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CD4* T cell differentiation requires metabolic reprogramming to fulfil the bioenergetic demands
of proliferation and effector function, and enforce specific transcriptional programmes?-3,
Mitochondrial membrane dynamics sustains mitochondrial processes?, including respiration and
tricarboxylic acid (TCA) cycle metabolism®, but whether mitochondrial membrane remodelling
orchestrates CD4" T cell differentiation remains unclear. Here we show that unlike other CD4* T
cell subsets, T helper 17 (TH17) cells have fused mitochondria with tight cristae. T cell-specific
deletion of optic atrophy 1 (OPA1), which regulates inner mitochondrial membrane fusion and
cristae morphology®, revealed that Tiy17 cells require OPAL for its control of the TCA cycle,
rather than respiration. OPA1 deletion amplifies glutamine oxidation, leading to impaired NADH/
NAD™ balance and accumulation of TCA cycle metabolites and 2-hydroxyglutarate-a metabolite
that influences the epigenetic landscape®’. Our multi-omics approach revealed that the serine/
threonine kinase liver-associated kinase B1 (LKB1) couples mitochondrial function to cytokine
expression in Ty17 cells by regulating TCA cycle metabolism and transcriptional remodelling.
Mitochondrial membrane disruption activates LKB1, which restrains IL-17 expression. LKB1
deletion restores 1L-17 expression in Ty17 cells with disrupted mitochondrial membranes,
rectifying aberrant TCA cycle glutamine flux, balancing NADH/NAD™ and preventing 2-
hydroxyglutarate production from the promiscuous activity of the serine biosynthesis enzyme
phosphoglycerate dehydrogenase (PHGDH). These findings identify OPA1 as a major determinant
of Ty17 cell function, and uncover LKB1 as a sensor linking mitochondrial cues to effector
programmes in Ty17 cells.

Mitochondrial function is linked to mitochondrial membrane morphology?. Remodelling
of the inner mitochondrial membrane and outer mitochondrial membrane (OMM) is
coordinated by several GTPases that control the opposing and dynamic processes of
mitochondrial fusion and fission8 (division). Mitochondrial membrane rearrangements
sustain mitochondrial function by altering cristae architecture, respiratory complex
organization, mtDNA metabolism and organelle distribution®. Mitochondrial membrane
remodelling is especially relevant during metabolic or environmental fluctuations®

and diverse signalling pathways regulate pro-fusion and pro-fission proteins to shape
mitochondrial structure and support metabolic adaptations. Conversely, mitochondria
and mitochondrial membrane remodelling participate in intracellular signalling events,
modulating transcription and epigenetics during cell differentiation, immune responses,
tumour angiogenesis and cell death#19:11, Given the role of mitochondrial membrane
dynamics and metabolism in cell function, we investigated how mitochondrial membrane
morphology affects CD4* T cell differentiation.

Twl7 cells have fused mitochondria

We polarized naive CD4* T (Ty) cells expressing a mitochondria-targeted fluorescent
protein, into Tyl, Tw2, Ty1l7 and T regulatory (Tyeg) cell subsets in vitro and assessed
their mitochondrial morphology. TH17 cells contained elongated mitochondria with tight
cristae (Fig. 1a and Extended Data Fig. 1a,b). Although in vitro-generated Tyl and T2
cells had increased mitochondrial content and cell size compared with Tyy17 and Teg
cells, all cells had similar amounts of proteins associated with mitochondrial membrane
remodelling (Fig. 1b and Extended Data Fig. 1c—e). OPA1 regulates cristae morphology
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and inner mitochondrial membrane fusion®12, OPA1 isoforms affect pro-fusion activity13-14,
with long isoforms associated with tighter, fused mitochondrial membrane. Accumulation of
long and short OPA1 isoforms (I-OPAL and s-OPAL, respectively) varied across cell subsets
(Fig. 1b)-I-OPA1 accumulated in TH17 cells, whereas s-OPA1 accumulated in Tyl and T2
cells (Fig. 1c and Extended Data Fig. 1f).

Using distinct fluorescent reporter mice, we next analysed mitochondria ultrastructure in
vivo in CD4* T cells after infection or experimental autoimmune encephalomyelitis (EAE),
a TH17 cell-driven disease!®. Interferon-y (IFNy)-YFP-expressing Ty1 cells infected with
L isteria monocytogenes exhibited looser cristae than CD4* Ty cells (Extended Data Fig.
1g). In mice co-expressing IL-4-GFP and FOXP3-RFP, cristae loosening was found in T2
cells expressing 1L-4-GFP, but not in those expressing FOXP3-RFP (that is, Treg cells)
after infection with the helminth Heligmosomoides polygyrus (Extended Data Fig. 1g).
Looser cristae in Tyl and T2 cells contrasted with tighter cristae in IL-17A-cre-eYFP-
expressing Ty17 cells at the peak of EAE disease (Extended Data Fig. 1g), which exhibited
a mitochondrial membrane configuration resembling CD4* Ty cells.

OPALl is needed for IL-17 production

We next crossed Opal-floxed mice with Ca4-cre mice (generating Opal%4-¢¢ mice) to
delete OPAL in T cells. In vitro-generated T cell subsets from these mice showed disrupted
mitochondrial morphology and function upon OPAL1 loss (Fig. 1d—f and Extended Data

Fig. 2a—d). Whereas Opa1¢@4-ce 417 cells expressed less interleukin-17A (IL-17A),
Opa1€@4-cre T41 cells did not show decreased expression of IFNy and tumour necrosis
factor (TNF) and Opa1¢@4-¢re T\,2 cells did not show decreased expression of IL-4, IL-5 and
IL-13 (Fig. 1g,h). Lineage-specifying transcription factor expression remained intact across
subsets regardless of genotype (Fig. 1g,i).

OPAL loss decreased cell proliferation, which was not associated with reduced viability,
but rather defective cell cycle progression, as more cells expressed the proliferation marker
Ki67 in the G2 and M phase (Extended Data Fig. 2e—g). Reduced IL-17A expression in
Opa1€?4-cre was independent of cell division, early activation marker expression, or T cell
receptor (TCR) or IL-6 signal strength (Extended Data Fig. 2h—j). Thus, OPAL sustains
cytokine production in Ty17 cells in vitro, but not early differentiation events associated
with transcription factor expression.

Loss of mitofusin 1 (MFN1) or dynamin-related protein 1 (DRP1)-which mediate OMM
fusion and fission, respectively—did not affect T cell function (Extended Data Fig. 3a—

e), whereas loss of MFN2—-which controls OMM fusion, interorganelle tethering and
calcium signalling—altered immunometabolic function across subsets (Extended Data Fig.
3a—e). Thus, OMM remodelling per se does not sustain T17 effector function, and
fusion-independent roles of MFN2 probably affect mitochondrial function to control T17
effector function in a similar manner to OPA1. Notably, DRP1 deletion in Opa1¢@4-cre cells
re-established OMM configuration and respiration but not IL-17A expression (Extended
Data Fig. 3f-i), indicating that OPA1 supports Ty17 effector function independently of its
role in respiration.
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OPAL1 sustains Ty17 cells in vivo

TH17 cells maintain gut homeostasis and protect against pathogens, as well as participate
in inflammatory diseases!®. These different functional states—non-pathogenic (npT17) and
pathogenic (pT17)-exhibit distinct cytokine expression and metabolism6. OPA1 deletion
disrupted cristae, cytokine expression, proliferation and cell cycle progression, but not
viability or transcription factor expression in CD4* Ty cells cultured under npTH17 (with
TGF and IL-6) or pTy17 (with IL-23, IL-6 and IL-1p) conditions (Extended Data Fig.
4a-f), illustrating that both cellular states rely on OPAL.

TH17 cells respond to segmented filamentous bacteria in the mesenteric lymph nodes
(MLNSs) and then migrate to the gut lamina propria for effector functionl’-18. Small
intestine lamina propria cells isolated from reporter mice in which OPA1 is deleted in
IL-17A-expressing cells (//17a-cre x Rosa26R-eYFP® x Opal™ (Opa1''l7a-cr€)) showed
similar expression of markers of tissue-resident T417 cells (CD44, CD25, PD-1 and CCR®6)
and Ki67 to cells from control mice (//17a-cre x RosaZ6R-eYFP) (Fig. 2a,b and Extended
Data Fig. 4g-h). Opa1/27a-cr¢ mice had a decreased frequency of T17 cells in the lamina
propria, but not in the Peyer’s patches or MLNSs (Fig. 2¢ and Extended Data Fig. 4i),
suggesting that OPA1 maintains small intestine lamina propria T17 cells.

TH17 cells expand in the small intestine lamina propria upon treatment with anti-CD3
antibody?0. In this model, Opa1/"272-¢re mice had reduced numbers of Ty17 cells in

the lamina propria compared with control mice (Fig. 2d and Extended Data Fig. 4j).
Opa1''17a-cre T,17 cells expressed less IL-17A and RORyt (Fig. 2e and Extended Data
Fig. 4k) but similar levels of activation, migration and proliferation markers compared
with control Ty17 cells (Extended Data Fig. 4l,m), supporting a requirement for OPA1

for effector function and expansion. Following immunization with myelin oligodendrocyte
glycoprotein, Opa1//17a-cre mice were protected from EAE (Fig. 2f and Extended Data Fig.
4n), exhibiting decreased T cell and neutrophil infiltration to the spinal cord (Fig. 2g and
Extended Data Fig. 40,p). Opa1/172-cre T 417 cells showed defective IL-17A production
(Fig. 2h), with similar expression of transcription factors (Fig. 2i), chemokine receptors
CCR6 and CXCR3 and the mTOR targets pS6 and p4E-BP1 (Extended Data Fig. 4q,r).
Moreover, levels of Ki67 and active caspase-3 showed that Opa1/-17a-cre Tj17 cells
proliferated normally, but were less viable than control Ty17 cells (Fig. 2j,k). Thus, OPAL is
required for the maintenance of tissue-resident intestinal and pathogenic Ty17 cells.

Twl17 cells need OPAL independent of energetics

Cells depend on respiration in low-glucose conditions?L. We explored whether differences

in T cell metabolism drive the selective reliance on respiration and OPA1. The robust
glycolytic and energetic metabolism in Tyl and Tw2 cells contrasted with that in Ty17

and Tpeg cells, which had more quiescent and oxidative metabolism with reduced glucose
and leucine uptake and mTORC1 activity (Extended Data Fig. 5a,b). Ty17 cells exhibited
lower rates of protein and RNA synthesis and increased dependence on mitochondrial
metabolism for protein translation?? (Extended Data Fig. 5¢,d). To lower metabolic activity
in an energetic cell type, we cultured Ty1 cells at different glucose concentrations (Extended
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Data Fig. 5e). At low glucose concentration, control Tyl cells expressed IFN+y, whereas
IFN-y expression was severely impaired in OPA1-deficient Tyl cells (Extended Data

Fig. 5f). We next explored whether low metabolic activity in T17 cells makes them
dependent on OPA1 for IL-17 expression. It is known that pT17 and npTy17 cells have
distinct metabolic profiles?3. pT17 cells had higher metabolic activity than npT17 cells,
with increased oxidative metabolism and protein and RNA synthesis, as well as reduced
dependence on mitochondrial metabolism for protein translation (Extended Data Fig. 5g—i),
but still required OPAL for IL-17 expression (Extended Data Fig. 4b,d). Thus, whereas

low metabolic activity confers OPA1 dependence, Ty17 cells require OPAL for cytokine
expression independent of their metabolic state.

OPA1 affects glutamine flux and 2-HG

Opa1¢@4-cre T,417 cells exhibited transcriptional and proteomic changes associated with
immune function, infection, immune-mediated diseases and metabolic pathways compared
with control Ty17 cells (Fig. 3a and Extended Data Fig. 6a—c). Proteomic analysis revealed
reduced expression of electron transport chain (ETC) complex subunits and increased
expression of serine and glycine biosynthesis enzymes in these cells (Extended Data Fig.
6¢), suggesting mitochondrial dysfunction and a stress response24:25, and metabolomics
showed accumulation of TCA cycle metabolites, with the a-ketoglutarate (a-KG)-derived
metabolite 2-hydroxyglutarate (2-HG) being highly upregulated (Fig. 3b,c). Increased
NADH/NAD* and reduced aspartate (Fig. 3d)-the production of which depends on a
functional ETC26:27—further indicated disrupted oxidative phosphorylation (OXPHOS) and
TCA cycle metabolism in OPA1-deficient cells. Similar ATP and AMP levels, glucose flux
to fatty acids and lipid accumulation across genotypes (Extended Data Fig. 6d—g), ruled
out a bioenergetic failure28 or decreased de novo fatty acid synthesis2® underlying impaired
IL-17A expression in OPAl-deficient cells.

Opal1©a4-cre T417 cells exhibited lower glucose flux to glycolysis, TCA cycle and other
associated pathways (Fig. 3e,f). Notably, glucose flux to serine biosynthesis3? decreased
upon OPAL1 loss (Fig. 3g), although it did not impede intracellular serine and glycine

levels, which were increased in Opa1€94-¢e T,417 cells (Fig. 3h). OPA1-deficient Ty17 cells
robustly incorporated glutamine-derived carbons into glutamate, TCA cycle intermediates
and 2-HG (Fig. 3f,i). To test the effect of accumulated TCA cycle metabolites and 2-HG on
IL-17 production, we cultured CD4* Ty cells in TH17 conditions with cell-permeable forms
of these metabolites. IL-17A production and cell numbers were markedly reduced by 2-HG
(Fig. 3j), independently of transcription factor expression or 2-HG enantiomer configuration
(L-2-HG or p-2-HG) (Fig. 3K). Thus, OPA1 deletion increases glutamine oxidation and 2-HG
generation, which negatively affects IL-17A expression.

Altered metabolism affects chromatin

Epigenetic and transcriptional programmes are regulated by 2-HG®; 2-HG inhibits a.-
KG-dependent DNA and histone dioxygenases and demethylases, increasing histone
and/or DNA methylation’. Permissive (H3K4me3, H3K27ac and H3K9ac) and repressive
(H3K9me3 and H3K27me3) histone madifications and global DNA methylation, increased
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in Opa1€94-cre T17 cells (Fig. 3l), suggesting altered chromatin organization. The DNA
and histone methyltransferase inhibitors 5-azacytidine (5-Aza) and UNC1999 (UNC), but
not histone acetyltransferase inhibitors, restored IL-17A expression (Extended Data Fig. 7a),
indicating that DNA and histone methylation changes caused altered IL-17A activity. Using
assay for transposase-accessible chromatin with high throughput sequencing (ATAC-seq)
we found that OPA1 deficiency altered chromatin accessibility in regions with recognition
motifs for T cell differentiation, transcription factors and stress response elements (Extended
Data Fig. 7b—d). Pathway annotation analysis showed that these regions were involved in
transcriptional regulation, signalling and T cell responses, including IL-17A, IL-6 and LAG3
(Fig. 3m and Extended Data Fig. 7e). These data suggest that mitochondrial disturbances
(that is, OPA1 deficiency) augment glutamine oxidation with 2-HG accumulation, which
affects Ty17 effector function by altering the chromatin accessibility of immune response
genes.

LKB1 responds to OPA deficiency

To investigate signals coordinating the cellular response to OPAL deficiency in TH17

cells, we performed Ingenuity pathway analysis and identified LKB1 (encoded by Stk171)

as the top potential upstream regulator (Fig. 4a). LKB1 has roles in mitochondrial

function, metabolism and energy homeostasis31-34. Notably, LKB1 also coordinates

serine metabolism and DNA methylation with cancer transformation3®. LKB1 activity, as
determined by Ser428 phosphorylation38, was increased in Opa1¢@4-ce T17 cells (Fig. 4b).
Increased LKB1 phosphorylation occurred 48 h after activation in Ty17 conditions, but was
absent in Tyl and T2 conditions, and only appeared at later times in Tyeq cells (Extended
Data Fig. 8a,b), demonstrating differential LKB1 signalling in Opa1¢94-ce T17 cells.

LKB1 deletion restores IL-17

Deletion of LKB1 in OPA1l-deficient Ty17 cells restored IL-17A expression (Fig. 4c and
Extended Data Fig. 8c,d). LKB1 deletion did not affect early activation markers, but reduced
RORyt expression, proliferation and cell cycle progression36:37 (Extended Data Fig. 8e—
h). Heterozygous LKB1 loss in Opa1/17a-cre mice (OpalStk11het7a-¢ré) mildy restored
disease and T cell infiltration compared with Opa1//174-¢¢ mice (Extended Data Fig. 8i,j).
However, full LKB1 deletion (OpalStk11/7a-crey restricted disease and T cell infiltration
(Extended Data Fig. 8k-m), probably owing to proliferation defects caused by LKB1 loss
(Extended Data Fig. 8g,h), but re-established I1L-17A production (Extended Data Fig. 8n),
demonstrating that LKB1 senses mitochondrial integrity in vivo to control T,17 effector
function. LKB1 deletion corrected I1L-17A expression in Opa1¢@4-cre T,417 cells without
restoring respiration or cristae morphology defects (Fig. 4d,e), and in an AMPK- and
mTOR-independent manner (Extended Data Fig. 9a—e). Remarkably, LKB1 loss preserved
IL-17A expression in cells treated acutely with mitochondrial inhibitors (Fig. 4f). Overall,
LKB1 signalling restrains IL-17A expression following mitochondrial disturbances, and its
loss unleashes cytokine expression during mitochondrial stress.

Several kinases regulate LKB1 in response to signals such as DNA damage, NADH/NAD*
imbalance, cCAMP, calcium levels or reactive oxygen species3® (ROS). OPA1-deficient
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cells showed alterations in many of these signals (Extended Data Fig. 9f-i), indicating

that multiple factors may converge on LKB1 during mitochondrial stress. Pharmacological
inhibition of LKB1-activating kinases, or restoration of the NADH/NAD* balance or ROS
pointed to ataxia telangiectasia mutated (ATM) kinase as a driver of LKB1 signalling
upon OPAL1 deficiency (Extended Data Fig. 9j). Thus, Ty17 cells are sensitive to perturbed
mitochondrial membrane integrity and function, and this information is relayed through
LKBL1 to control IL-17 expression.

The OPA1-LKB1 axis regulates TCA and 2-HG

We analysed the transcriptome of LKB1-deleted control and Opa1¢94-¢ T417 cells
(Extended Data Fig. 10a). Analysis of genes differentially regulated by LKB1 revealed
pathways associated with amino acid biosynthesis, cytokine—cytokine receptor interaction,
cell cycle and carbon metabolism (Fig. 4g and Extended Data Fig. 10b—d), illustrating
processes by which LKB1 may control IL-17A expression upon OPA1 deficiency. Among
them, LKBL1 deletion reduced the expression of serine biosynthesis enzymes (Fig. 4h),
including PHGDH, the first enzyme in serine biosynthesis, which converts the glycolytic
intermediate 3-phosphoglycerate to phosphohydroxypyruvate. We measured glucose flux
into serine3C in control and Opa1¢?4-¢¢ T\417 cells in which LKB1 was deleted. OPA1-
deficient cells diverted less glucose to serine—as previously observed (Fig. 3g)-and LKB1
deletion reduced this further (Fig. 4i). Although serine biosynthesis was decreased,
Opa1©a4-cre T,117 cells had high intracellular serine compared with controls, and these
levels increased upon acute LKB1 deletion (Extended Data Fig. 10e), probably reflecting
differences in extracellular serine uptake and/or catabolism. The disparity between the
expression of serine biosynthesis pathway enzymes and the activity of the pathway led us
question how this might affect the cellular response to OPAL deficiency.

LKB1 coordinates TCA, NADH and 2-HG

In hypoxic or acidic conditions, NADH-dependent dehydrogenases, including PHGDH and
lactate dehydrogenase (LDHA) engage in promiscuous activity and catalyse the NADH-
dependent reduction of a-KG to L-2-HG and p-2-HG in addition to their primary enzymatic
reactions39-41, We speculated that PHGDH, which was expressed in OPA1-deficient T
cells, but not fully engaged in serine biosynthesis (Fig. 4h,i), produced 2-HG. We therefore
pharmacologically targeted PHGDH and other dehydrogenases, including LDHA and TCA
cycle enzymes that produce 2-HG, isocitrate dehydrogenase 1 and 2 (IDH1/2) and malate
dehydrogenase 1 and 27 (MDH1/2) (Extended Data Fig. 10f). Out of these interventions,
only PHGDH inhibition restored IL-17A in OPA1-deficient Ty17 cells (Fig. 4j and
Extended Data Fig. 10f). Furthermore, PHGDH inhibition reduced glutamine flux to 2-HG
in OPA1-deficient cells (Fig. 4k), indicating that PHGDH contributes to 2-HG production
and decreases IL-17A expression.

ETC inhibition, genetic mitochondrial deficiencies and hypoxia impair respiration and
cause NADH accumulation through mitochondrial serine catabolism and—specifically—
methylenetetrahy-drofolate dehydrogenase? (MTHFD2). We tested whether LKB1 loss,
which reduced serine biosynthesis enzymes (Fig. 4h), would similarly re-establish NADH
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levels in OPA1-deficient cells. Indeed, LKB1 deletion restored NADH in Opa1€d4-cré cells
to control levels (Fig. 41) as well as TCA cycle metabolites and 2-HG (Fig. 4m). Notably,
LKBL1 loss decreased the exacerbated glutamine carbon allocation to TCA metabolites

and 2-HG in Opa1©94-cre cells (Fig. 4n and Extended Data Fig. 10g). Consistent with

LKBL1 restraining IL-17A expression by regulating TCA cycle metabolites and 2-HG, single
metabolite treatment—and most significantly 2-HG—dampened IL-17A expression in LKB1-
deficient Opa1¢@4-cre T17 cells (Fig. 40). Overall, our results indicate that LKB1, by
coordinating glutamine oxidation and PHGDH activity, generates 2-HG that modulates the
cell’s epigenetic state and restrains IL-17A expression.

Discussion

Methods

Here we show that mitochondrial disturbances in OPA1-deficient cells trigger a response
that increases the expression of serine biosynthesis enzymes and 2-HG production. Loose
cristae in OPA1-deficient cells alter the electron flow through the disorganized ETC,

leading to increased NADH/NAD* and TCA cycle inhibition3, as it requires NAD* for
enzymatic reactions®. Our findings indicate that NADH accumulation pushes PHGDH

to generate 2-HG from a-KG3%—reinforcing glutamine oxidation in the TCA cycle as

cells need to replenish a-KG. We show that LKB1 responds to OPAL deficiency by
controlling glutamine oxidation and TCA cycle metabolism. LKB1 signalling exacerbates
mitochondrial deficiencies in OPAL-deficient Ty17 cells, and its deletion is sufficient to
restore intracellular metabolites and IL-17A expression. Although it is linked to glutamine
oxidation**, how LKB1 regulates glutamine usage remains unclear, but during mitochondrial
stress it could affect redox shuttles, glutamine intake and hydrolysis or serine biosynthesis
enzyme expression. Nevertheless, our findings are consistent with a role for glutamine
metabolism in T17 cells*®. We do not exclude the possibility that TCA cycle metabolites
and 2-HG-which can regulate gene expression by epigenetic and transcriptional remodelling
or protein function via posttranslational modifications*¢—may control T17 effector function
upon mitochondrial stress through other mechanisms.

During immune responses, T cells must adapt to fluctuating environments to meet

their metabolic demands and tune effector function*”. How mitochondrial membrane
rearrangements modulate cell metabolism and immune function in inflammatory
environments in vivo is currently unknown. However, our data suggest that an LKB1-
mitochondrial axis sustains T cell metabolic adaptations to distinct inflammatory and tissue
conditions, and illustrate metabolic and mitochondrial vulnerabilities in T17 cells that
might be therapeutically exploited to control autoimmune disease.

Animal models

C57BL/6J (000664), PhAM (018397), Cd4-cre (022071), //17a-cre (016879), Rosa26-e YFP
(006148), Great (IFN+y eYFP reporter, 017581)*8, 4Get (IL-4 eGFP reporter, 004190)%°,
FIR (FOXP3-RFP reporter, 008374)%0 and conditional floxed Stk11 (Stk117 014143)

mice were purchased from The Jackson Laboratory. Opal and DrpI conditional floxed

mice were obtained from H. Sesaki. Mfn1and MfnZ2 conditional floxed mice were
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obtained from D. C. Chan. Conditional floxed mice were crossed with Cd4-creto generate
Opal1Cd4-cre \pfniCad-cre. pgm2C04-Cre. Drp1Ca4-cre and Stk11C94-¢€ mice. For conditional
deletion of OPAL or LKB1 in IL-17A-expressing cells, //17areporter animals (//17a-cre

x Rosa26e-YFP, which harbour a foxP-site-flanked STOP cassette followed by the eYFP-
encoding sequence inserted into the Rosa26 locus!®) were crossed with Opa1™" mice (//17-
cret= RosaZ6e- YFP~Opa1™ (Opa1'72-cre)) or Stk11™ mice (IL17Cre*'~R26eYFP*/~
Stk11™"1 (Stk11'"17Ce)). For conditional deletion of OPA1 and LKB1, Ca4-creor //17a
reporter mice were crossed with Opal™ and Stk11™f mice (Ca4-cret!~, Opa1™Stk11"7
OpalStk1194-cre: [117Cre*!~ Rosa26-e YFP'~ Opa1™Stk11™*, Opa1Stk11het"17-ce and
1117-cre*'~Rosa26-eYFP*'~ Opa1™ Stk11™f (Opa1Stk117-cr¢)). Age- and sex-matched
//17areporter animals (//17-cret'~Rosa26-e YFP!~ (control)) were used as controls. All
mice were used at 8-12 weeks of age unless otherwise noted. All mice required for

this study were bred in specific-pathogen-free conditions in the animal facility of the

Max Planck Institute for Immunobiology and Epigenetics (Freiburg, Germany), and all
corresponding animal protocols were approved by the animal care committee of the
Regierungspraesidium Freiburg. All cells used in this study were collected from male and
female mice at 8-12 weeks of age.

T cell assays

CD4* Ty cells were isolated from cell suspensions from spleen and peripheral lymph

nodes from mice from the indicated genotypes. Pooled spleen and lymph node single cell
suspensions were incubated with biotinylated antibodies against mouse CD44, CD25, CD8,
IgM, B220, CD19, Gr-1, MHC-II, F4/80, CD11c, CD11b and DX5 (Biolegend), followed
by negative selection using magnetic beads (Stem cell Technology). Approximately 0.3 x
108 CD4* Ty cells were plated into 48-well-plates coated with 5 pg ml~1 anti-mouse CD3
(clone 17A2, BioXcell), 2 pg mI~1 soluble anti-mouse CD28 (clone 37.51, BioXcell) in
RPMI 1640 (Gibco) supplemented with 10% fetal calf serum (Gibco), 1% (v/v) penicillin—
streptomycin (Invitrogen), 55 UM B-mercaptoethanol (Sigma), 1 mM sodium pyruvate, 2
mM glutamine and 5 mM Hepes. For Tyl conditions, culture was supplemented with 1L-12
(10 ng mI~1) and anti-mouse I1L-4 (4 ug mi~1, clone 11B11, BioXcell). For T2 conditions,
IL-4 (10 ng mI~1) and anti-mouse IFN7y (4 ug mi~1, clone XMG1.2, BioXcell) were added.
For Tw17 conditions, TGFB (5 ng mI~1), IL-6 (10 ng mI~1), IL-1B (10 ng mI~1), anti-mouse
IFN7y (10 pug mI~1) and anti-mouse IL-4 (10 ug mI~1) were included in cell cultures.

For regulatory T cell conditions, TGF (10 ng mI™1), anti-mouse IFNy (4 ug mi~1) and
anti-mouse 1L-4 (4 ug mI~1) were added. Where specificied, cells were polarized towards
non-pathogenic (np) and pathogenic (p) TH17 cell conditions as follows. For npT{17
conditions, TGFP (5 ng mI™1), 1L-6 (10 ng mI~1), anti-mouse IFNy (10 ug mi~1) and
anti-mouse 1L-4 (10 pg mI~1) were included in cell cultures. For pTx17 conditions, 1L-6
(20 ng mI~1), IL-1pB (20 ng mI~1), IL-23 (20 ng mI~1), anti-mouse IFNy (10 pg mI~1) and
anti-mouse IL-4 (10 pg mI~1) were included in cell cultures. Human IL-2 (10 ng mI~1) was
added to all cultures except in Ty17 conditions. All cytokines were from PrepoTech. The
cells were supplemented with fresh medium at day 3 and analyses performed at day 4 unless
otherwise stated.
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For analysis of intracellular cytokine production and transcription factor expression, cells
were collected on day 4 and restimulated 6 h with phorbol myristate acetate (50 ng ml=1)
(PMA) and ionomycin (1 pg mI~1) in the presence of brefeldin A (Biolegend) for the last

4 h. After restimulation, cells were stained with cell-surface marker antibodies and LIVE/
DEAD Fixable dye Blue (Thermo) to exclude dead cells, fixed and permeabilized with a
FOXP3/transcription factor staining kit (eBioscience), followed by staining with cytokine-
and/or transcription-factor-specific antibodies. All flow cytometry analyses were performed
on an LSR I11 flow cytometer (BD) and data were analysed with FlowJo software (BD).

For analysis of cytokines in cell culture supernatants, equal numbers of cells were collected
and cultured in fresh medium containing PMA and ionomycin for 16 h on day 4. After
restimulation, supernatant was collected and concentration of cytokines determined by a
multiplexed assay (LEGENDplex, Biolegend), as per manufacturer instructions.

Mitochondrial ETC inhibitors were added overnight on day 3 of culture with the following
doses: 1 UM rotenone (Sigma), 5 mM metformin (Sigma), 1 uM atpenin A5 (Hellobio), 1
UM antimycin A (Sigma), 1 UM myxothiazol (Sigma), 1 uM oligomycin (Sigma). AMPK
inhibitor Compound C (Merk) was added at 1 mM from the initial activation (day O) or

16 h at day 3. Cells were treated with the following TCA metabolites as indicated; 1

mM dimethyl oxoglutarate, 5 mM diethyl succinate, 100 nM diethyl fumarate, 0.25 mM
octyl-2-HG, L-and p-a-hydroxyglutaric acid disodium salt, 1 mM diethyl malate, and 1 mM
citrate (all from Sigma).

The following compounds were added for 48 h in cells at day 1 of culture at 10

UM unless otherwise indicated: CBR-5884 (Sigma), BAY 1436032 (MedChemExpress),
LW6 (TCI Deutschland), AGI-5198 (Sigma), NHI-2 (Sigma), GSK-864 (Sigma), CPTH2
(Cayman), Anacardic acid (Cayman), A485 (Tocris), 1 pM C6464 (Sigma), Sinefungin
(Abcam), 1 pM 5-aza-2’-deoxycytidine (Sigma), 1 tM UNC1999 (Abcam), KDM5-C70
(Xcess Bio), 1 uM GSK-J4 (Xcess Bio), KU-55933 (Sigma), 0.5 uM BI-D1870 (Abcam),

1 uM Ex-527 (Abcam), 1 uM sirtinol (Fischer Scientific), 1 uM PKCC( pseudosubstrate
inhibitor (Cayman), 1 uM PKC( pseudosubstrate inhibitor, myristoylated (sc-397537, Santa
Cruz Biotechnology), 1 uM PKA Inhibitor 14-22 Amide, Myristoylated (Sigma), 0.5 mM
nicotinamide riboside (Cayman), 1 uM Tempol (Santa Cruz), 5 mM A-acetylcysteine (NAC)
from Sigma. Cells were processed for flow cytometry and acquired with CytExpert software
on a CytoFLEX (Beckman Coulter) cytometer and data analysed with FlowJo software
v10.7.2. (BD).

CRISPR-Cas9 delivery

CRISPR-Cas9 deletion of LKB1, DRP1 and AMPKal was performed with Alt-R
CRISPR-Cas9 System (IDT) and 4D-Nucleofector technology (Lonza) in freshly isolated
CD4* T cells. gRNA duplexes were prepared by mixing equimolar concentrations of
CRISPR RNAs (crRNAs) and transactivating crRNAs (tracrRNAS), annealing 5 min at
98 °C, mixing gRNA complexes (crRNA-tracrRNA) with Alt-R Strepfococcus pyogenes
Cas9 Nuclease V3 (IDT), and incubating for 20 min at room temperature to form
ribonucleoprotein (RNP) complexes (crRNA-tracrRNA-Cas9). For the delivery of RNP
complexes, cells were extensively washed in PBS, pelleted, and the RNP complexes
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and P4 Primary Cell buffer added before transferring into a nucleofection chamber.

The complexes were delivered by electroporation using DS137 pulse on Amaxa 4D-
Nucleofector (Lonza). Electroporated cells were recovered in T cell medium for 120
min at 37 °C before activation in Ty conditions, as described. Two gRNAs were

used to target LKB1 (Mm.Cas9.STK11.1.AA: 5'-GGGCTCGTACGGCAAGGTGA-3’;
Mm.Cas9.STK11.1.AC: 5'-TTGACGTTGGCCTCTCCATT-3"), DRP1 (Mm.
Cas9.DNM1L.1.AA: 5"-GTTCCCACTACGACGATCTG-3"; Mm.Cas9. DNM1L.1.AB:
5 -AAATAGCTATGGTGAACCGG-3") and AMPKa subunit 1
(Mm.Cas9.PRKAAL.1.AA: 5'-CGAGTTGACCGGACATAAAG-3"; Mm.Cas9.
PRKAAL.1.AB: 5'-CCGGTGTGGATTATTGTCAC-3), and a non-targeting gRNA (Alt-
R CRISPR-Cas9 negative control crRNA) was used as control (all from IDT) at same
concentration of RNP complexes between conditions.

Metabolic assays

OCR (in pmol min~1) and ECAR (in mpH min~1) were measured in a 96-well XF
Extracellular Flux Analyzer (Seahorse Bioscience) on cells at day 4 of activation. Cells
(10° per well; at least 3 injections per condition) were plated in complete XF medium
(non-buffered RPMI 1640 containing 25 mM glucose, 2 mM L-glutamine, and 1 mM
sodium pyruvate) and spun onto poly-p-lysine-coated Seahorse 96-well plates. Cells were
equilibrated for 1 h at 37 °C in the absence of CO, before the assay. OCR and ECAR
were measured in basal conditions and in response to 1 uM oligomycin, 1.5 uyM FCCP and
100 nM rotenone + 1 uM antimycin A (all from Sigma). Basal mitochondrial respiration
was determined from baseline measurements. ATP-coupled respiration was determined by
the subtraction of oligomycin A values from basal respiration. Maximal mitochondrial
respiration was determined by subtracting the OCR after treatment with rotenone and
antimycin A from the OCR measured following treatment with FCCP. For glycolysis
characterization, cells were plated in complete XF medium without glucose and ECAR

(in mpH min~1) was measured in basal conditions and in response to 10 mM glucose
(Sigma), 1 pM oligomycin and 25 mM 2-deoxyglucose (2-DG, Sigma). Basal glycolytic
rate was determined by subtracting ECAR measurement following 2-DG treatment from
ECAR measurements following glucose addition. Total glycolytic capacity was determined
by subtracting the ECAR measured after 2-DG treatment from the ECAR measured after
oligomycin treatment.

Glucose uptake was analysed by flow cytometry in CD4* T cells cultured in complete RPMI
medium without glucose (Gibco) containing 100 mM 2-NBDG (Sigma) for 20 min at 37 °C.

Kynurenine uptake was analysed by flow cytometry as described®l. CD4* T cells were
stained with anti-CD4 and plated in HBSS at 37 °C in a water bath. 200 pM kynurenine
(Sigma) was added to the cells and uptake was stopped after 4 min by fixing cells in 1%
paraformaldehyde (PFA, Sigma) for 30 min at room temperature. The 405 nm laser and
450/50 BP filter were used for kynurenine fluorescence detection.

Protein and RNA synthesis were analysed by flow cytometry in CD4* T cells incubated
30 min at 37 °C in complete RPMI medium containing 20 uM Click-iT O-propargyl-
puromycin (OPP, Thermo) or 1 mM Click-iT 5-ethynyl uridine (EU, Thermo), respectively.

Nature. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baixauli et al.

Page 12

Incorporation of protein and RNA Click-iT analogues was detected with a standard Click-
it reaction (Thermo) following manufacturer’s instructions. Negative controls for protein
and RNA synthesis were included in the assay by incubation of cells with 100 pg mI~1
cycloheximide (Sigma) 30 min or 5 ug mi~1 actinomycin D (Sigma) 45 min, respectively.

For the analysis of protein translation dependence on mitochondrial function and glycolysis,
protein synthesis rates in vehicle-treated cells was subtracted to protein synthesis rates of
cells treated with oligomycin or 2-deoxyglucose, as described?2,

Immunoblot analysis

Cells were washed with ice-cold PBS and lysed in 1x cell lysis buffer (Cell Signaling).
Cleared protein lysates were denatured (LDS loading buffer, 10 min, 70 °C), and equal
number of cells or equal protein amount resolved on precast 4% to 12% NuPAGE Bis-Tris
protein gels (Life Technologies), and transferred onto nitrocellulose membranes (iBLOT2,
Life Technologies). To resolve long and short OPAL isoforms, equal amounts of protein
lysates were run for at least 100 min in precast 8% Bis-Tris protein gels (Life Technologies),
and transferred onto nitrocellulose membranes (iBLOTZ2, Life Technologies).

Membranes were blocked in TBS-Tween 5% milk for 1 h at room temperature and
incubated overnight at 4 °C with the following antibodies (dilution; clone; catalogue
number); anti-B-actin (1:5,000; 13E5; 4970S), anti-LKB1 (1:2,000; D60C5; 3047S), anti-
phosphorylated LKB1 Ser428 (1:2,000; C67A3, 3482S), anti-AMPKa. (1:2,000; D5A2;
5831S), anti-phosphorylated AMPKa Thrl172 (1:2,000; 40H9; 2535), anti-phosphorylated
ACC Ser79 (1:2,000; 3661), anti-ACC (1:2,000; C83B10; 3676), anti-DRP1(1:2,000; D6C7;
8570), anti-TOM20 (1:2,000; D8T4N; 42406) and anti-MFN2 (1:2,000; D2D10; 9482) from
Cell Signaling, anti-OPA1 (1:2,000; 18/0PA1; 612606) from BD Biosciences, anti-MFN1
(1:1,000; EPR21953-74; ab221661) from Abcam, anti-tubulin (1:4,000; DM1A; T9026) and
anti-PHGDH (1:2,000; HPA021241) from Sigma, anti-PSPH (1:2,000; PA5-96863) from
Thermo and anti-MTHFD2 (1:2,000; 12270-1-AP) from Proteintech.

All primary antibody incubations were followed by three TBS-Tween washes (10, 5

and 5 min, respectively) and 1 h incubation with secondary HRP-conjugated antibodies
(1:10,000 for rabbit anti-mouse IgG (H+L) secondary antibody, HRP (31450) or 1:20,000
for goat anti-rabbit 1gG (H+L) secondary antibody, HRP (31460)) from Thermo Fisher

in TBS-Tween with 5% milk. Membranes were washed with TBS-Tween (10, 5 and 5

min, respectively) and visualized using SuperSignal West-Pico or Femto Chemiluminescent
Substrate (Pierce) on Biomax MR films (Kodak) or the ChemiDoc Imaging System (Bio-
Rad). Optical intensity of the signals was quantified using ImageJ software (v1.53c, NIH).
Tubulin or B-actin were used as loading controls when samples were run in same gels or as
sample processing controls, when run on parallel gels.

Uncropped and unprocessed scans of all blots are provided in the Source data files.

Imaging analysis of mitochondrial structure

Spinning disk confocal microscopy was performed as described*3. For live imaging of
mitochondria in cells from PhAM mice, CD4* Ty cells were purified and activated as
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indicated for four days, transferred to glass bottom dishes (MatTek) pre-coated with poly-
p-lysine (Sigma) in complete RPMI medium, and acquired using a Zeiss spinning disk
confocal with an Evolve (EMCCD) camera with a 100x objective. Cells were kept in

a humidified incubation chamber at 37 °C with 5% CO, during acquisition. For nuclei
visualization, Hoechst 42 (Thermo) was added prior to acquisition. For the analysis of
mitochondrial morphology in fixed cells, cells from the indicated genotypes were activated
as indicated, stained with Mitotracker Deepred 30 min at 37 °C, allowed to settle for 30
min at 37 °C into poly-p-lysine-coated coverslips, fixed 10 min with 2% PFA in PBS,

and mounted with Prolong antifade medium containing DAPI (Invitrogen). At least 15
fields were randomly acquired per condition and biological replicate. Confocal images were
analysed using Imaris analysis software (v9.5, Bitplane).

For electron microscopy imaging 0.5-1.0 x 108 T cells were fixed in 2.5% glutaraldehyde in
100 mM sodium cocodylate, washed in cocodylate buffer. After dehydration samples were
embedded in Eponate 12 resin (Ted Pella) and sections were cut. Images were acquired
using a JOEL 1200 EX trans-mission electron microscope with an ATMP digital camera.
Cristae width was measured using ImageJ software (v1.53c, NIH) and averaged over 40
independent images in 3 biologically independent samples per condition. Acquisition of
electron microscopy micrographs and measurements of max cristae width displayed were
performed blinded.

For electron microscopy analysis of mitochondrial structure in ex vivo T cells: great mice
(which express an IRES-enhanced YFP construct after the /fng stop codon that allows
expression of both IFN+y and eYFP from the same mRNA and then analysis of IFNvy-
expressing cells) were injected intravenously with a sublethal dose 1 x 10* colony-forming
units (CFU) of wild-type L. monocytogenes. T cells were sorted by fluorescence-activated
cell sorting (FACS) (CD4*IFNy-eYFP* live cells) from cell suspensions from spleen

and peripheral lymph nodes obtained at day 7 post-infection and processed for electron
microscopy as indicated. For H. polygyrus infection, mice expressing IL-4-eGFP (which
express an IRES-enhanced EGFP construct between the translational stop codon and the

3’ UTR of the interleukin 4 gene, and allow the analysis of IL-4 expressing cells) and
FOXP3-RFP (which express a bicistronic reporter expressing a red fluorescent protein
knocked into the endogenous Foxp3 locus, and allow the analysis of FOXP3-expressing
cells) were gavaged with 200 infectious L3 stage H. polygyrus larvae in PBS. On day 14,
MLNs were collected and CD4 T cells were FACS-sorted (CD4*IL-4-eYFP* live cells, for
TH2 CD4 T cells and CD4*FOXP3-RFP™ live cells, for Treg cells) and processed for electron
microscopy as indicated. Ty cells were FACS-sorted from the spleen and lymph nodes from
steady-state C57BL/6J mice.

Mouse EAE model

EAE was induced by immunizing mice subcutaneously with 200 ug of myelin
oligodendrocyte glycoprotein peptide (MOG3s_55: MEVGWYRSPFSRVVHLYRNGK)
emulsified in complete Freund’s adjuvant (supplemented with killed Mycobacterium
tuberculosis strain H37RLa) and intraperitoneal injections of 200 ng pertussis toxin (Hooke
Labs) at the time of immunization and 24 h later. The disease was scored daily on a scale
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of 0-5 as follows: 0, no overt signs of disease; 1, limp tail; 2, limp tail plus hindlimb
weakness; 3, hindlimb paralysis; 4, hindlimb and forelimb paralysis; 5, moribund. At the
end of experiment, the mice were euthanized for analysis of the T cells infiltrated into the
brain and spinal cord. Mice that did not develop symptoms of EAE were not excluded

from the analysis. When indicated, the statistical significance was determined by Student’s
Etest or one-way ANOVA (exact P-values are presented on each graph). Sample size is
indicated on each graph. All animal work was performed in compliance with all relevant
ethical regulations and approved by the animal care committee of the Regierungspraesidium
Freiburg and Max Planck Institute.

Mouse CD3 model

Mice were injected intra-peritoneally every 48 h during 100 h with 50 pg anti-CD3
monoclonal antibody (2C11, BioXcell) and euthanized 4 h after the last injection.
Lymphocytes from small intestine lamina propria were isolated by removing Peyer’s patches
from the small intestine and then cutting into 1 cm pieces. Tissue was washed in RPMI

3% FCS supplemented with 5 mM EDTA (Thermo) and 0.15 mg mI~ DTT by shaking 25
min at 37 °C for removal of epithelial and intraepithelial cells, washed 4 times with RPMI
containing 2 mM EDTA, digested with 0.1 mg mI~! Liberase TL (Roche) and 50 ug mI~1
DNase I (Roche) 35 min at 37 °C, followed by separation on a Percoll (GE Healthcare)
gradient.

Flow cytometry

To assess cytokine production in in vitro experiments, cells were activated for the indicated
times, collected and restimulated 6 h with 50 ng mI~2 PMA and 1 pg mI~1 ionomycin

in the presence of brefeldin A (Biolegend) for the last 4 h. Intracellular cytokine staining
was performed using BD CytoFix/CytoPerm kit (BD Biosciences) and nuclear staining

of transcription factors using the FOXP3 Permeabilisation kit (eBioscience). Cells were
stained with Live/Dead viability dye (Thermo) prior to antibody staining. Cells were
collected on LSR 111 Fortessa flow cytometers (BD Bioscience) and analysed using FlowJo
(BD Biosciences) software. The following antibodies were used: anti-CD4 (A20), anti-
IL17A (TC11-18H10.1), anti-IFNy (XMGL1.2) and anti-TBET (4B10) from Biolegend; anti-
GATA-3 (TWAJ) from eBioscience and anti-FOXP3 (FJK-16s, R16-715) and anti-RORyt
(Q31-378) from BD Biosciences.

To determine eYFP* T17 cells (CD4+/TCRp+) in the small intestine lamina propria,
Peyer’s patches and MLNs from 1117a reporter mice, lymphocytes were cell-surface stained
with anti-CD45 (30-F11), anti-CD4 (A20), anti-TCRp (H57-597) from Biolegend and
LIVE/DEAD Fixable dye Blue (Thermo) and identified as live CD45*CD4*TCRB*eYFP*
cells. For detection of T17 cells (CD4*TCRpB™) expressing eYFP in the central nervous
system of EAE mice, lymphocyte fraction from the brain and spinal cord was obtained

by cutting tissues in small pieces, followed by digestion with 2.4 ug ml~1 collagenase 11
(Sigma) and 4 pg mI~1 DNAse | (Sigma), 45 min at 37 °C and separation on a Percoll
gradient. Lymphocytes were cell-surface stained with CD45 (30-F11), CD11c (N418), CD4
(A20), anti-TCRa (H57-597) from Biolegend and LIVE/DEAD Fixable dye Blue (Thermo)
and Ty17 cells identified as live CD45"CD4*TCRB*eYFP*. For intracellular detection of
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cytokines in cells from the small intestine or the central nervous system, lymphocytes

were restimulated 4-5 h at 37 °C in complete RPMI with PMA (50 ng ml~1, Sigma)

and ionomycin (1 pg ml~1, Sigma) in the presence of Brefeldin A (1 ug mI~1, Sigma), cell-
surface stained, fixed with 2 % PFA 10 min at room temperature, and stained intracellularly
with IL-17A-PE (TC11-18H10.1) using the BD CytoFix/CytoPerm kit (BD Biosciences).

Analysis of cell cycle was performed by flow cytometry in cells stained with anti-CD4
and LIVE/DEAD Fixable dye for 30 min at 4 °C, fixed with FOXP3 Permeabilisation kit
(eBioscience) 60 min at room temperature and stained for 40 min with Ki67 (Biolegend).
DNA content was assessed by FxCycle staining (Thermo) in the live CD4* T cell gate.

Analysis of phospho-S6 ribosomal protein (S235/236) and phospho-4E-BP1 (Thr37/46) was
performed by flow cytometry in CD4 T cells stained with anti-CD4, fixed with 2% PFA,
permeabilized for 1 h with 90% methanol at —20 °C and stained with anti-pS6 (D57.2.2E)
and p4EB-P1 (2365B4) fluorescent conjugated antibodies from Cell Signaling Technology.

Analysis of active caspase-3 was performed by flow cytometry in cells stained with anti-
CD45, anti-CD4, anti-TCRp (Biolegend) and LIVE/DEAD Fixable dye (Thermo) for 30
min at 4 °C, fixed with BD CytoFix/CytoPerm kit (BD Biosciences) and stained for 45 min
with anti-active caspase-3 antibody (1:100, clone C92-605, BD Biosciences).

Analysis of the histone methylation and acetylation marks was performed by flow
cytometry in CD4* T cells fixed 60 min at room temperature with FOXP3 Permeabilisation
kit (eBioscience) and stained for 90 min with fluorescently labelled antibodies against
H3K4me3 (clone C42D8), H3K27ac (clone D5E4), H3K27me3 (clone C36B11), H3K9%ac
(clone C5B11), H3K9me3 (clone D4W1U), and rabbit monoclonal antibody 1gG isotype
control (DA1E) (all from Cell Signaling). Cells were gated on diploid cells with ‘single’
DNA content based on FxCycle staining (Thermo) in the live-cell gate.

Analysis of the DNA methylation mark 5-methylcytosine (5mC) was performed by flow
cytometry in CD4* Ty cells activated in Ty17 cell culture conditions for 4 days. Cells

were collected, washed in PBS and stained with anti-CD4 and LIVE/DEAD Fixable dye
(Thermo) for 30 min at 4 °C, followed by 60 min fixation at room temperature with FOXP3
Permeabilisation kit (eBioscience). Cells were washed, permeabilized (0.5% Triton X-100 in
PBS) 15 min at room temperature and treated with 2 N HCI 30 min at 37 °C. Neutralization
was performed with 100 mM Tris-HCI pH 8.8 for 10 min, followed by extensive washes
with 0.05% Tween-20 in PBS. After blocking (1% BSA and 0.05% Tween-20 in PBS) for

2 h, cells were incubated with a monoclonal antibody against 5 mC (33D3, AbD Serotec)

at a final concentration of 10 pug ml~1 or with an isotype control antibody (mouse 1gG)

for 90 min at room temperature. Samples were washed in 1% BSA, 0.05% Tween-20 in
PBS and incubated with the secondary antibody for 35 min at room temperature. Cells were
washed and incubated with FxCycle staining (Thermo) for DNA content analysis prior to
flow cytometry acquisition.

Analysis of mitochondrial membrane potential was performed by flow cytometry in cells
labelled 30 min with 50 nM tetramethylrhodamine methyl ester (Thermo) in complete
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medium and LIVE/DEAD Fixable dye (Thermo). Cells were gated on live cells and results
expressed as geometric mean fluorescence intensity.

Analysis of mitochondrial content by flow cytometry was performed in CD4" Ty, cells

and CD4* Ty cells activated in T and regulatory T cell conditions for the indicated

times, staining with anti-CD4 and LIVE/DEAD Fixable dye (Thermo) for 30 min at

4 °C, followed by 60 min fixation at room temperature with FOXP3 Permeabilisation

kit (eBioscience) and 60 min staining at room temperature with fluorescently labelled
antibodies against TOMM20 (clone EPR15581-54), ATP5A (clone 15H4C4) and COX IV
(clone EPR9442(ABC)) from Abcam and Mitofilin (clone D-3) from Santa Cruz. Cells were
gated on live CD4" cells and results expressed as geometric mean fluorescence intensity
relative to CD4* Ty cells.

Intracellular calcium content was determined by flow cytometry with the ratiometric calcium
indicator Indo-1 (Thermo) in cells incubated with Indo-1-AM (1 uM,) 30 min at 37 °C in
complete RPMI medium without FCS. Cells were washed, resuspended in complete medium
and the mean fluorescence intensity of the Calcium-bound and unbound Indo-1 signal
acquired on a linear scale on a LSR 111 Fortessa flow cytometer (BD Bioscience) equipped
with 37 °C temperature-controlled tube holder. Fluorescence intensity was analysed in
FlowJo (BD Biosciences) software and represented as the bound/unbound Indo-1 ratio.

Quantitative PCR analysis

Total RNA was extracted using the RNeasy mini kit (Qiagen) with an additional on-
column DNase treatment using the RNAse-Free DNase set (Qiagen), and quantified with
Nanodrop (Thermo Fisher). cDNA was prepared using 200-300 ng total RNA by a reverse
transcription PCR (RT-PCR) using a High Capacity cDNA Reverse Transcription kit
(Applied Biosystems), per manufacturer’s instructions. Quantitative PCR for the assessment
of //17a mRNA expression was performed on cDNA using TagMan Gene Expression
Assays (Assay ID:Mm00439619 m1 IL17A, Thermo Fisher) on an Applied Biosystems
7000 sequence detection system, using iTaq Universal SYBR Green Supermix (Bio-Rad).
Fold changes in expression were calculated by the AACt method, using Hprt or 18s
ribosomal RNA (Assay ID: Mm03024075_m1 Gene: Hprt, Assay ID: Mm03928990 g1
18s Ribosomal RNA, Thermo Fisher) as endogenous controls for mRNA expression.

RNA-sequencing analysis

RNA was extracted using RNeasy Kit (QIAGEN) following the manufacturer’s instructions
with an additional on-column DNase treatment using the RNAse-Free DNase set (Qiagen).
RNA was quantified using Qubit 2.0 (Thermo Fisher Scientific). Libraries were prepared
using the TruSeq stranded mRNA kit (Illumina) and sequenced in a HISeq 3000 (Illumina)
with a read depth of approximately 30 million aligned reads per sample by the Deep-
sequencing Facility at the Max Planck Institute for Immunobiology and Epigenetics
(Freiburg). Sequenced libraries were processed with deepTools®? v_2.0, using STARS3
v_2.7.10, for trimming and mapping, and feature Counts®* v_2.0.3 to quantify mapped
reads. Raw mapped reads were processed in R (Lucent Technologies) with DESeq2°°
v_1.36 to generate normalized read counts to visualize as heatmaps using Morpheus (Broad

Nature. Author manuscript; available in PMC 2023 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baixauli et al.

ATAC-seq

Page 17

Institute) and determine differentially expressed genes with greater than 2-fold change and
lower than 0.05 adjusted A-value. Gene ontology analysis was performed with DAVID56
(v_2016 and v_2021) and Ingenuity pathway analysis (QIAGEN).

Libraries were prepared using the Nextera DNA library Prep Kit (Illumina) adapting a
published protocol®’. In vitro-polarized T17 cells were washed in PBS and then lysed for
3 min in 10 mM Tris-HCI, pH 7.4,10 mM NaCl, 3 mM MgCl, and 0.1% Igepal CA-630,
0.1% Tween-20, 0.01% digitonin, 1% BSA (all from Sigma). Cold wash buffer (same as
lysis buffer without Igepal and digitonin) was added to the lysate and mixed three times

by inverting the tubes and immediately spun at 500g for 5 min, 4 °C. Supernatant was
discarded and nuclei resuspended in 2.5 pul TDE1 (Nextera Tn5, 100 nM final), 0.5 pl 1%
digitonin (0.01% final), 0.5ul 10% Tween-20 (1% final) 16.5 pl PBS and 5 ul water and
incubated for 30 min at 37 °C with gentle mixing (1,000 rpm). DNA was purified with the
QIAGEN MinElute PCR Purification Kit (Thermo Fisher Scientific). PCR amplification was
performed with the NEBNext High-Fidelity 2x PCR Master Mix (New England Labs) using
custom Nextera PCR primers containing barcodes. Adapters were removed with AMPure
XP beads according to manufacturer’s protocol. Libraries were quantified with the Qubit
and sequenced with a HISeq 3000 (Illumina) at the Deep-sequencing Facility at the Max
Planck Institute for Immunobiology and Epigenetics (Freiburg).

Sequenced samples were trimmed with Trimmomatic®® v_0.4, mapped using Bowtie2°9
v_2.4.5 and replicate mapped files merged with SAM tools®® v_1.4.1. Coverage files were
generated with deepTools®2 v_2.0. Open chromatin and differentially regulated chromatin
regions were detected with MACS261 v 2.2.7.1 using a P-value <1 x 10~/ and a ¢-value of
less than 0.1 and differentially regulated regions identified with CSAWS62.:63 v _1.30.1 using
a 2-fold enrichment threshold and P-value lower than 0.01. Bed files were analysed with
Bedtools® v_2.28.0, and visualized alongside coverage files on IGV v_2.4.0. Transcription
factor enrichment was done with HOMER®® v_4.11.

Metabolite extraction

Equal number of cells were pelleted, medium removed by aspiration and washed once with
500 pl PBS. Metabolome extraction was performed by the addition of 10 pl ice-cold solvent
(40:40:20 acetonitrile: methanol: water) every 100,000 cells. After centrifugation for 10 min
at 16,000¢g at 4 °C, clean supernatant was transferred to a clean tube, frozen on dry ice and
kept at =80 °C until LC-MS analysis.

LC-MS analysis

Targeted metabolite quantification by LC-MS was carried out using an Agilent 1290
Infinity 1l UHPLC in line with an Agilent 6495 QQQ-MS operating in MRM mode. MRM
settings were optimized separately for all compounds using pure standards. LC separation
was on a Phenomenex Luna propylamine column (50 x 2 mm, 3 um particles) using

a solvent gradient of 100% buffer B (5 mM ammonium carbonate in 90% acetonitrile)

to 90% buffer A (10 mM NH, in water). Flow rate was from 1,000 to 750 pl min=1.
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Autosampler temperature was 5 °C and injection volume 2 pl. Peak areas were measured

using MassHunter B.07.01 (Agilent).

GC-MS analysis

Lipidomics

Proteomics

To measure [13C]glucose and [13C]glutamine tracing, CD4* Ty cells were cultured and
activated as described followed by incubation with fresh RPMI medium containing 11
mM [13C]glucose or 2 mM [13C]glutamine for the indicated periods of time. Cells were
collected, processed for metabolome extraction and dried by SpeedVac. Dried metabolite
extracts were resuspended in pyridine and derivatized with methoxyamine (sc-263468
Santa Cruz Bio) for 60 min at 37 °C and subsequently with N-(fert-butyldimethylsilyl)- -
methyl-trifluoroacetamid, with 1% zert-butyldimethylchlorosilane (375934 Sigma-Aldrich)
for 30 min at 80 °C. Isotopomer distributions were measured using a DB5-MS GC
column in a 7890 GC system (Agilent Technologies) combined with a 5977 MS

system (Agilent Technologies). Data processing, including correction for natural isotope
abundance was performed by an in-house R script (https://gitlab.gwdg.de/joerg.buescher/
metabolomics_scripts).

Lipids were extracted using a biphasic methyl fert-butyl ether (MTBE) extraction protocol.
The same number of cells per condition were resuspended in 100 pl cold PBS in glass

vials. Cold methanol (750 ul), MTBE (2 ml) and water (625 pl) were added sequentially
with vortexing. Samples were centrifuged to separate phases, and the upper organic phase
was dried using a Genevac EZ2 speed vac. Samples were resuspended in 2:1:1 isopropanol:
acetonitrile: water prior to analysis. LC-MS was carried out using an Agilent Zorbax Eclipse
Plus C18 column using an Agilent 1290 Infinity 11 UHPLC in line with an Agilent 6495
Triple Quad QQQ-MS. Lipids were identified by fragmentation and retention time, and
quantified using MassHunter B.07.01 (Agilent).

Sample preparation.—Protein sample preparation was carried out using 5 x 108 cells
using an iST 8X kit (PreOmics), according to the manufacturer’s recommendation. All
samples used for data-dependent acquisition (DDA) and data-independent acquisition (DIA)
analyses were spiked with index retention time (iRT) kit peptides (Biognosys), according to
the manufacturer’s instructions.

Construction of DIA spectral library.—Spectral libraries were generated by
Spectronaut version 10.0 using MaxQuant results as an input86. Seventyshotgun (DDA) runs
(using 2 or 3 biological replicates from each biological conditions) were acquired using a

Q Exactive Plus instrument, and data were searched using MaxQuant (version 1.6.1.0). The
spectral library was constructed using an FDR cut-off of 1% and a minimum and maximum
of 3 and 6 fragment ions, respectively, and protein grouping was performed according to
MaxQuant search results.

Mass spectrometric acquisition.—The general nanoLC-MS setup was similar to that
previously described®, with minor modifications. A Q Exactive Plus mass spectrometer
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(Thermo Fisher) and an Easy nanoL.C-1200 (Thermo Fisher) were used for both DDA

and DIA experiments. For the chromatographic separation of peptides, 4 g peptide digest
was analysed at 50 °C (controlled by Sonation column oven) on a 50-cm in-house-packed
fused-silica emitter microcolumn (75 pm inner diameter x 360 pum outer diameter SilicaTip
PicoTip; New Obijective) packed with 1.9-um reverse-phase ReproSilPur C18-AQ beads (Dr
Maisch). Peptides were separated by a 4-h linear gradient of 5-80% (80% acetonitrile, 0.1%
formic acid) at a constant flow rate of 300 nl min~1.

Data analysis.—The MS2-based label-free quantification was carried out by analysing
DIA raw data using Biognosys Spectronaut (version 10.0) software using default parameters
as previously described®, with minor modifications. In brief, the decoy method was set to
‘mutated’, data extraction and extraction window were set to ‘dynamic’ with correction
factor 1, identification was set to ‘normal distribution P-value estimator’ with g-value
cut-off of 0.1, and the profiling strategy was set to “iRT profiling” with g-value cut-off

of 0.01. Ultimately, protein quantity was set to ‘average precursor quantity’ and smallest
quantitative unit was set to ‘precursor ion’ (summed fragment ions). For statistical testing
and identification of deregulated proteins in all approaches, a two-sample Student’s t-test
was used to identify differentially expressed proteins filtered to 1% FDR.

Statistical analysis

Statistical analysis was performed using Prism 9 software (GraphPad) and Microsoft

Excel (v16.46). Data are expressed as mean + s.e.m. (standard error of the mean), unless
otherwise indicated. Comparisons for two groups were calculated using unpaired two-tailed
Student’s #tests (for two groups meeting the normal distribution criteria, according to the
Shapiro-Wilk normality test). Comparisons of more than two groups and grouped data were
calculated using one-way or two-way ANOVA, and corrected for multiple comparisions
between groups or to a reference group using Tukey’s, Sidak’s or Dunnett’s tests. Exact
P-values and details of statistical testing can be found in the Figure legends and in the
Source data file. Unless otherwise specified, /7 represents the number of individual biological
replicates and is represented in graphs as one dot per sample. Flow cytometry plots are
representative of at least three replicates. Immunoblots are representative of at least two
independent experiments. Confocal and electron microscopy images are representative of at
least three independent biological replicates. No statistical method was used to predetermine
sample size, but a minimum of three samples were used per experimental group and
condition. Experiments were not randomized.

Reporting summary

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.
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Extended Data Fig. 1|. Mitochondrial membrane remodeling in CD4* Ty cellsunder T-helper
(Th) and regulatory (Treg) conditionsin vitro and in vivo.

a) Mitochondrial sphericity In live cell spinning disk microscopy images In CD4* Ty

cells (PhAM mice) cultured in Th and Treg conditions (Ty: 7= 1673, Thl: n= 8406,

Th2: n="5485, Thl7: n= 7672 and Treg: n = 4824 segmented objects (mitochondria), 2
independent experiments. Violin plot shows median with quartiles. b) EM images (/eft) and
cristae width (right) in Ty cells cultured in Th and Treg conditions (Ty: 7= 362, Thl: n=
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479, Th2: n=369, Th17: n=319, and Treg: n= 294 cristae, 3 biological replicates). (c)
Intracellular expression in Ty, Th and Treg cells (n7= 4 biological replicates). Representative
graph summarize results of two independent experiments. d) Immunoblot of CD4* Ty, Th
and Treg cells, day 4, representative experiment out of two. ACTIN: sample processing
control (e) Quantification of protein levels from immunoblots as in Fig. 1b (n7= 4 biological
replicates, 2 independent experiments). f) Immunoblot of proteins that control mitochondrial
dynamics in CD4* Ty cells cultured for the indicated times in Th and Treg conditions.
TUBULIN: sample processing control. Right, protein levels (n= 4 biological replicates, 2
independent experiments). g) EM images (Yeft) and cristae width (right)in CD4* Ty and
effector T cells from reporter mice subjected to immune challenges (naive: 7= 410, Thl: n=
262, Th2: n= 675, Th17: n=461 and Treg: n= 402 cristae, 3 mice per condition). Data b, g
are geometric mean, ¢ mean and e, f means + s.e.m. Two-sided Tukey’s test (b) or Dunnett’s
test (a, ¢, g f, g). Exact Pvalues are indicated.
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Extended Data Fig. 2 |. Mitochondrial dysfunction and proliferation defectsin Opa1cP4cre T
cells.

CD4* Ty cells from control and Opa¢94cre mice were cultured 4 days in Th and Treg
conditions. @) Immunoblot for OPAL at the end of the culture (2 biological replicates

per condition shown). ACTIN: loading control. b) Spinning disk microscopy images from
mitochondria (MitoTracker Deep Red, purple) and nuclei (Hoechst, blue). Scale bar: 2 um.
Representative images from 3 biological replicates. c) Baseline OCR (/eft) and ECAR
(righ?) (n= 4 biological replicates). d) Mitochondrial membrane potential determined
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by Tetramethylrhodamine methyl ester (TMRM) (7= 3 biological replicates) €) Cell
proliferation, day 3 (n= 8 biological replicates, 2 independent experiments). f) Cell viability
determined by 7-aminoactinomycin D (7-AAD) and annexin-V staining, day 4 (n=7
biological replicates, 2 independent experiments). g) Cell-cycle analysis determined by
Ki-67 and DAPI staining (7= 3 biological replicates). h) Surface expression of CD25,
CD44 and CD69, and intracellular expression of Nur77 in CD4* Ty cells from control and
Opa1¢P4Cre mice cultured 3 days in Th and Treg conditions (7= 4 biological replicates).

i) IL-17A expression and proliferation in control and Opa1¢P4Cre Thi7 cells, day 3.

Graph shows I1L-17A expression per each cell division state gated on live CD4* T cells

(n= 4 biological replicates).j) IL-17A expression in CD4" Ty, cells cultured in Th17
conditions with increasing concentration of plate bound anti-CD3 or IL-6 for three days and
restimulated (n7= 4 biological replicates). Representative plots and a graph summarizing the
results of at least two independent experiments are shown, except where noted otherwise.
Data are means + s.e.m. Two-sided Sidak’s test (d, e, f, h, i, j) or unpaired two-tailed #test
(c). Exact Pvalues are indicated.
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Extended Data Fig. 3 |. Role of inner and outer MM remodelingin IL-17A production.
Minl, Mfn2 or Dnmi1 floxed mice were crossed with CD4Cre mice (MfnICPACre,

Min2CDACTe and Drp1CPACTe) a b, ¢, d, e, CD4™ Ty cells across genotypes were cultured
in Th and Treg conditions. @) Immunoblot of MFN1, MFN2 and DRP1 in a representative
experiment out of two. ACTIN: loading control. b) Cytokine and TF expression in Th-

and Treg-reestimulated cells across genotypes (Th1 conditions: Control 7=15; Mfn1, Mfn2
n=11; Drpl n=8; Th2, Th17 and Treg conditions; Control n=11; Mfn1, Mfn2 n=7,

Drpl n=4, biological replicates). c) Intracellular levels of T-bet and ROR-yt (Control n
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= 15; Mfn1CP4Cre n =11 Mfn2cPCre n =11 Drp1CP4CTe =8, biological replicates).

d) Proliferation as determined by Cell Trace Violet dilution staining (7= 4 biological
replicates, except control; 7= 6). €) Relative baseline OCR, ATP-coupled respiration, and
maximal respiration in Th17 cells across genotypes (/7= 4 biological replicates per group).f,
g, h, i, Control and Opa1¢P4Cre CD4* Ty cells were transfected with Cas9 and indicated
gRNAs. f) Immunoblot for DRP1 and OPAL. ACTIN: loading control. g) Representative
spinning disk confocal images from mitochondria (Mitotracker Deepred, green) and nuclei
(Hoechst, blue) from 3 biological and transfection replicates. h) OCR upon oligomycin
(Oligo), fccp and rotenone + Antimycin A (ROT+AA) addition (7eft) and relative baseline
OCR (right (n=4 biological and transfection replicates). i) Intracellular IL-17A expression
(n =7 biological and transfection replicates). Representative plots and a graph summarizing
the results of at least two independent experiments are shown, except where noted otherwise.
Data are means + s.e.m. Two-sided Tukey’s test (b, c, d, e h, i). Exact Pvalues are
indicated.
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Extended Data Fig. 4 |. OPA1-requirement for I1L-17A expression across cell cultureand in vivo

conditions.

Ty cells cultured in Th17 non-pathogenic (np) and pathogenic (p) conditions. a) EM
images and cristae width (Control np: 7= 528, p: n= 343; Opa1P#Crenp: n= 321,

p: n= 267 cristae, 3 biological replicates). Graph shows geometric mean, black. (b)
Cytokine (c) TF expression, d) supernatant cytokines, and €) proliferation, 7= 4 biological
replicates. f) Cell viability (7= 8, 2 independent experiments). g) Gating strategy to identify
CD4*TCRB*eYFP* (Th17) cells. h) Ki-67 expression in LP Th17 cells (Control: 7= 6;
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Opal'L17aCre; = 3) PP (Control: n=7; Opal't-17aCre: 5= 4y and MLN (Control: n=

6; Opal'!L17aCre: n=3) 2 independent experiments. i) Th17 cell numbers (LP: 7= 3; PP;
Control: n=3; Opal'-17aCre: =4 MLN: n= 4). Mice were anti-CD3 immunized.j)

LP Th17 cell numbers (1= 4), k) ROR-yT expression (n= 4), I) surface expression
(CCR6, CXCR3: Control: n= 4; Opa1'-17aCre: p=3:1COS, CD27, CD103: n=4) and

m) Ki-67 levels (Control: n=9; Opa1'-17aCre: n=g, 2 independent experiments). Mice
were MOG immunized. n) Disease incidence, onset and peak disease (days, control'-17aCre:
n=16; Opal't17aCre: n=14, 2 independent experiments. o) Cell numbers (7= 8). p)
Neutrophil percentage (CD45*CD11b*Ly6G*, n=8). q) CCR6 and CXCR3 levels (7= 8).
r) Phosphorylated S6 and 4E-BP1 (CD4*TCRB*eYFP™cells). Plots and graphs summarize
results of at least two independent experiments, except noted otherwise. Data are means *
s.e.m. Two-sided Tukey’s test (a) or Sidak’s test (b, c, € i, I, q) or unpaired two-tailed #test
(h,j, k, m, o, p). Exact Pvalues are indicated.
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Extended Data Fig. 5|. Th17 cellsrely on OPA1 independent of metabolic activity.
a, b, ¢, d, CD4* Ty cells were cultured in Th and Treg conditions.

a) Bioenergetic profile (baseline OCR/ECAR, 1= 4 independent experiments). b) Glucose
and kynurenine uptake, phosphorylated S6 (7= 4) and 4E-BP1 (Thl: n=3, Th2,Th17,Treg:
n= 4 biological replicates). ¢) de novo protein and nascent RNA synthesis by O-propargyl
puromycin (OPP) and ribonucleoside ethynyl uridine (EU) incorporation, respectively (n=4
biological replicates). Cyclohexamide (CHX) and actinomycin D (ActD): negative controls.
d) Protein translation dependence on mitochondria (/eft, Thl, Th2: n=6; Thl7,Treg: n=

Nature. Author manuscript; available in PMC 2023 April 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baixauli et al.

Page 29

7 biological replicates) or glycolysis (right, Thl, Th2: n=7: Th17, Treg: n = 8 biological
replicates), 2 independent experiments. (€) OCR and ECAR (10 mM: n=8; 1 mM and

0 mM n= 4 biological replicates) and (f) IFN-y expression (/7= 3 biological replicates)

in cells cultured in Th1 conditions 3 days before overnight culture in RPMI with 10%
non-dialyzed FBS and decreasing glucose concentrations. g, h, i, CD4" Ty cells cultured
in Th17 np/p conditions. g) Bioenergetic profile (7= 4 biological replicates). h) de novo
protein synthesis (/eft, n= 7 biological replicates, 2 independent experiments) and nascent
RNA synthesis (right, np/p: n=4, ActD: n= 2 biological replicates). i) Protein translation
dependence on mitochondria (/efz, np: n=8: p: n= 3 biological replicates) or glycolysis
(right, np: n=8: p: n= 17 biological replicates, 2 independent experiments). Representative
plots and graphs summarize results of at least two independent experiments, except where
noted otherwise. Data are means + s.e.m. Two-sided Tukey’s test (b—€), Sidak’s test (f) or
unpaired two-tailed #test (h, i). Exact Pvalues are indicated.
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Extended Data Fig. 6 |. Multi-OMICS analysis of Th17 cellsupon OPA1 deletion.
Control and Opa1CP4CTe CD4* Ty, cells were cultured in Th17 conditions and the RNA

extracted and sequenced. a) Volcano plot shows differentially expressed genes (1518: log10
Pvalue < 3, log2 FC > 0.5). b) DAVID KEGG pathway analysis from differentially

up- (779) or downregulated (739) genes (FDR, false discovery rate). c) Control and
Opa1CPACre CDA4* Ty cells were cultured in Th17 conditions and proteins from whole cell
lysates extracted and analyzed (LC-MS). Left, volcano plot from differentially expressed
proteins (562: log10 Pvalue<1.3, log2 FC > 0.58). Middle and right volcano plots,
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protein expression in relation to OXPHOS and serine and glycine biosynthesis pathways,
respectively. d) Cellular ATP, AMP and AMP/ATP ratio by LC-MS (n= 4 per genotype,
day 4). e) Schematic of [U-13C]-Glucose and [U-13C]-Glutamine carbon allocation into
central carbon metabolites. f) Fractional labelling of palmitate with [U-13C]-Glucose (/ef?)
or [U-13C]-Glutamine (right) in control and OpaICPACre Th17 cells cultured 20 4 on day 3
with fully labelled subsrates (7= 4 per group). g) Control and OpaCP4€ CD4* Ty cells
were cultured in Th17 conditions 4 days and lipids extracted and analyzed (/7= 4 biological
replicates). Graph, FC of distinct lipid classes in OpaICP4Cre vs, control (HEXCER:
hexosylceramide, TG: triacylglycerades, LPI: lysophosphatidylinositol, DG: diacylglycerol,
PA: phosphatidic acid, LPE: lysophosphatidylethanolamine, PG: phosphatidylglycerol,
Cholesterol, PC: phosphatidylcholines, CER: ceramides, SM: sphingomyelin, PS:
phosphatidylserine, LPC: lysophosphatidylcholines, PE: phosphatidylethanolamine, Pl:
phosphatidylinositol, Sphingosine, LPS: lipopolysaccharide, CE: cholesterol esters, CL:
cardiolipins). Transcriptomics, proteomics and lipidomics were performed once (a,b: 7=

3; g: n= 4 biological replicates). Graphs summarize results of at least two independent
experiments in d, f. Data are means * s.e.m. Unpaired two-tailed #test (a, c, d, f, g). Exact P
values are indicated.
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Extended Data Fig. 7 |. OPA1 controls chromatin accessibility in Th17 cells. a) CD4* Ty cells.
a) CD4* Ty cells from control and OpaZCP4Cre mice were cultured in Th17 conditions for

1 day followed by 48 h incubation with inhibitors for histone acetylation and methylation,
and DNA methylation. IL-17A expression was analyzed by flow cytometry and results
show log2 FC of IL-17A MFI in inhibitor-treated vs vehicle-treated cells (n= 7 biological
replicates for all conditions except GSK: 7= 4 biological replicates). Graph combines data
from two independent experiments. Data are mean + s.e.m. Two sided Sidak’s test. Exact
Pvalues are indicated. b, ¢, d, e, CD4* Ty cells from control and Opa1CP4Cre mice were
cultured in Th17 conditions 4 days and the DNA extracted and processed for ATAC-seq

(n =3 biological replicates). b) Number of differentially accessible chromatin regions (FC
>2, p < 0.01). c) Genomic localization of the differentially regulated accessible chromatin
regions. d) HOMER motif TF analysis on regulated chromatin regions. €) GO term pathway
enrichment analysis from the differentially regulated accessible chromatin regions between
Opa1CP4Cre and control Thi7 cells (FC >2, p < 0.01).
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Extended Data Fig. 8 |. LKB1 deletion in OPAL reestablishes|L-17A expression.
LKB1 phosphorylation kinetics in CD4* Ty cells cultured in Th and Treg (a) and np/p

Th17 (b) conditions (Control: n= 4; OpaICP4Cre: s =3 biological replicates). ¢, d, ef g,

h Control and Opa1CP4Cre CD4* Ty cells transfected with Cas9 and indicated gRNASs. (c)
Immunoblot for LKB1 and OPA1. ACTIN: loading control, (d) IL-17A mRNA expression
(RT-PCR, n=17), (e) CD25, CD44,CD69 and Nur77 expression (1= 3), (f) ROR-yT
expression (7= 4), (g) cell proliferation (n=4), (h) and cell-cycle analysis (/7= 4, biological
and transfection replicates). i) Left, clinical disease score upon MOG immunization and
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at day 16 (Right), (control: n=8; Opal'-17aCre: n=7: and OpalStkiihef-17aCre: n=6
mice).j) CD4*TCRB*eYFP*cell frequencies, day 20 post-immunization (7= 6 mice). k)
Immunoblot for LKB1 and OPAL in CD4*TCRB*eYFP™ cells from control, Opa1'-17aCre
Stk11'-17aCre and Opa1Stk11'-17aCre mice. ACTIN: loading control. /) Left clinical disease
score upon MOG immunization and at day 16 (Right) (control: n=9; Opa1'-17aCre: n=7.
Stk11'-173Cre: = 6 and Opa1Stk11'-173C"e: n = 6 mice). m) CD4*TCRB*eYFP* SC cell
numbers (/7= 6 mice per genotype except Stk11'-17aCre: =5 mice) and n) IL-17A and
IFN-y expression, day 20 postimmunization (control: 7= 6 mice; Opal'“17Cre: n=5 mice;
Stk11'"-17Ce: =5 mice; OpalStk11'-17C': n=6 mice). Representative plots and graphs
summarize results of at least two independent experiments, except noted otherwise. Data are
means + s.e.m. Two-sided Sidak’s test (a, b, h, n) or Tukey’s test (d, e, f, g, 1, j, |, m) . Exact
Pvalues are indicated.
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Extended Data Fig. 9 |. LKB1 antagonizes OPA1 deficiency independent of mTOR and AMPK.
a) Immunoblot for phosphorylated and total AMPK and ACC in control and OpaCcP4cre

Th17 cells. ACTIN: sample processing control. Graph, relative signal intensity (n=4, 2
independent experiments). b) IL-17A expression in control and OpaCP4Ce CD4* Ty cells
cultured in Th17 conditions and Compound C from day 0 (dO) or from day 3 to 4 (d3)

and restimulated (7= 3). ¢) Left, immunoblot for AMPK and OPA1 in T cells transfected
with Cas9 and indicated gRNAs and cultured 5 days in Th17 conditions. ACTIN: sample
processing control. Right, 1L-17A expression in restimulated cells (n= 3 biological and
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transfection replicates). d) Expression of phosphorylated S6 (7= 8) and 4E-BP1 (n=7
biological and transfection replicates), 2 independent experiments. €) IL-17A expression
in T cells transfected with Cas9 and indicated gRNAs and cultured in Th17 conditions 2
days followed by 48 /A rapamycin treatment (7= 3 biological and transfection replicates).
f) Phosphorylated H2Ax expression (7= 6, 2 independent experiments). g) Cyclic AMP
(CAMP) levels (LC-MS, n =8, 2 independent experiments). h) Basal calcium levels (n=
8, 2 independent experiments). i) Mitochondrial ROS (mitoSOX, 7= 3). j) Control and
Opa1CP4Cre CD4* Ty cells cultured in Th17 conditions 1 day followed by 2 day inhibitor-
treatment. Graph, 1L-17A MFI log2 FC inhibitor-treated vs. vehicle-treated cells (n=7
biological replicates, except Tempol: 7= 4 and NAC: n= 3, 2 independent experiments).
Representative plots and graphs summarize results of at least two independent experiments,
except noted otherwise. Data (a—i) are means * s.e.m. Unpaired two-tailed #test (a, f, g, h,
i), two-sided Tukey’s test (b, ¢, d) or Sidak’s test (g, j). Exact Pvalues are indicated.
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Extended Data Fig. 10 |. LKB1 couples TCA cycle and serine metabolism to Th17 effector

function.

a) Principal component analysis (PCA) of the transcriptome of control and Opa1CP4Cre
CD4* Ty cells transfected with Cas9 and indicated gRNASs, cultured 4 days in Th17
conditions (7= 3 biological and transfection replicates). b) Volcano plots of the
differentially expressed genes (DEG, FC > 1, p-value < 0.001) for the comparisons:

control gStk11 vs. control gCt/ (feff) and OpaICPACreqStki1 vs. OpaICPACreq Ct (right).
Blue dots annotate the highest 40 DEG. c, d, KEGG pathway and Gene Ontology (GO)
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annotation analysis from DEG (FC>1, p-value<0.001) between (c) control gStk11 vs.
control gCt/or (d) Opa1CP4CreqStk11 vs. OpaICP4Creq . €) Intracellular serine in control
and OpaICP4Cre CD4* Ty cells transfected with Cas9 and indicated gRNAs (7= 6
transfection replicates, 2 independent experiments) by LC-MS. f) Left, schematic shows
2-HG production from primary and promiscuous enzymatic reactions and the inhibitors
used for targeting its production. Right. CD4™ Ty cells from control and Opa1CDACre

mice were cultured under Th17 conditions for 1 day followed by 48 / inhibitor treatment.
IL-17A expression was analyzed by flow cytometry in restimulated cells and expressed

as log2 FC inhibitor-treated vs. vehicle-treated cells (CBR, AGI, NHI-2, GSK864: n=

7 per group; BAY, LW6: n= 3 per group). Graph summarizes data from 2 experiments.

0) Kinetics of fractional labelling of glutamate (m + 5), a-ketoglutarate (m + 4), malate

(m + 4) and fumarate (m+4) in control and OpaI®P4Cre CD4* T cells transfected with
Cas9 and indicated gRNAs cultured for 4 days in Th17 conditions and incubated with
[U-13C]-Glutamine for the indicated times (/7= 3 biological and transfection replicates).
Data are means + s.e.m. Two-sided Sidak’s test (f) or Tukey’s test (e, g). Exact Pvalues are
indicated.
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a, Representative live-cell spinning disk microscopy images showing mitochondria (GFP,
green) and nuclei (Hoechst 42, blue) in CD4* T cells from PhAM mice cultured in T helper
(Th) and Tyeq cell conditions on day 4. Two separate experiments. b, Immunoblot of OPAL,
MFN2, MFN1, DRP1 (left) and ratio of |- and s-OPA1 isoforms (right) in Ty, T and

Treg T cells on day 4. Tubulin is used as a sample processing control. ¢, Kinetics of OPA1
isoforms during Ty and T differentiation. In b,c, Ty1, Ty2 and Ty17: 7= 5 biological
replicates, Tyeg: /7= 4 biological replicates and 3 independent experiments. d, Electron
microscopy (left) and width of mitochondrial cristae (right). Control Tyl: 7= 442, control
Ty2: =401, control Tyl7: n=418, control Tyeq: /1= 421, Opal?#e Tyy1: n=615,

OpalC™-e 1 p: n= 786, Opal®™ € Ty17: n=554 and Opalco#ce T,y

: n= 433 cristae,

and 3 biological replicates. Data are shown as individual measurements and geometric mean
(red bar). e, Left, oxygen consumption rate (OCR) on addition of oligomycin (oligo), fluoro-
carbonyl cyanide phenylhydrazone (FCCP) and rotenone plus antimycin A (Rot + AA) (n

= 7injections, 3 biological replicates). Right, baseline OCR, ATP-coupled respiration and
maximal respiration (n7 = 3 independent experiments). f, Basal glycolytic rate and total
glycolytic capacity (/7= 4 biological replicates), measured by extracellular acidification rate
(ECAR). g, Cells expressing IFN+y, 1L-17A, GATA3 and FOXP3 following restimulation

(n = 4 biological replicates). The percentage of cells in each quadrant is indicated. h, Heat
map of cytokine expression in the supernatant of indicated cells types, shown as log, fold

Nature. Author manuscript; available in PMC 2023 April

01.

RORy TAPC gMFI

TBET PE-Cy7 gMFI

P=0.0012

== Control
. Opaf Cdd-cro

I Control
W OpgCad-ce

P=0.0037




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Baixauli et al.

Page 43

change (FC) (n = 3 biological replicates). i, TBET and ROR-yT expression (/7= 4 biological
replicates). gMFI, geometric mean fluorescence intensity. Representative plots and graphs
summarize results of at least two independent experiments except where noted otherwise.
Data in b,c,e-g,i are mean + s.e.m. Two-sided Tukey’s test (b,d), Dunnett’s test (c), Sidak’s
test (e,f) or unpaired two-tailed f-test (g,i). Exact P-values are indicated.
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Fig. 2 |. OPA1 deficiency in IL-17A-expressing cellsameliorates Ty17-mediated autoimmune

pathogenesis.

a, Immunoblot of CD4*TCRp™ cells expressing enhanced yellow fluorescent protein
(eYFP) (T17 cells) isolated from control and Opa1//174-ce reporter mice. Actin is used
as a loading control. b, Surface markers on CD4*TCRB*eYFP* cells and CD4* Ty
cells (CD4*CD441owC D621 Nig") from small intestine lamina propria. ¢, Frequency of live

CD4*TCRB*eYFP* cells in the small intestine lamina propria (LP) (control: 7= 10,
Opa1''l7a-cre: n =10 mice), Peyer’s patches (PPs) (control: n=7, Opa1t7a-cre: p=10
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mice) and MLN (control: 7= 8, Opa1/17a-¢cre. n= 10 mice), 2 independent experiments.
d,e, Mice were injected with anti-CD3 antibody every 48 h for 100 h. Frequency

of CD4*TCRB*eYFP* cells (7= 5 mice) (d) and IL-17A expression in restimulated
CD4*TCRB*eYFP* cells (€) (control: n= 7, Opal'7a-ce. = 8 mice, 2 independent
experiments). f, Mice were immunized with myelin oligodendrocyte glycoprotein (MOG)
peptide and monitored for clinical disease score (1= 7 mice per group). g, Frequency of
CD4*TCRB*eYFP* cells from brain, spinal cord (SC) and draining lymph nodes (dLNs)
20 days after immunization (7= 8 mice per genotype, 2 independent experiments).

h, Expression of IL-17A and ienr in brain CD4*TCRB*eYFP* cells (control: 7= 13,
Opal1ll7a-cre. n= 9 mice, 2 independent experiments). i—k, Expression of RORyt and TBET
(i; n=6 mice per genotype), Ki67 (j) and active caspase-3 (k) (/= 8 mice per genotype, 2
independent experiments) in CD4*TCRB*eYFP™ cells from brain (i) and spinal cord (j ,k).
Representative plots and graphs summarize results of at least two independent experiments,
except where noted otherwise. Data are mean * s.e.m. Two-sided Sid&k’s test (c,f*h) or
unpaired two-tailed #test (d,e,i‘k). Exact P-values are indicated.
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Fig. 3|. OPA1 modulatesthe TCA cycle and 2-HG for epigenetic control of T17 cell function.
a, ingenuity pathway analysis of differentially regulated proteins (Opa1€%-¢"&ersus control

TH17 cells; logyo(P-value<l.3, log,FC >0.58)). b, Volcano plot of metabolite levels
determined by liquid chromatography—mass spectrometry (LC-MS) analysis. The plot shows
metabolites that are increased (blue) or decreased (red) in Opa1€?4-<¢ versus control
TH17 cells; FC>0.5 and logg(P-value) > 1. GSSG, oxidized glutathione. ¢, Heat map
showing metabolite levels (log,FC) in control and Opa1€@4-cre T,417 cells. d, Cellullar
NADH/NAD*(left) and aspartate (right), determined by LC-MS. e, Schematic of central
carbon metabolism. 3-PG, 3-phosphoglycerate; OAA, oxaloacetate. f, Fractional labelling
of metabolites in T17 cells cultured for 20 h with fully-labelled U-[*3C]glucose on day

3 (left, n= 4 biological replicates per group) or U-[13C]glutamine (right, control: 7= 3,
Opal€a4-cre. n = 4 biological replicates). Colours along the top of the graph correspond

to the scheme in e. g, Fractional labelling of serine and glycine from U-[13C]glucose. h,
intracellular serine and glycine levels, determined by LC-MS. i, Fractional labelling of
2-HG from U-[13C]glutamine. j, IL-17A expression in CD4* T cells cultured for 4 days in
Tw17 conditions after overnight treatment with metabolites (n= 6 biological replicates,

2 independent experiments). 2-OG, 2-oxoglutarate. k, Cell numbers (#7= 7 biological
replicates) and cytokine and transcription factor expression (17 = 8 biological replicates)

in cells cultured for 3 days in Ty17 conditions with D-2-HG (black) or L-2-HG (blue) for
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the last 48 h, 2 independent experiments. /, Acetylation and methylation status of histone H3
lysine 4 (H3K4), lysine 9 (H3K9) and lysine 27 (H3K27) and DNA methylation. 5mC, 5-
methylcytosine. m, Accessible chromatin regions as indicated by ATAC-seq. Representative
plots and graphs summarize results of at least two independent experiments. Arrows indicate
differentially accessible chromatin regions. a,g,i, 7= 3 biological replicates. b—d,h,l, 7

= 4 biological replicates. Data in d,f—I are meants.e.m. Two-sided 3idak’s test (f,g,i k),
Dunnett’s test (j) or unpaired two-tailed £test (d,h,l). Exact P-values are indicated. *P<0.05,
****P<(0.0001.
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Fig. 4|. LKB1 couples TCA cycle and de novo serine metabolism for 2-HG production.
a, Top upstream regulators of differentially regulated proteins (Opal<@4-¢"¢ versus control

Tn17 cells; logig(P-value < 1.3, log,FC > 0.58, Ingenuity pathway analysis)). b,
Immunoblot (left) and quantification (right) of LKB1 phosphorylation and expression (7
=5 biological replicates, 2 independent experiments). Actin is used as a sample processing
control. ¢, 1L-17A expression in T cells transfected with Cas9 and indicated guide RNAs
(gRNAS). gCitl, control guide RNA; gStk11, Stk11-targeting guide RNA. d, Basal OCR.

e, Electron microscopy image (left) and width of mitochondrial cristae (right) (control
gCtl: n=214; control gStk11: n= 271, OpalCa4-cre gCtl: n= 236; Opa1C@4-cre gStk1l:

n= 257 cristae, 3 biological replicates). Data are shown as individual measurements and
geometric mean (black bar). f, 1L-17A expression in T cells transfected with Cas9 and
indicated gRNAS, cultured in Ty17 conditions for four days and treated overnight as
indicated. g, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway annotation

of differentially expressed genes (Opal€d4-cre gStkll versus Opa1¢@4-cre gCtl, £<0.001,
log,FC > 1). h, Immunoblot in Ty17 cells transfected with Cas9 and indicated gRNAS.
Two replicate transfections shown . i, Detection of serine (m+3) in cells cultured for 6

h with U-[13C]glucose. j, 1L-17A expression in cells treated for 20 h with CBR-5884

on day 2. k, Detection of 2-HG (m+5) fractional labelling from U-[13C]glutamine. I,m,
Intracellular NADH (1), succinate, fumarate, malate and 2-HG (m) detection by LC-MS. n,
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2-HG (m+5) in cells cultured with U-[13C]glutamine. o, 1L-17A expression in Opa1¢@4-cre T
cells transfected with Cas9 and indicated gRNAs, cultured in T17 conditions for four days
and treated overnight as indicated. Representative plots and graphs summarize results of at
least two independent experiments, except where noted otherwise. Data a,d,e,g,i,k-0: 7=3
biological replicates per group; c,f,j: n= 4 biological replicates per group. Data in b—d,f,i-0
are mean + s.e.m. Two-sided Sidak’s test (b,f), Tukey’s test (c‘e,i‘n) or Dunnett’s test (0).
Exact P-values are indicated.

Nature. Author manuscript; available in PMC 2023 April 01.



	Abstract
	TH17 cells have fused mitochondria
	OPA1 is needed for IL-17 production
	OPA1 sustains TH17 cells in vivo
	TH17 cells need OPA1 independent of energetics
	OPA1 affects glutamine flux and 2-HG
	Altered metabolism affects chromatin
	LKB1 responds to OPA deficiency
	LKB1 deletion restores IL-17
	The OPA1–LKB1 axis regulates TCA and 2-HG
	LKB1 coordinates TCA, NADH and 2-HG
	Discussion
	Methods
	Animal models
	T cell assays
	CRISPR–Cas9 delivery
	Metabolic assays
	Immunoblot analysis
	Imaging analysis of mitochondrial structure
	Mouse EAE model
	Mouse CD3 model
	Flow cytometry
	Quantitative PCR analysis
	RNA-sequencing analysis
	ATAC–seq
	Metabolite extraction
	LC–MS analysis
	GC–MS analysis
	Lipidomics
	Proteomics
	Sample preparation.
	Construction of DIA spectral library.
	Mass spectrometric acquisition.
	Data analysis.

	Statistical analysis
	Reporting summary

	Extended Data
	Extended Data Fig. 1 |
	Extended Data Fig. 2 |
	Extended Data Fig. 3 |
	Extended Data Fig. 4 |
	Extended Data Fig. 5 |
	Extended Data Fig. 6 |
	Extended Data Fig. 7 |
	Extended Data Fig. 8 |
	Extended Data Fig. 9 |
	Extended Data Fig. 10 |
	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |

