+ T cells 24 h after in vitro

periments.

(M) Flow cytometry analysis of cell viability of CD4+ T cells activated with anti-CD

(N) Flow cytometry analysis of IFN-g production by CD4+ T cells activated with a

(O) Flow cytometry analysis of CD4+ T cell proliferation after 5 days of activation

represent the mean ± SD. Statistical significance was measured by one-way ANO

clinical score. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each dot on the
Pyruvate dehydrogenase is required for activation-
induced transcriptional reprogramming and T cell
function
Although glycolysis is central in driving chromatin remodeling

and transcriptional reprogramming during the first 24 h of T cell

activation, our data suggest that neither ACSS2 nor ACLY plays

a critical role. To evaluate the role of pyruvate metabolism, we

first evaluated intracellular pyruvate levels during T cell activa-

tion. CD4+ T cells were stimulated with anti-CD3/CD28 in the

presence of D-[13C6]glucose, and intracellular [13C]pyruvate

levels were measured by LC-MS (Figure 3A). Maximal pyruvate

levels were observed 16 h after activation. To evaluate whether

pyruvate is a critical glycolytic intermediate regulating the

expression of activation-induced genes, we performed a rescue

experiment by activating CD4+ T cells in the presence or

absence of 2DG or 2DG together with pyruvate. The addition

of pyruvate was sufficient to rescue IL2RA-, CD38-, and

SEMA7A-associated H3K27 acetylation under conditions where

glycolysis was inhibited (Figures 3B and S7D).

To evaluate whether pyruvate dehydrogenase (PDH) is crit-

ical for activation-induced histone acetylation, we utilized

6,8-bis(benzylthio)octanoic acid, an inhibitor of PDH activity.31

CD4+ T cells activated in presence of 6,8-bis(benzylthio)octa-

noic acid showed no increase in CD25-, SEMA7A-, and

CD38-associated H3K27 promoter acetylation (Figures 3C

and S7E) and reduced cell-surface expression of these

markers (Figures 3D and S7F). Furthermore, the addition of py-

ruvate was no longer sufficient to rescue CD25-, CD38-, and

SEMA7A-associated H3K27 promotor acetylation or cell-sur-

face expression (Figures 3C, 3D, and S7E). To confirm that in-

hibition of PDH affects epigenome remodeling, we evaluated

H3K27ac. Pharmacological inhibition of PDH has a clear effect

on the levels of H3K27ac (Figure S5B). To further evaluate the
ation with or without 2-deoxyglucose (2DG). Samples were collected at 3, 6, 16,

D-[U-13C]glucose.

re activatedwith anti-CD3/CD28 antibodies and treatedwith 2DGalone or 2DG

f these treatments on the levels of H3K27ac modification in the Il2ra enhancer

activated with anti-CD3/CD28 antibodies and treated with 6,8-bis(benzylthio)

e untreated as a control.

d with anti-CD3/CD28 antibodies. Cells were treated with 6,8-bis(benzylthio)

ted as a control.
+ T cells. Cells were transfected with siRNA targeting Pdha1 or a control siRNA

Pdha1-deficient mice.

T cells from WT or Pdha1-deficient mice.

ison of the weight of spleens in WT and Pdha1-deficient mice. The results show

e effect of Pdha1 deficiency on spleen weight.

ns of Pdha1-deficient mice and their CD4CreERT2 littermate controls at 6 weeks

fter activation with anti-CD3/CD28 antibodies. The results show the impact of

itro activation on Il2ra gene expression in CD4+ T cells.

activation with anti-CD3 and aCD28. Data are representative of multiple ex-

3/CD28 antibodies for 5 days using Zombie Green.

nti-CD3/CD28 antibodies for 5 days.

with anti-CD3/CD28 antibodies, measured using CellTrace violet. All graphs

VA, Student’s t test, or Mann-Whitney test of the area under the curve for EAE

graphs represents an independent experiment.
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effect of PDH inhibition on T cell function, T cells were acti-

vated for 5 days in the presence or absence of 6,8-bis(ben-

zylthio)octanoic acid. While we observed that PDH inhibition

did not reduce IL-2 or IFN-g production (Figures S6B and

S6C), proliferation was significantly inhibited (Figures S6A).

To further validate our inhibitor data, we performed small inter-

fering RNA (siRNA)-mediated knockdown of Pdha1, an essen-

tial subunit of the PDH complex, in human CD4+ T cells. With

an efficiency of around 50% (Figure 3E), Pdha1 knockdown in

CD4+ T cells showed a clear decrease in the expression of

IL2RA, SEMA7A, and CD38 (Figures 3F and S7G).

To confirm that PDH plays a fundamental role in activation-

induced transcriptional reprogramming of CD4+ T cells, we

generated an inducible T cell-specific Pdha1-knockout mouse

by crossing Pdha1fl/fl mice with CD4CreERT2. To induce Pdha1

deletion, animals were treated with tamoxifen for 5 days, and af-

ter 3 weeks, a reduction in Pdha1mRNA and PDCE1 protein was

observed (Figures 3G and 3H). The expression of PDCE1 was

greatly reduced, although not eliminated, while the expression

of PDCE2 was unaffected (Figure 3H). Pdha1fl/flCD4CreERT2

mice had a normal spleen size and weight (Figure 3I), and there

were no significant differences in splenic populations of CD45,

CD8, or myeloid-lineage cells or neutrophils compared with

WT mice (Figures 3J and S8A). A small but significant reduction

in the total number of CD4+ T cells and a moderate increase in

naive CD4+ T cells were observed (Figures 3J and S8A). In addi-

tion, Pdha1 deletion resulted in a clear reduction in T-regulatory

(Treg) cells (FoxP3+) comparedwith theWT animals (Figure S8A).

The effect of Pdha1 deletion on T cell metabolism was evaluated

by Seahorse extracellular flux analyses. Activated T cells

showed a moderate but significant reduction in mitochondrial

respiration and maximal respiration (Figures S8B–S8D). This

demonstrates that under these conditions, the TCA cycle can

be supported independently of pyruvatemetabolism. In addition,

disruption of the PDH does not have a significant effect on glyco-

lytic lactate production (Figure S8E).32 To investigate the effect

of T cell-specific PDH disruption on T cell function, Pdha1-defi-

cient or WT CD4+ T cells were stimulated with anti-CD3/CD28

for 24 h, and mRNA expression and CD25 cell-surface protein

were evaluated (Figures 3K and 3L). Pdha1 deletion resulted in

a decrease in both IL2RA and CD25 expression compared with

CD4ERT2 controls. This decrease in CD25 expression could not

be rescued by the addition of extra pyruvate (Figure S8F). In

addition, Pdha1-deficient or WT CD4+ T cells were stimulated

with anti-CD3/CD28 for 5 days, and the viability, proliferation,

and IFN-g production were measured by FACS. Similar to our
Figure 4. PDH is required for epigenome remodeling after T cell activa

(A) Mean fluorescence intensity of total histone 3 acetylation in naive murine CD

(B) Mean fluorescence intensity of H3K27ac in naive murine CD4+ T cells 24 h af

(C) Analysis of the incorporation of 13C carbons derived from glucose into histon

from four mice.

(D)MAplot of differentially expressed genes, based on comparisons of all replicate

indicate enhancers with an FDR < 0.1.

(E) Gene set enrichment analysis between upregulated T cell activation gene set

(F) Gene set enrichment analysis between T cell activation regulated by glycolys

(G) Heatmap of T cell activation genes with significant differential expression be

T cells. All graphs represent the mean ± SD. Statistical significance was measu

represents an independent experiment.
observations with human CD4+ T cells, Pdha1 deficiency did

not have an impact on viability or IFN-g production

(Figures 3M, 3N, and S9A); however, T cell proliferation was

significantly reduced (Figures 3O and S9B).

We wanted to explore the impact of T cell-specific PDC

disruption on the regulation of epigenome remodeling and tran-

scriptional responses after TCR engagement. First, we analyzed

global H3 acetylation and H3K27 acetylation by FACS. We

observed that the absence ofPdha1 decreased the levels of total

H3 and H3K27ac (Figures 4A, 4B, S9C, and S9D). To substanti-

ate the notion that PDH-derived acetyl-CoA is utilized for epige-

netic remodeling, we measured the incorporation of glucose-

derived 13C carbons into histones as described above. In

Pdha1-deficient T cells, we detected significantly less incorpora-

tion of 13C in the histone fraction, demonstrating the requirement

for PDH activity in glucose-dependent histone modification

(Figures 4C and S9E). We subsequently performed global tran-

scriptomics using RNA-seq. Pdha1 deficiency compromised

transcriptome reprogramming during T cell activation (Fig-

ure 4D). There was a clear correlation between the expression

of genes affected by the loss of Pdha1 and genes that are upre-

gulated during T cell activation and downregulated in the pres-

ence of 2DG (Figures 4E and 4F). Importantly, in the evaluation

of the expression of a subset of T cell activation marker genes,

loss of Pdha1, but not Acly, was detrimental (Figure 4G). Taken

together, these data support an essential role for PDH activity

in driving CD4+ T cell activation and transcriptional

reprogramming.

Mitochondrial pyruvate transport is not required for
activation-induced epigenome remodeling and CD4+

T cell function
In eukaryotes, thebiosynthesisof acetyl-CoA is thought tooccur in

the subcellular compartment where it is required, since it is both

membrane-impermeable and unstable, due to the high-energy

thioester bond that joins the acetyl and CoA groups.28,33–35 The

major role of PDH is to metabolize pyruvate to acetyl-CoA in the

mitochondria, driving the TCA cycle. To explore this, we activated

human CD4+ T cells in the presence or absence of 2DG, (2E)-3-(3-

pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO; PFKFB3 inhibitor),

UK5099 (mitochondrial pyruvate carrier inhibitor), or dichloroace-

tate (DCA; PDH kinase [PDK] inhibitor) (Figures S10A–S10C). No

drug-induced differences in CD4+ T cell viability were observed

(Figures S11A–S11C). ChIP-qPCR analysis revealed that activa-

tion of CD4+ T cells in the presence of 2DG or 3PO (inhibitors of

glycolysis) prevented CD25-, CD38-, or SEMA7A-associated
tion

4+ T cells 24 h after in vitro activation with anti-CD3/CD28.

ter in vitro activation with anti-CD3/CD28.

es of activated WT and Pdha1-deficient T cells, with means ± SEM calculated

s between activatedWT T cells and activatedPdha1-deficient T cells. Red dots

and WT versus Pdha1-deficient RNA-seq.

is gene set and WT versus Pdha1-deficient RNA-seq.

tween Pdha1-deficient or Acly-deficient CD4+ T cells and activated WT CD4+

red by one-way ANOVA. **p < 0.01, ****p < 0.0001. Each dot on the graphs
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H3K27 acetylation and transcription (Figures 5A, 5B, S12A, and

S12B) and inhibited cell-surface protein expression (Figures 5C

and S12C). CD4+ T cells activated in the presence of DCA (which

promotes TCA cycle metabolism, thereby reducing lactate pro-

duction) or in the presence of UK5099 (inhibitor of mitochondrial

pyruvate importandpromotorof lactateproduction) showednoef-

fect (Figures 5A–5C and S12A–S12C). To additionally validate that

transport of pyruvate to mitochondria is not essential during the

first 24 h of activation to remodel the epigenome, we analyzed

H3K27ac in the presence of UK5099. Pharmacological inhibition

of MPC1 did not affect H3K27ac (Figure S5B). To eliminate the

possibility that MPC2 was working as an autonomous membrane

carrier,36 T cells were activated in the presence of the thiazolidine-

dionederivative rosiglitazone,which can inhibitMPC2activity.37,38

Rosiglitazone treatment also did not affect TCR-mediated in-

creases in CD25, CD38, or SEMA7A protein or mRNA expression

(Figure S13A).

These data support a mechanism whereby the generation of

pyruvate, but not mitochondrial transport and subsequent meta-

bolism, is critical for T cell-mediated activation. To further

confirm this, we utilized CD4+ T cells from a conditional Mpc1-

deficient mouse model (CD4-Cre Mpc1fl/fl).39 CD4+ T cells from

Mpc1-knockout (KO) or WT mice were stimulated with anti-

CD3/CD28 for 24 h. The levels of Mpc1 expression were

analyzed by qRT-PCR, confirming Mpc1 deletion in CD4+

T cells from CD4-Cre Mpc1fl/fl animals (Figure 5D). Under the

same conditions the surface expression of CD25 and CD69,

another early activation marker, was evaluated (Figures 5E and

S13B). Transcription of Il2ra and Sema7a was also evaluated

by qRT-PCR (Figures 5F and S13C). Mpc1 deletion did not affect

TCR-mediated increases in either transcription or protein

expression, demonstrating that mitochondrial pyruvate trans-

port is not required for transcriptional regulation of these genes

in in vitro-activated CD4+ T cells.

We subsequently evaluated the requirement for mitochondrial

pyruvate transport on CD4+ T cell function and the impact of the

loss of Mpc1 on peripheral T cell responses. To this end, we uti-

lized the experimental autoimmune encephalomyelitis (EAE)

model. Mice lackingMpc1 in T cells have normal evolution of dis-

ease compared with WT (Figure 5G). At the endpoint of the

experiment, leukocytes were isolated from the brain and spine,

and IFN-g and IL-17A production by CD4+ T cells was analyzed
Figure 5. Mitochondrial pyruvate metabolism is not required for epige

(A) The Il2ra enhancer region of human CD4+ T cells activated with anti-CD3/C

UK5099, or DCA.

(B) The mRNA expression of Il2ra was measured by qRT-PCR in human CD4+ T

UK5099, or DCA.

(C) The expression of CD25 protein was analyzed by flow cytometry in human C

3PO, UK5099, or DCA.

(D) The gene expression of Mpc1 in naive murine CD4+ T cells 24 h after in vitro

(E) The mean fluorescence intensities of CD25 on naive murine CD4+ T cells 24

cytometry. These results are representative of multiple experiments.

(F) The gene expression of Il2ra by naive murine CD4+ T cells 24 h after in vitro a

(G) The clinical scores during EAE were measured and are presented as mean v

(H and I) The percentage of CD4+ T cells in the brains of EAE mice expressing IL

(J and K) The percentage of CD4+ T cells in the spines of EAE mice expressing IL-

the mean ± SD. Statistical significance was measured by one-way ANOVA or Stu

graphs represents an independent experiment.
by flow cytometry (Figures 5H–5K). Consistent with disease

scores, our results show that the same percentages of IFN-g-

and IL-17-producing CD4+ T cells infiltrated brains and spines

of WT and CD4-Cre Mpc1fl/fl animals. These data further confirm

that Mpc1-deficient CD4+ T cells are functional and able to

migrate to the inflammatory locus and amplify the immune

reaction.

Collectively, these data validate that, during T cell activation,

glycolytic pyruvate production, but not its subsequent transport

into mitochondrial, is essential for the epigenomic remodeling

and effector function of CD4+ T cells.

TCR engagement induces PDC nuclear translocation
and histone association required for epigenome
remodeling and transcription
The PDC has been reported to translocate to the nucleus in a

heat shock protein (Hsp70)-dependent manner.34 To evaluate

the relevance of PDH translocation during T cell activation, nuclei

were isolated from human CD4+ T cells stimulated with anti-

CD3/CD28 for 24 h in the presence or absence of 2DG.

PDCE1, encoded by PDHA1, was detected by immunoblotting,

and levels in the nucleuswere found to increase during activation

in a glycolysis-independent manner (Figures S13D and S13E). To

determine whether nuclear transport of PDCE1 was indeed

Hsp70 dependent, human CD4+ T cells were stimulated with

anti-CD3/CD28 for 24 h in the presence or absence of

KNK437, which results in decreased expression of inducible

Hsp70.40 KNK437 decreased nuclear levels of PDCE1 (Fig-

ure 6A), without affecting CD4+ T cell viability (Figures S11A–

S11C). To evaluate whether Hsp70 plays a role in TCR-induced

transcription, we activated human CD4+ T cells in the presence

or absence of KNK437 and measured the cell-surface expres-

sion of CD25, CD38, or SEMA7A. Hsp70 inhibition prevented

TCR-mediated increases in CD25, CD38, and SEMA7A expres-

sion, correlating with reduced nuclear PDCE1 expression

(Figures 6B and 6C).

The molecular mechanism by which acetyl-CoA is made avail-

able for histone acetylation at the level of chromatin is still not

well defined. Based on our observations, a potential mechanism

could involve direct interaction between PDH subunits and his-

tones or HATs such as p300. To determine whether the PDC

complex may interact with histones or p300, we performed a
nome remodeling after T cell activation

D28 was analyzed by ChIP-qPCR in the absence or presence of 2DG, 3PO,

cells activated with anti-CD3/CD28 in the absence or presence of 2DG, 3PO,

D4+ T cells activated with anti-CD3/CD28 in the absence or presence of 2DG,

activation with anti-CD3/CD28 was measured by qRT-PCR.

h after in vitro activation with anti-CD3 and anti-CD28 were analyzed by flow

ctivation with anti-CD3/CD28 was measured by qRT-PCR.

alues from two separate experiments, each with n = 14 mice per group.

-17A and IFN-g was analyzed by flow cytometry at day 20.

17A and IFN-g was analyzed by flow cytometry at day 20. All graphs represent

dent’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each dot on the
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proximity ligation assay (PLA) enabling the detection of protein-

protein interactions in T cells, as we have previously

described.41,42 The colocalization of PDCE1 and p300, or

PDCE1 and H3K27ac, was observed in the nucleus, further sup-

porting our western blot localization data (Figures 6D–6F).

Notably, the association of PDCE1 with p300 and PDCE1 with

H3K27ac was dependent on T cell activation, suggesting that

PDC shuttles into the nucleus upon antigenic stimulation.

Taken together, these data support a model where T cell acti-

vation results in Hsp70-mediated nuclear translocation of PDC

and association with chromatin.

DISCUSSION

Despite sufficient oxygen being present for the generation of

ATP by mitochondrial respiration, when T lymphocytes

encounter antigen, they undergo metabolic reprogramming to

exploit aerobic glycolysis.6,43–45 What remains unclear is how

glycolytic intermediates are specifically utilized during these

early stages of T cell activation. Clearly, activation-induced

glucose uptake plays important roles in T cell development, pro-

liferation, and function.8,28,33,46–49 The switch to glycolysis is

considered necessary to facilitate carbon incorporation into

the biomass that is required during the acute and rapid expan-

sion of T cells upon activation.11,12 However, recent data have

challenged this concept, showing that carbon biosynthesis

from glucose does not contribute to most of the carbon in prolif-

erating murine T lymphocytes.14 Furthermore, while CD4+ T cells

can use either OXPHOSor glycolysis to fuel proliferation, this can

also proceed in the absence of aerobic glycolysis.28 These and

other observations suggest that glycolysis is essential for intra-

cellular processes in addition to generating intracellular building

blocks and energy production. Here, we show that activation of

CD4+ T cells results in epigenetic and transcriptional reprogram-

ming that is dependent on glycolysis to generate extramitochon-

drial pyruvate, with its subsequent metabolism to acetyl-CoA by

PDH. This occurs in parallel with the nuclear translocation of

PDH and its subsequent association with histones and HAT.

These observations provide novel insights into the early stages

of CD4+ T cell activation, helping to explain why increased

glucose uptake is required for T cell proliferation and develop-

ment and demonstrating specificity in terms of the metabolic

pathways required for these events.

In eukaryotes, acetyl-CoA is produced in the subcellular

compartment where it is required.34 Thus, regulation of nuclear

acetyl-CoA production likely serves as a critical step in the regu-

lation of epigenome remodeling.17 This is supported in studies of
Figure 6. TCR engagement regulates PDH nuclear translocation and c

(A) Representative immunoblots and quantification of PDCE1 localization in the nu

without the Hsp70 inhibitor KNK437 (100 mM).

(B and C) Measurement of CD25, CD38, and SEMA7A expression by flow cytome

with and without the Hsp70 inhibitor KNK437 (100 mM).

(D and E) Proximity ligation assay (PLA) analysis of PDCE1’s association with H3

CD3/CD28 antibodies for 24 h.

(F) PLA negative control for PDCE1, H3K27ac, and p300 in humanCD4+ T cells act

SD. Statistical significance was measured by one-way ANOVA or Student’s t te

represents an independent experiment.
Saccharomyces cerevisiae where nuclear acetyl-CoA synthesis

is rate limiting for histone acetylation.50 Our data show that, dur-

ing T cell activation, carbons derived from glucose are incorpo-

rated into acetylated histones (Figure 1G), providing a direct link

between glycolysis and de novo histone acetylation required to

remodel the epigenome. Deletion of the glycolytic enzyme

LDHA in CD4+ T cells has been shown to inhibit glycolysis,

reduce acetyl-CoA levels, and lower H3K9ac levels at the IFN-

g enhancer.19 However, this study focused on H3K9ac and did

not explore global transcriptional reprogramming. It also remains

unclear how LDHA deficiency directly modulates acetyl-CoA

levels. A 30% reduction in glucose uptake was observed in

LDHA-KO animals, which could in itself affect H3K9ac through

mechanisms we have described here. In contrast, our data

demonstrate that activation of T cells in the presence of galac-

tose or DCA,28 inhibiting the conversion of pyruvate to lactate,

does not affect H3K27ac levels or transcription during T cell acti-

vation (Figures 1E, 5A–5C, and S12A–S12C). This suggests that

inhibition of lactate production does not have an impact on

H3K27ac enhancer remodeling after TCR engagement.

While acetyl-CoA can be produced from acetate, citrate, or

pyruvate, how this is regulated and whether specificity is impor-

tant during the early phase of T cell activation remain important

and currently unanswered questions. Here, we show that block-

ing mitochondrial pyruvate transport, or inhibiting ACLY and

ACSS2 during the first 24 h of activation, did not affect activa-

tion-induced H3K27ac or transcription (Figures 2B–2N and 5A–

5F).We have also shown that inhibition ofmitochondrial pyruvate

transport abrogates T cell activation-induced OXPHOS and re-

duces citrate levels (Figure S10C and Ramstead et al.39). This

supports the concept that neither citrate, acetate, nor mitochon-

drial intermediatemetabolites are required for epigenetic remod-

eling. Instead, our data support a model whereby extramito-

chondrial pyruvate synthesis is crucial for epigenome

remodeling, rather than TCA cycle intermediary products. This

is supported by a recent study by Menk et al. in which it was

shown that upregulation of PDH kinase 1 (PDHK1) activity, pre-

venting mitochondrial import of pyruvate, is acutely required

for T cell activation-induced cytokine synthesis.51 T cells have

been recently reported to utilize acetate to remodel the epige-

nome in an ACSS-dependent manner, but this was specifically

under conditions of glucose restriction and activating the

T cells for 5 or 9 days.22 Our data also show that, in the presence

of glucose, ACSS2 inhibition does not affect transcriptome re-

modeling during T cell activation (Figures 2B and 2C). In addition,

the provision of exogenous acetate during T cell activation was

not sufficient to rescue epigenome remodeling when glycolysis
hromatin association

cleus of humanCD4+ T cells activated with anti-CD3/CD28 antibodies, with and

try (FACS) and qRT-PCR in human CD4+ T cells activated with anti-CD3/CD28,

K27ac and p300 in resting human CD4+ T cells and in cells activated with anti-

ivated with anti-CD3/CD28 antibodies for 24 h. All graphs represent themean ±

st. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Each dot on the graphs
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was inhibited (Figure 2D). A role for mitochondrial metabolism

and polyamine metabolism has also been described to regulate

epigenetic changes during the differentiation of CD4+ T cells into

Th cell subsets.20,21,23 However, these studies examined murine

lymphocytes several days after activation-induced differentia-

tion. Taking our data into account further highlights the large de-

gree of flexibility exhibited byCD4+ T cells in exploitingmetabolic

changes to drive chromatin remodeling.

PDH has been shown to play a role in the thymic maturation of

T cells, and it was proposed that it does not have a role in T cell

numbers downstream of the double-positive stage of differenti-

ation.32 However, during the submission of this article, a study

provided in vivo data demonstrating a role for PDH in the prolif-

eration, survival, and function of Th17 cells.52 Mice with a T cell-

specific deletion of PDH were less susceptible to developing

EAE and clearly showed a functional role for PDH in regulating

T cell homeostasis. The absence of PDH affected citrate levels,

interfering with OXPHOS, lipid synthesis, and histone acetyla-

tion, all of which are crucial for the transcription of Th17 signature

genes.52 Our inducible KO model showed a small but significant

change in the number of CD4+ T cells in the spleen and a reduced

number of Treg cells (Figures 3J and S8A). Soriano-Baguet et al.

also reported a decrease in the number of Treg cells in the brains

of PDH-deficient animals in the EAE model; these observations

provide evidence for a wider involvement of PDH in CD4+ Th-

subset differentiation.52 However, we have demonstrated that,

within the first 24 h of TCR engagement, PDH is necessary for

transcriptional reprogramming, independent of pyruvate translo-

cation to the mitochondria or citrate levels (Figure 4). This was

also essential for T cell activation (Figures 3I and 3J), and these

results further highlight the metabolic flexibility of T cells. Mito-

chondrial PDC has previously been reported to be present and

functional in the nucleus of fibroblasts. Knockdown of nuclear

PDH components in isolated functional nuclei decreased the

de novo synthesis of acetyl-CoA and acetylation of core his-

tones.34 Our data demonstrate that in T cells, PDCE1, a subunit

of the PDH complex, is translocated to the nucleus in an Hsp70-

dependent manner during CD4+ T cell activation (Figure 6A). In-

hibition of nuclear translocation or depletion of PDCE1 pre-

vented activation-induced changes in CD4+ T cell transcription

(Figures 4A–4G, 6B, and 6C). Furthermore, we demonstrated

that PDH can be in close proximity to both H3K27ac and the

p300 acetyltransferase upon T cell activation, and by this mech-

anism could maintain higher local acetyl-CoA concentrations at

specific enhancers and promotors. This association between

PDH, histones, and p300 is also regulated in a TCR-activation-

dependent manner and may be critical in directing the rapid

changes in enhancer activation and transcription observed in

CD4+ T cells after initial TCR engagement (Figures 6D–6F).

Our data demonstrate a clear specificity in the use of interme-

diate metabolites in the generation of acetyl-CoA, chromatin re-

modeling, and transcriptional reprogramming after CD4+ T cell

activation. Furthermore, the association of PDH subunits with

histones and HATs suggests a potentially deterministic role in

driving the specificity of enhancer activation. The tight integra-

tion of metabolic enzymes with histones and chromatin-modi-

fying enzymes allows metabolic reprogramming to fuel acute

and rapid changes in transcriptional output. While our data
14 Cell Reports 42, 112583, June 27, 2023
have focused on the early stages of CD4+ T cell activation, these

findings could be applicable to a variety of systems where meta-

bolism drives changes in cell fate.

Limitations of the study
(1) Our study evaluates the role of the catalytic subunit of PDH in

the essential histone modifications required for transcriptome

changes during T cell activation. However, this focuses primarily

on the initial 24-h period of T cell activation. We did not investi-

gate the consequences of PDH absence on the differentiation

of different T cell subsets or on prolonged T cell activation in

this particular study. Furthermore, as our study specifically fo-

cuses on short-term T cell activation, we did not evaluate the

impact of PDH absence on autoimmune disease models in vivo.

(2) We have focused exclusively on the histone modification

H3K27ac, which is a marker of open enhancers. While we

demonstrate that glycolysis and PDH are essential for this his-

tone modification during T cell activation, there are multiple

histone modifications that contribute to the epigenome. We

have not assessed the impact that inhibiting glycolysis or the

absence of PDH might have on other histone modifications.

Further research is needed to explore the effects of these inter-

ventions on other histone modifications and their potential con-

tributions to T cell activation. (3) Our study revealed that, during

T cell activation, PDH is translocated to the nucleus in anHSP70-

dependent manner, and this translocation is crucial for the pro-

duction of acetyl-CoA. While we also observed that inhibiting

HSP70 has a potent effect on the histone modifications induced

during this process, we recognize that HSP70 has other func-

tions than translocating PDH to the nucleus. Thus, it will be

necessary to investigate further the details of PDH translocation

to the nucleus or explore alternative ways to specifically inhibit

PDH in the nucleus without affecting its function in the

cytoplasm.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Human CD25-FITC Clone MEM-181 Immunotools Cat# 21270253,

Anti-Human CD38- PerCP/Cyanine5.5 BioLegend Cat# 303522; RRID: AB_893316

Anti-Human Semaphorin 7A-APC Biotechne Cat# FAB20681A

Anti-Human-CD3 eBioscience Cat# 16-0037; RRID: AB_468854

Anti-human CD28 eBioscience Cat# 16-0289-85; RRID: AB_468926

Anti-Mouse CD28 Functional eBioscience Cat# 16-0281-85; RRID: AB_468921

Anti-mouse CD3 eBioscience Cat# 16-0031-85; RRID: AB_468847

Anti-mouse CD25 pacific blue biolegend Cat# 102022; RRID: AB_493643

Anti-mouse CD38-PE biolegend Cat# 102707; RRID: AB_312928

Anti-mouse CD69-APC biolegend Cat# 104513; RRID: AB_492844

FOXP3 Monoclonal Antibody (FJK-16s), FITC, eBioscience, Invitrogen Cat# 11577380

Anti-Mouse CD4-APC Biolegend Cat# 17-0041-81; RRID: AB_469320

Anti-mouse CD8- Brilliant Violet 570 biolegend Cat# 100739; RRID: AB_10897645

Anti-mouse CD45-Pacific Blue biolegend Cat# 109820; RRID: AB_492872

Anti-mouse CD45RB-Pacific Blue biolegend Cat# 103315; RRID: AB_2174406

Anti-mouse CD138-APC biolegend Cat# 142505; RRID: AB_10962911

PE-CyTM7 Mouse Anti-Human IFN-g biolegend Cat# 561036; RRID: AB_396894

PE/Cyanine7 anti-mouse IFN-g Antibody Biolegend Cat# 505825; RRID: AB_2295770

goat anti- rabbit IgG alexa fluor 568 Molecular probes Cat# A21069; RRID:AB_2535730

anti-mouse/human CD11b-PE biolegend Cat# 101207; RRID: AB_312790

Total Histone 3 cell signaling Cat# 9715S

Anti-Histone H3-acetyl K27 Abcam Cat# ab4729

Anti-trimethyl-Histone H3 K27 Millipore Cat# 07-449

Histone H3K4me3 antibody active motif Cat# 39159; RRID: AB_2615077

Anti-Histone H3 (mono methyl K4) Abcam Cat# ab176877

Anti-Pyruvate Dehydrogenase E1-alpha subunit antibody Abcam Cat# ab110334

Anti-Actin Santa Cruz Cat# sc-1616

Anti-ACC2 Abcam Cat# ab66038

Anti-Cox-2 Cayman Cat#160112

PDHE1-Antibody Proteintech Cat# 18068-1-AP

ATP-Citrate lyase Ab Cell Signaling Cat# 4332

Chemicals, peptides, and recombinant proteins

PBS (1X) without Ca++, Mg++, 500ml Lonza # BE17-516F

FBS Biowest Cat# S1810-500

Lot# S14068S1810

Penicillin-Streptomycin Gibco # 15-140-122

L-Glutamine Lonza # BE17-605E

2-Mercaptoethanol Gibco # 11508916

Methanol Sigma-Aldrich # 1060351000

RPMI + glutamax Gibco # 61870044

RPMI 1640 Medium, no glucose Gibco # 11879020

2-Deoxy-D-glucose Sigma-Aldrich # D8375-5G

oligomycin Merck Millipore # 495455

D-(+)-Galactose Merck Millipore # 48260

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

FCCP, mitochondrial oxidative phosphorylation uncoupler Abcam # ab120081

Rotenone Merck Millipore # R8875

UK-5099 (Synonyms: PF-1005023) Med Chem Express # HY-15475

3PO R98% (HPLC) Sigma-Aldrich # SML1343

Sodium acetate Sigma-Aldrich # S1429

DCA Tocris Bioscience # 2755

Etomoxir sodium salt hydrate Sigma-Aldrich # E1905

ACSS2 inhibitor Selleck # S8588

6,8-Bis(benzylthio)-octanoic acid Sigma-Aldrich # SML0404

Sodium Pyruvate Thermo Fisher # 11360070

SB204990 Med Chem Express # HY-16450

BMS303141 Sigma-Aldrich # SML0784

HEPES Sigma-Aldrich #H4034-100G

EDTA Sigma-Aldrich #EDS-100G

DL-Dithiothreitol solution (DTT) Sigma-Aldrich #43816-10ML

Bovine serum albumin (BSA) Sigma-Aldrich #A9647-500G

D-(+)-Glucose solution Sigma-Aldrich #G8769-100ML
13C6-glucose Cambridge Isotope Lab #CLM-1396

DMSO Sigma-Aldrich # D2650

Ficoll� Paque Plus Sigma-Aldrich # GE17-1440-02
13C6-glucose Cambridge Isotope Lab #CLM-1396

Cell Trace Violet Invitrogen #C34557

Molecular ProbesTM 2-NBDG Invitrogen #N13195

SYBR Thermo fisher #S33102

iScript cDNA kit biorad #170-8891

Formaldehyde Sigma-Aldrich #252549-1L

DAPI (1:2000) Invitrogen #D1306

Zombie NIRTM Fixable Viability Kit Biolegend #423106

Zombie GreenTM Fixable Viability Kit Biolegend #423112

7-AAD Invitrogen #A1310

D-(+)-Glucose solution Sigma-Aldrich #G8769-100ML

GolgiPlugTM (Protein Transport Inhibitor) BD Biosciences #555029

Tween 20 Sigma-Aldrich #P7949-500ML

HALT protease inhibitor Thermo scientific #78439

Powdered milk Carl Roth #T145.2

PierceTM Protein A/G Magnetic Beads thermo fisher #88802

Proteinase K, recombinant, PCR Grade Sigma #3115828001

RNeasy Mini Kit Qiagen #74106

Seahorse XF DMEM medium Agilent Technologies #103575-100

Critical commercial assays

MagniSortTM Human CD4+ T cell Enrichment Kit eBioscience #8804-6811-74

CD4 (L3T4) MicroBeads, mouse Miltenyi # 130-117-043

Duolink� In Situ Detection Reagents Red Sigma DUO92008

Duolink Green PLA Sigma # DUO92014

Foxp3/Transcription Factor Staining Buffer Set eBioscience #00-5523-00

BD Cytofix/Cytoperm Fixation/Permeabilization kit BD Biosciences #554714

seahorse XFe24 Flux Packs Agilent #1023-40-100

Acetyl-CoA Assay Kit Biovision, Milpitas CA #K317-100

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

nuclear extract kit active motif #40010

chip DNA clean & concentrator zymo research #D5205

IL2 elisa Biolegend #431804

EAE induction kit: MOG35-55/CFA Emulsion PTX Hooke Laboratories, Inc #EK-2110

Deposited data

RNA-seq Pdha1 ko and Acly ko This manuscript GEO: GSE225875

RNA-seq and Chip seq human T cells This manuscript EGA: EGAS00001007115

Experimental models: Organisms/strains

Mouse: B6(129X1)-Tg(Cd4-cre/ERT2)11Gnri/J Jackson Laboratory Jax: #022356

Mouse: Pdha1fl/fl Jackson Laboratory JAX: 017443,

PMID: 29560354

Mouse: CD4-Cre Mpc1fl/fl Ryan M. O’Connell Lab N/A

Mouse: CD4-Cre ACLYfl/fl Martin Vaeth Lab N/A

Oligonucleotides

See Table S1 Sigma This Study
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources or reagents should be directed to andwill bemade available upon reasonable request

by the Lead Contact: p.j.coffer@umcutrecht.nl

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

Data and code availability
d RNA-seq on the T cells isolated from Pdha1 ko and Acly ko mice have been deposited at GEO and are publicly available as of

the date of publication. Accession number: GSE225875.

d The RNA-seq and Chip seq that were generated on this study with human T cells were deposit on EGA for the legal restriction of

The Netherlands to share human DNA sequencing data. EGA study ID is : EGAS00001007115

d All other data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Pdha1 T cell-specific KO mice
Mice described in these studies received care at the University of Alberta according to the Canadian Council on Animal Care and all

procedures were approved by the University of Alberta Health Sciences Animal Welfare Committee. To generate Pdha1CD4+KO mice,

transgenic mice expressing tamoxifen-inducible Cre in CD4 T cell (CD4CreERT2) were crossed with Pdha1fl/fl mice (PMID: 29560354)

(stock no. 017443; The Jackson Laboratories). Cre-induced activation of the knockout was carried out through 5 consecutive intra-

peritoneal (i.p.) injections of tamoxifen (100 mg/kg/day) in male mice starting at 6 weeks of age. All mice were allowed 3 weeks

washout post-tamoxifen administration prior to experimentation.

MPC1 T cell-specific KO mice
Mice described in these studies are on the C57BL/6 genetic background and were housed in the animal facility at the University of

Utah. Mpc1 floxed mice were described previously39,53 and crossed to CD4-Cre mouse strains obtained from Jackson laboratories.

Mice were age and sex-matchedmale for all experiments with an age range of 6-12 weeks old. All experiments were approved by the

Institutional Animal Care and Use Committee at the University of Utah.
20 Cell Reports 42, 112583, June 27, 2023
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ACLY T cell-specific KO mice
All mice were bred and maintained under specific pathogen-free conditions at the Center for Experimental Medicine (ZEMM) or the

Institute for Systems Immunology at the Julius-Maximilians University ofW€urzburg. ACLYCd4Cremice were described previously21.

Micemales were used for all experiments with an age range of 6-12 weeks old. All animal protocols were approved by government of

Lower Franconia, Germany.

Collection of PB samples
Peripheral blood (PB) was collected from anonymous healthy donors (Hc) enrolled in the Minidonor Dienst Program at the UMC

Utrecht after prior informed consent from each donor. The age range of the donors is unknown, but it is estimated to be between

25 and 60 years old. Additionally, as gender is not disclosed, it is unclear whether the samples were obtained from male or female

individuals. PB was drawn at the same moment via vein puncture or intravenous drip. The study procedures were approved by the

Institutional Review Board of the University Medical Center Utrecht (UMCU;METC nr: 11-499c) and performed according to the prin-

ciples expressed in theHelsinki Declaration. Peripheral bloodmononuclear cells (PBMCs)were isolated using Ficoll Isopaque density

gradient centrifugation (GE Healthcare Bio-Sciences AB) and were used fresh or after freezing in FCS (Invitrogen) containing 10%

DMSO (Sigma-Aldrich).

METHOD DETAILS

Human T cell isolation and culture
CD4+ T cells were isolated from PBMCs using MagniSortTM Human CD4+ T cell Enrichment Kit (eBioscience 8804-6811-74). The

CD4+ T cells were cultured always in RPMI Medium 1640 + GlutaMAX supplemented with 100 U/ml penicillin, 100 mg/ml strepto-

mycin (all obtained from Life Technologies), and 10% heat-inactivated human AB-positive serum (Invitrogen) at 37ºC in 5% CO2.

Where indicated, CD4+ T cells were activated with 1 mg/ml plate-bound anti-CD3 (eBioscience; 16-0037) and 1 mg/ml anti-CD28

(eBioscience; 16-0289-85) during 12, 24 or 48 hours. Where indicated cells were treated with Oligomycin (1mM Sigma Aldrich),

2DG (50mM Sigma Aldrich), Galactose (10mM Sigma Aldrich), 3PO (50mM Sigma Aldrich), UK-5099 (5uM Sigma Aldrich),

DCA (5mM Tocris Bioscience), Etomoxir (3uM, 5uM, and 10uM Sigma Aldrich), SB204990 (Med Chem Express), BMS303141

(Sigma Aldrich), ACSS2-Inhibitor (15uM Selleck) 6,8-Bis(benzylthio) octanoic acid (Sigma Aldrich), Na-pyruvate 2mM or

Acetate (20mM).

Chromatin-immunoprecipitation
For each sample, cells were crosslinked with 2% formaldehyde and crosslinking was stopped by adding 0.2 M glycine. Nuclei were

isolated in 50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 0.5% NP-40, and 1% Triton X-100 and lysed in 20 mM Tris (pH 7.5),

150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.3% SDS. Lysates were sheared using Covaris microTUBE (duty cycle 20%, intensity 3,

200 cycles per burst, 60-s cycle time, eight cycles) and diluted in 20mMTris (pH 8.0), 150mMNaCl, 2mMEDTA, 1%X-100. Sheared

DNA was incubated overnight with anti-histone H3 acetyl K27 antibody (ab4729; Abcam) pre-coupled to protein A/G magnetic

beads. Beads were washed and crosslinking was reversed by adding 1% SDS, 100 mM NaHCO3, 200 mM NaCl, and 300 mg/ml

proteinase K. DNA was purified using ChIP DNA Clean & Concentrator kit (Zymo Research). The Chip DNA was used for sequencing

or qPCR

DNA/RNA-sequencing
End repair, a-tailing, and ligation of sequence adaptors were done using Truseq nano DNA sample preparation kit (Illumina). Samples

were PCR amplified, checked for the proper size range, and for the absence of adaptor dimers on a 2% agarose gel, and barcoded

libraries were sequenced 75 bp single-end on Illumina NextSeq500 sequencer (Utrecht DNA sequencing facility). Total cellular RNA

was extracted using the RNAeasy kit (QIAGEN). Sample preparation was performed using TruSeq stranded total RNA with ribo-zero

globin sample preparation kit (Illumina), and samples were sequenced 75 bp single-end on Illumina NextSeq500 (Utrecht DNA

sequencing facility).

ChIP-qPCR
Real-time PCR was performed with PowerSYBR (Applied Biosystems) using a StepOnePlus Real-Time-PCR system (Applied Bio-

systems). The expression of each gene was normalized to a negative region. All the primers for the Chip-qPCR they were designed

based on or Chip-seq. All primers utilized in this paper are specified in the supplemental Excel file Table S1.

Detection of apoptosis
Apoptosis was determined with Annexin V-PE apoptosis detection kit (BD Biosciences). Stained cells were acquired by FACS using

an LSRII (Becton Dickinson) and data were analyzed with FlowJo software (Tree Star, Inc). Or counting the cells with Bio-Rad� TC20

Automated cell counter in presence of Trypan blue.
Cell Reports 42, 112583, June 27, 2023 21
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Immunoblotting
Total cellular lysates were prepared using RIPA buffer (1% Triton-X 100, 1% sodium deoxycholate, 0.1%SDS, 0.15 M NaCl, 0.01 M

sodium phosphate, pH 7.2). Membranes were incubated with the following primary antibodies: Total Histone 3 (H3, cell signaling;

9715S), Anti-Histone H3-acetyl K27 (H3AcK27, Abcam; ab4729), Anti-trimethyl-Histone H3 K27 (H3K27met3, Millipore; 07-449), His-

tone H3K4me3 antibody (H3K4met3, active motif 39159), Anti-Histone H3 (mono methyl K4) antibody (H3K4met1 , Abcam;

ab176877), Anti-Pyruvate Dehydrogenase E1-alpha subunit antibody (PDH1, Abcam; ab110334), Anti-Actin (Santa Cruz; sc-

1616). Anti-ACC2 (ACC2, Abcam; ab66038), ATP-Citrate lyase Ab (ACLY, Cell Signaling;4332), and Anti-Cox-2 (Cayman; 160112).

Real-time PCR
RNA was isolated from cells using RNeasy Mini Kit (Qiagen) and cDNA was synthesized using Superscript-III First-Strand Synthesis

System (Life Technologies). Real-time PCR was performed with PowerSYBR (Applied Biosystems) using a StepOnePlus Real-Time-

PCR system (Applied Biosystems). Expression of each gene was normalized to b2M. All primers utilized in this paper are specified in

the supplemental Excel file Table S1.

Seahorse assay
T cells were stimulated with anti-CD3 and anti-CD28 for 12, 24, and 48 hours. Oxygen consumption rates (OCR) and extracellular

acidification rates (ECAR) were measured in XF media (non-buffered RPMI 1640 containing 10 mM glucose, 2 mM L-glutamine,

and 1 mM sodium pyruvate) under basal conditions and in response to glucose 30mM, 1uM oligomycin, and 50mM of 2DG, on

an XF-24 Extracellular Flux Analyzers (Seahorse Bioscience).

Measurements of acetyl-coA levels
The intracellular levels of acetyl-CoA were detected by using an Acetyl-CoA Assay Kit (Biovision, Milpitas CA), following the manu-

facturer’s instructions.

Measurement of pyruvate levels using liquid chromatography-mass spectrometry (LC-MS) based metabolomics
T cells were seeded at a density of 1*106 cells/ml in RPMI (10% FBS) by supplemented with 11 mM [U-13C]D-Glucose (Cambridge

Isotopes). T cells were stimulated in the presence or absence of 2-DG. After 3, 6, 16, 24 hours, 5*105 cells were harvested, centrifuged

for 5 min 1000xG, and the cell pellet was washed with ice-cold PBS. Metabolites were extracted by adding 50 ml ice-cold MS lysis

buffer (methanol/acetonitrile/ULC/MS grade water (2:2:1)) to the cell pellet. Samples were shaken for 10 minutes at 4�C, centrifuged
at 14.000g for 15 min at 4�C, and supernatants were collected for LC-MS analysis. LC-MS analysis was performed on an Exactive

mass spectrometer (Thermo Scientific) coupled to a Dionex Ultimate 3000 autosampler and pump (Thermo Scientific). The MS

operated in polarity-switching mode with spray voltages of 4.5 kV and -3.5 kV. Metabolites were separated using a Sequant ZIC-

pHILIC column (2.1 x 150 mm, 5 mm, guard column 2.1 x 20 mm, 5 mm; Merck) using a linear gradient of acetonitrile and eluent

A (20 mM (NH4)2CO3, 0.1% NH4OH in ULC/MS grade water (Biosolve)). The flow rate was set at 150 ml/min. Metabolites were iden-

tified and quantified using LCquan software (Thermo Scientific) based on exact mass within 5 ppm and further validated by concor-

dance with retention times of standards.

Incorporation of glucose-derived carbons in histones measured by liquid chromatography-mass spectrometry (LC-
MS) based proteomics
Bands corresponding to the MW of histones were excised from the polyacrylamide gel, after which they were destained with 50%

Acetonitrile (ACN). After reduction with 10 mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) in 50mM Ammonium Bicar-

bonate (ABC), proteins were alkylated in the dark with 40mM Chloro-Acetamide. After digestion with 200 ng Tryp/LysC protease

mix (Promega) in 50mM ABC, peptides were desalted on homemade C18 stage tips (3M, St Paul, MN). After elution from the stage

tips, acetonitrile was removed using a SpeedVac and the remaining peptide solution was diluted with buffer A (0.1% FA) before

loading. Peptides were separated on a 30 cm pico-tip column (75mm ID, New Objective) in-house packed with 1.9 mm aqua pure

gold C-18 material (dr. Maisch) using 240 gradients (7% to 80% ACN 0.1% FA), delivered by an easy-nLC 1000 (Thermo), and

electro-sprayed directly into an Orbitrap Fusion Tribrid Mass Spectrometer (Thermo Scientific). The latter was set in data-depen-

dent Top speed mode with a cycle time of 1 second, in which the full scan over the 400-1500 mass range was performed at a

resolution of 240000. Most intense ions (intensity threshold of 5000 ions) were isolated by the quadrupole and fragmented with

an HCD collision energy of 30%. The maximum injection time of the ion trap was set to 50 milliseconds with injection of ions

for all available parallelizable time. Raw files were analyzed with the Maxquant software version 1.6.10.43 (Cox and Mann,

2008) with acetylation of lysines as well as oxidation of methionine set as variable modifications, and carbamidomethylation of

cysteine set as fixed modification. A protein database containing Histone H3 was searched with both the peptide as well as

the protein false discovery rate set to 1%. Extracted chromatograms of the isotope cluster of the acetylated peptide of H3K27

were made using the software package Skyline (MacLean et al. 2010) (PMC2844992 )The mass spectrometry proteomics data

have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository (http://www.ebi.ac.uk/pride) with

the dataset identifiers (PXD018132).
22 Cell Reports 42, 112583, June 27, 2023
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Proximity ligation assay (PLA)
Cells were washed 3 times in PB and incubated in mouse PLUS and rabbit MINUS probes (Sigma Aldrich) according to the manu-

facturer’s protocol. Cells were washed in PB before detection using the in situ PLA detection kit (Sigma-Aldrich) as previously

described.37 Samples were analyzed with a 63x objective on a Leica SP8X.

Isolation and culture of mouse naı̈ve CD4+ T cells
Spleens were removed from mice, homogenized, and filtered through a 40 mM filter. Red blood cells were then lysed with RBC lysis

buffer (Biolegend). Splenocytes were stained with fluorescent antibodies and naı̈ve CD4+ T cells (CD3+ CD4+ CD44-) were purified

from splenocytes using FACS sorting. Purified naı̈ve CD4+ T cells were then resuspended in RPMI media containing 10% FBS,

L-glutamine, Pen/Strep antibiotics, HEPES, Sodium Pyruvate, and Non-essential amino acids. To activate CD4+ T cells, a 96 well

plate was coated with 200 ml/well of 5 mg/ml LEAF aCD3 (Biolegend) in PBS for at least 4 hours at 37�C. 1X105 splenic naı̈ve

CD4+ T cells were cultured in the presence of coated aCD3 and 2 mg/ml of soluble LEAF aCD28 (Biolegend) for 24 hours. CD69

and CD25 expression weremeasured by flow cytometry. Tomeasure gene expression of Mpc1, Sema7a, and Il2ra, cells were stored

in Qiazol lysis reagent (Qiagen) and total RNA was isolated using the miRNeasy kit (Qiagen). Then, cDNA was made using the

qScriptTM kit (QuantaBio) and qPCR was performed on an Applied Biosystems QuantStudio 6 Flex using PowerUp (Applied Bio-

systems) SYBR Green Master mix. Primers for mouse Sema7a and mouse CD25 (Il2ra) were acquired from the University of Utah

DNA synthesis core and primers for mouse Mpc1 were acquired from IDT. All primers utilized in this paper are specified in the sup-

plemental Excel file ’Oligonucleotides Mocholi et al.

ChIP-seq analysis
Reads from all different ChIP-Seq libraries where aligned to the reference genome (GRCm38/mm10) with bwa54 with the following

settings : bwamem -M -c 100. Duplicatemarkingwas done using sambambamarkdup55. Regions significantly enriched for H3K27ac

compared with corresponding input control samples (both IP/treatment and control in triplo) were identified using the MACS2 peak

caller56 and the following parameters : -f BAMPE -g mm –nomodel –extsize 215 –bdg. Analysis of differential ChIP enrichment was

done by analysing the MACS2 BED files with H3K27ac peak regions using the R/Bioconductor diffBind package57. Reads in peak

regions were counted with the dba.counts method and subsequently normalized with the dba.normalize method using the "DBA_

NORM_TMM" parameter. Contrasts for comparisons between WT and KO mice (both PDH and ACLY) were defined with dba.con-

trast and analysis and reporting were performed using the dba.analyze and dba.report methods.

QUANTIFICATION AND STATISTICAL ANALYSIS

For ChIP-seq and RNA-seq analysis, p values were adjusted with the Benjamini-Hochberg procedure. For ChIP-seq regions with a

significantly different H3K27ac signal were defined using a false discovery rate (FDR) <0.05.

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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