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Tregs can adopt a catabolic metabolic program with increased capacity for fatty acid oxidation-
fueled oxidative phosphorylation (OXPHOS). It is unclear why this form of metabolism is favored

in Tregs and, more specifically, whether this program represents an adaptation to the environment
and developmental cues or is “hardwired” by Foxp3. Here we show, using metabolic analysis and
an unbiased mass spectroscopy-based proteomics approach, that Foxp3 is both necessary and
sufficient to program Treg-increased respiratory capacity and Tregs’ increased ability to utilize fatty
acids to fuel oxidative phosphorylation. Foxp3 drives upregulation of components of all the electron
transport complexes, increasing their activity and ATP generation by oxidative phosphorylation.
Increased fatty acid B-oxidation also results in selective protection of Foxp3* cells from fatty acid-
induced cell death. This observation may provide novel targets for modulating Treg function or
selection therapeutically.

Introduction

A central requirement of a functional immune system is that tolerance of host tissues is maintained, while
sterilizing immunity to pathogenic microorganisms is achieved to pathogenic microorganisms. Tregs
expressing the transcription factor Foxp3 play a fundamental role in maintenance of tolerance (1-3). Tregs
develop in the thymus (nTregs) (1-3) and in the periphery (pTregs) (4, 5). Additionally, Tregs can be gener-
ated by ectopically expressing Foxp3 constructs in a T cell line (cTreg) (3, 6, 7). They can also be induced
in vitro by activation in the presence of TGF (iTreg) (8, 9). Foxp3 expression can be induced in peripheral
naive T cells by TGFp in multiple contexts, such as in low glucose and high lipid concentrations (10),
conditions of subimmunogenic antigen presentation (11), or decreased essential amino acid concentration,
which permits Treg induction partially via mTOR inhibition (10, 12).

Tregs have altered metabolism compared with conventional T cells. Foxp3* Tregs isolated directly from
mice show an increase in fatty acid—fueled oxidative phosphorylation (OXPHOS) (13) and increased spare
respiratory capacity (SRC) when compared with naive CD4 T cells (14). SRC is the extra respiratory capac-
ity available to the cell to be used upon increased energy demand.

Because Foxp3 induction occurs in many different cellular contexts, it is unclear to what extent the
Treg metabolic phenotype is directed by Foxp3 alone rather than other elements of the microenvironment
wherein they are generated. Two major unaddressed questions remain. Firstly, whether increased SRC and
fatty acid metabolism are simply adaptations in response either to direct environmental triggers such as
TGFB or to indirect cues driven by inhibition of mTOR, or whether Treg, in otherwise replete nutrient con-
ditions, are somehow ‘“hardwired” to use lipid-fueled OXPHOS. Second, what is the physiological purpose
for increased fatty acid oxidation by Tregs? Answering these questions may help an understanding of the
relationship between the immunological function and metabolic capacity of the Treg subsets.

Several groups, including ours, have reported global transcriptome comparisons of Foxp3* and Foxp3~
CD4* T cells (6, 15-18). ChIP-chip analysis suggests that Foxp3 binds to the promoters of approximately
1,200 genes (17), the majority being suppressed by Foxp3 in activated T cells (Tact). Such studies have
proven limited in revealing the cell biological changes that Foxp3 exerts at the transcriptional level. To date,
there have been no reported attempts to characterize the proteome controlled via Foxp3, as opposed to a
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more general Treg/Teff comparison. This is mostly due to technical limitations of mass spectrometry, as
well as a lack of suitable cellular systems to dissect Foxp3 effects from those of T cell activation and the
influential cytokine TGFp. To address this, we designed an unbiased mass spectrometry/gene set enrich-
ment-based approach to identify common groups of proteins modulated by Foxp3 expression in all Treg
types analyzed, irrespective of activation or TGFf exposure.

We show, for the first time to our knowledge, that nuclear Foxp3 function is sufficient to program
upregulation of multiple electron transport components. This increases SRC and OXPHOS activity for
multiple substrates, including lipids in T cells. It does this in conditions replete for glucose (20 mM) and
amino acids, and independently of exogenous TGFB or mTOR inhibition, although the latter is an addi-
tive signal for OXPHOS. Subsequent increased fatty acid metabolism results in reduced sensitivity to fatty
acid—induced apoptosis, which is reversible by inhibition of fatty acid catabolic enzymes. These data imply
that Tregs are programmed by Foxp3 to have flexibility in fuel choice, in addition to gaining a survival
advantage in environments with elevated fatty acids.

Results

Foxp3 programs alterations in metabolic flux in Tregs. We first asked whether Foxp3 was sufficient to alter the
capacity for OXPHOS and glycolysis in Tregs (10, 13, 14, 19, 20). We compared iTregs with Tact and
Foxp3* (TGF Foxp3*) CD4* T cells from iTreg cultures with Foxp3~ (TGFf Foxp3-) cells from the same
culture. The Foxp3~ cells are those CD4" T cells that did not become Foxp3* in the presence of DCs, cog-
nate peptide, and TGFp, and thus represent a good control for metabolism changes controlled by TGFf
alone in the absence of Foxp3 expression. For these experiments, we used T cells from the Foxp3 reporter
mouse Marilyn.RAG~”"Foxp3hCD2/CD52knockin (henceforth called MARKI). Using the Seahorse bio-
analyzer, we observed that Tact and Foxp3* iTregs had an elevated basal respiration rate when compared
with Foxp3™ T cells from iTreg cultures, as demonstrated by a 25% increased oxygen consumption rate
(OCR), an indicator of increased OXPHOS (Figure 1A). Upon addition of oligomycin, to inhibit the ATP
synthase, OCR decreased to the same extent in all 3 cell types, indicating that OXPHOS was fully coupled
to ATP synthesis in these cells. Uncoupling of the electron transport system (ETS) from OXPHOS using
the protonophore Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) reveals the maximal
respiratory capacity of the cell.

Foxp3* iTregs had approximately twice the maximal respiration of Foxp3~ Tact, and 70% more respi-
ratory capacity than the TGFB-experienced cells that were Foxp3~ (Figure 1A). In addition, TGFp experi-
enced cells — Foxp3* more than Foxp3~— had higher SRC (i.e., uncoupled FCCP-induced capacity minus
basal capacity) than Tact. These data suggest, perhaps, that TGFB-induced Foxp3 may be necessary for the
observed increase in SRC in iTregs. To test whether the presence of nuclear Foxp3 alone was sufficient to
drive a significant increase in mitochondrial respiration, we used cFoxp3 expressing EL4 T cells. EL4 T
cells expressing a tamoxifen (4’hydroxy-tamoxifen, 4’HT) conditional eGFP-Foxp3-ERT (cFoxp3; EL4T.
cFoxp3)) construct were cultured with or without 4’HT. In this stable cell line, administration of 4'HT
results in rapid nuclear localization of cFoxp3, without exogenous TGF or mTOR inhibition (Figure 1B).
Addition of 4’HT to EL4 cells not expressing the conditional Foxp3 construct had no discernible effect on
metabolism (unpublished results). EL4.cFoxp3 cells had equivalent expression of Foxp3 to natural Tregs
(Figure 1B, right panel). Nuclear Foxp3 alone, driven by tamoxifen, was sufficient to induce a significant
increase in mitochondrial respiration, with increased ATP production in cFoxp3-expressing EL4 T cells
exposed to 4’HT but not in control EL4 cells. However, in EL4 cells, 4HT did not drive the increase in
SRC (Figure 1C). The augmented OXPHOS induced by Foxp3 required continued Foxp3 expression in the
nucleus. EL4.cFox3 cells cultured for 5 days in the presence of 4’HT had increased OXPHOS. Removal of
4’HT at day 5 led to a reduction in OXPHOS to untreated levels at day 7 (Figure 1D). No significant differ-
ence in glycolysis, as measured by extracellular acidification rate, was seen in cFoxp3-expressing EL4 cells
or the parental EL4 cell line following 4’'HT treatment compared with untreated cells (Figure 1, E and F).
Foxp3 comprises 4 separate subdomains with different functions, the proline rich domain (ProR), the zinc
finger (ZnF), the coiled coil (CC) domain, and the forkhead (FKH) domain (Figure 1G). Although much
emphasis has been placed on the FKH domain for function due to many IPEX mutations lying in that
region, recent evidence shows that the ProR, primarily responsible for cofactor recruitment, is required for
much of Foxp3-mediated gene regulation (21). We expressed Foxp3 with a complete deletion of the FKH
domain (Foxp3AFKH) or ProR (Foxp3AProR) in EL4 T cells. This revealed a requirement for both regions
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Figure 1. Foxp3 drives an increase in mitochondrial respiration. (A) Oxygen consumption rate (OCR), a measure of 0XPHOS, in flow cytometry-sort-
ed Marilyn.foxp3hCD2 knockin Foxp3* iTreg compared with Foxp3- cells or Marilyn.foxp3hCD2 knockin T cells activated (Tact) in the absence of TGFp.
Results representative of 3 separate experiments. Means +SD. *P < 0.05 by 2-way ANOVA. (B) Left panel; EL4.cFoxp3 cells were cultured overnight
with or without 50 nM 4'HT. Measurement of nuclear versus cytoplasmic eGFP by Imagestream. The percentage similarity for 7AAD and eGFP (Foxp3)
was measured for EL4.cFoxp3 without (green histogram) and with (red histogram) 4'HT treatment. Right panel: Foxp3 expression in EL4, EL4.cFoxp3,
Tact, CD4* T cells from iTreg induction cultures and nTreg. (C) OCR of cFoxp3-expressing EL4 cells with and without 4’'HT for 48 hours, compared with
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EL4 cells without the cFoxp3 construct. Results representative of 3 separate experiments. Means + SD. *P < 0.05 by 2-way ANOVA. (D) OCR of EL4.
cFoxp3 cells cultured for 5 days in the presence or absence of 4'HT (first 2 bars). The cells were washed at day 5 and cultured for a further 2 days with

or without (washout) 4'HT. 7d cFoxp3 indicates cells cultured for 7 days without 4'HT; 7d cFoxp3 + 4'HT indicates cells cultured for 7 days with 4'HT.
Results representative of 2 separate experiments. Boxes span 25th to 75th percentiles, whiskers represent minimum and maximum values, and hori-
zontal line shows median. ***P < 0.0001 by 2-way ANOVA. (E and F) Extracellular acidification rate (ECAR) in cFoxp3-expressing EL4 cells and EL4 cells
without cFoxp3 with or without 4'HT. ECAR in response to glucose, oligomycin, and 2’deoxyglucose (2DG) after 48 hours with or without 4'HT. Results
representative of 3 separate experiments. Means + SD. (G) Top panel: EL4 cells transfected with retroviral constructs encoding Foxp3, Foxp3 lacking the

forkhead domain “Foxp3AFKH", or

Foxp3 lacking the proline-rich region “Foxp3AProR”. Empty vector was used as a negative control. ProR, proline-rich

region; ZnF, zinc finger; CC, coiled coil region; FKH, Forkhead region. Middle panel: OCR of EL4 cells transfected with the indicated constructs. Data
represent percentage change relative to empty vector, pooled results of 2 separate experiments. **P < 0.005, Student’s t test. Bottom panel: ECAR of
EL4 cells transfected with the indicated constructs, pooled results of 2 separate experiments. Boxes span 25th to 75th percentiles, whiskers represent
minimum and maximum values, and horizontal line shows median.

in intact Foxp3 to impart the augmented respiration (Figure 1G, middle panel), but the measurements had
no effect on glycolysis (Figure 1G, bottom panel). This result suggests that, in order for Foxp3 to program
increased OXPHOS, it requires both direct DNA binding and recruitment of ProR binding partners. Taken
together, these experiments show that Foxp3 expression alone drives increased ETS capacity, leading to an
increase in both basal respiration and in SRC.

Foxp3-mediated OXPHOS and mTOR activation. mTOR, a serine threonine kinase, is the major nutrient
sensor of the cell and, upon activation, can induce cells to upregulate glycolysis and anabolic metabolism
(22). We asked whether Foxp3-controlled mitochondrial respiration might require mTOR in cFoxp3-ex-
pressing EL4 cells. First, we titrated the concentration of rapamycin in EL4 and EL4.cFoxp3 cells to find
the optimal amount to inhibit mTOR activation. We found that 5nM decreased ribosomal S6 protein phos-
phorylation to an equivalent extent in both cell lines (Supplemental Figure 1A; supplemental material
available online with this article; https://doi.org/10.1172/jci.insight.89160DS1). An equivalent sensitivity
to rapamycin is seen in natural Tregs and Tconv (Supplemental Figure 1C).

Inhibition of mTOR, confirmed by decreased phospho-S6 (Supplemental Figure 1B), resulted in a
small increase in basal respiration in cFoxp3-expressing cells (Figure 2A), but 4’HT and rapamycin treat-
ment combined to significantly increase both the basal respiration and the SRC in cFoxp3-expressing cells
(Figure 2A) in an additive fashion. Thus, mTOR inhibition and Foxp3 expression in EL4 cells can work in
concert to increase OXPHOS, but mTOR inhibition is not essential for Foxp3 to enhance OXPHOS. Next,
we investigated the role of mTOR activation in Foxp3-mediated OXPHOS regulation in TGFp-treated pri-
mary T cells from MARKI mice. Cells activated for 7 days with cognate antigen in the presence or absence
(Tact) of TGFp were flow sorted based on surface human CD?2 prior to 24 hours of rapamycin treatment.
In primary T cells, basal rates of OXPHOS were inhibited by mTOR inhibition irrespective of TGFf expo-
sure (Figure 2, B-D), although basal and maximal rates of OXPHOS were higher in Foxp3-expressing
cells. The degree of SRC was significantly different between Tact and TGFp-exposed cells. Rapamycin
inhibited SRC in TGFp-exposed cells but moderately enhanced SRC in Tact. These data suggest that the
mechanism of augmented OXPHOS induced by Foxp3 expression is independent of the status of mTOR
activation.

OXPHOS fueled by fatty acid p-oxidation is enhanced by Foxp3 expression. The mitochondrial ETS can
accept electrons from various substrates at multiple sites on the 5 constituent complexes (Figure 3A).
We tested whether Foxp3 expression was responsible for augmenting the activity of all ETS members
or whether some complexes were more responsive to their substrates than others in Foxp3-expressing
cells. EL4.cFoxp3 cells treated or not with 4’HT, and suspended in buffer with no respiration substrates,
were treated with digitonin to selectively permeabilize the plasma membrane, thus allowing respiration
substrates to leak out of the cell. Cells were then supplied with substrates for electron transport complex
I, fatty acids or pyruvate; II succinate; and IV, N,N,N’ N’-Tetramethyl-p-Phenylenediamine (TMPD) in
ascorbate (Figure 3A). OXPHOS increased in response to addition of each of these ETC substrates to a
greater degree in EL4.cFoxp3 cells following 48 hours of 4’HT treatment (Figure 3B). This increase is
probably not due to changes in mitochondrial number, as 4’HT was not found to change the mitochondri-
al/genomic DNA ratio (Supplemental Figure 2A). Thus, Foxp3 expression is alone sufficient to increase
the cell’s ability to drive OXPHOS in response to multiple substrates, including fatty acids. Tregs have
been shown to be preferentially induced in conditions where glucose metabolism is inhibited and fatty
acids are abundant (10). EL4 cells (Figure 3C) and EL4.cFoxp3 cells (Figure 3D) were treated with 4'HT
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Figure 2. mTOR inhibition and Foxp3 expression act independently to regulate OXPHOS. (A) Basal and spare respiratory
capacity (SRC) of EL4.cFoxp3 T cells following 4'HT, rapamycin, or combination 4’'HT+rapamycin treatment for 48 hours.
Results representative of 3 experiments. In all panels, boxes span 25th to 75th percentiles, whiskers represent minimum
and maximum values, and horizontal line shows median. *P < 0.05 by Student’s t test. (B) Basal and SRC of activated
Marilyn.foxp3hCD2 knockin CD4* T cells (Tact). Cells were activated for 7 days with DCs and peptide before flow sorting
and overnight treatment with 5 nM rapamycin. Results representative of 2 experiments. (C and D) Basal and SRC of
activated Marilyn.foxp3hCD2 knockin CD4* Foxp3* and Foxp3~ T cells. Cells were activated for 7 days with DCs and peptide
in the presence of TGFp before flow sorting for CD4 and CD2 and overnight treatment with 5 nM rapamycin. Results rep-
resentative of 2 experiments. *P < 0.05 by Student’s t test.

for 48 hours prior to treatment with combinations of BSA-conjugated palmitate (a long-chain fatty acid)
and etomoxir (an inhibitor of the transporter carnitine palmitoyl transferase 1A [cptla]), which inhibits
uptake of palmitate into the mitochondrion. Addition of etomoxir inhibited OXPHOS in EL4.cFoxp3
cells but not in EL4 cells in the absence of exogenous fatty acids (Figure 3D). This implies that nuclear
Foxp3 expression enables these cells to metabolize endogenous fatty acids. Addition of BSA-palmitate
significantly increased maximal respiration (“0” versus “palm” black bars) in EL4.cFoxp3 cells in an eto-
moxir-reversible fashion but did not do so in the parental cell line. This shows that Foxp3 drives a prefer-
ential increase in the metabolism of fatty acids in these cells. Addition of palmitate or etomoxir had a neg-
ligible effect on glycolysis in EL4 or EL4.cFoxp3 cells (data not shown). Thus, Foxp3 augments OXPHOS
fueled by fatty acids in cells that had been grown in the presence of sufficient glucose and amino acids.
Foxp3 expression induces increased transcription of multiple mitochondrial protein—encoding genes. To investi-
gate whether Foxp3 expression results in upregulation of components of OXPHOS at the mRNA level,
we used quantitative PCR (qPCR) arrays. We isolated mRNA of flow sorted Foxp3* and Foxp3- cells from
iTreg induction cultures. Foxp3~ were those cells exposed to TGFf that did not convert to Foxp3*, around
30%-50% of the cells in an iTreg in vitro induction culture. We compared Foxp3-mediated changes in these
cells with those observed in cFoxp3-expressing EL4 cells treated or not with 4’HT. In this way, we aimed to
discriminate between those transcripts controlled by Foxp3 from those modulated by TGFf independently
of Foxp3. mRNA was analyzed using commercial gPCR arrays based on mitochondrial and glycolysis
pathway—associated protein transcripts. Foxp3 was found to drive a significant upregulation of the 84 mito-
chondrial-associated gene transcripts at the population level (Figure 4, A—C). There was, however, a wide
variation in transcript numbers between the genes for different ETS subcomponents, and many genes were
slightly downregulated (Figure 4C). Additionally, the concordance between EL4 and primary T cells was
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quite weak, with many transcripts being regulated in opposite ways between the two cell types. Nuclear
Foxp3* cells from EL4.cFoxp3 cultures displayed significantly higher expression of components of all 5
complexes of the ETS: ndufabl (complex 1), sdha (complex II), ugcrcl (complex I1I1), cox4i2, cox6b2, cox7a2,
cox8c (complex 1V), and atp4b (complex V) compared with non-4’HT-treated cells, implying that at least
some of these complexes may be under direct transcriptional control. We performed a new gene set enrich-
ment analysis on microarray data (previously published in Regateiro et al.; ref. 6). Comparison of MARKI
Foxp3* and Foxp3~iTregs with Foxp3~~ CD4* T cells cultured in identical conditions showed that only the
Foxp3* iTregs were enriched in transcripts associated with Treg signatures, including FOXP3, NRP1,and
SELL, as expected (Supplemental Figure 3). There was also a significant association with genes involved
in metabolism of lipids (Gene Ontology classification, “cellular lipid metabolic processes”), but gene sets
associated with glycolysis and oxidative phosphorylation did not reach statistical significance. These data
point to a general role for Foxp3 in enhancing transcription of OXPHOS genes in the absence of additional
polarizing signals, but clear differences exist between EL4 and primary T cells.

The proteome of cells expressing Foxp3 is enriched for mitochondrial ETS proteins. The global correlation
between mRNA transcript number and protein abundance is generally weak in most cells (reviewed in ref.
23). Because of this, and because of the differences in Foxp3-influenced ETS mRNA seen between EL4
and primary T cells, we investigated Foxp3-influenced changes at the protein level. We quantified the global
proteomic landscape of mouse Tregs governed by Foxp3 expression with 3 comparative quantitative mass
spectrometry experiments (Figure 5SA and Supplemental Figure 4A). First, to compare iTregs with Tact,
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G6pdx Phkg1 Besil Ndufs3
Galm Phkg2 Cox11 Ndufsd
Gapdhs Pkir Coxdil Ndufs5
Ghel Prpsl Cox4i2 Ndufsé
Gek Prpsill Cox5a Ndufs7
Gpil Prps2 Cox5b Ndufs8
Gsk3a Pygl Cox6al Ndufvl
Gsk3b Pygm Cox6a2 Ndufv2
Gysl Rbks Cox6b1 Ndufv3
Gys2 Rpe Cox6b2 Oxall
Hépd Rpia Coxbe Ppal
Hk2 Sdha Cox7a2 Ppa2
Hk3 Sdhb Cox7a2l Sdha
Idh1 Sdhe Cox7b Sdhb
Idh2 Sdhd Cox8a Sdhe
Idh3a Sucla2 Cox8c Sdhd
Idh3b Suclg1 Cycl Uqgerll
ldh3g Suclg2 Lhpp Ugerel
Mdh1 Taldo1 Ndufal Ugere2
Mdh1b Tkt Ndufal0 Ugerfsl
Mdh2 Tpi1 Ndufall Ugerh
Ogdh Ugp2 Ndufa2 Ugerg

Figure 4. Foxp3 exerts transcriptional control on multiple mitochondrial genes. Comparison of Foxp3 positive and negative T cells polarized under

iTreg conditions and EL4 cells expressing conditional Foxp3 treated with and without tamoxifen by gPCR array. Data for A-C represent the mean of gPCR
performed separately on 3 biological replicates, then pooled. (A) Comparison of the fold change of all the glycolytic gene set transcripts with the mitochon-
drial component gene set transcripts in Foxp3 positive and negative iTreg by 2-way ANOVA. Boxes span 25th to 75th percentiles, whiskers represent mini-
mum and maximum values, and horizontal line shows median. “X" marks mean, ***P < 0.005. (B) Comparison of the fold change of all the glycolytic gene
set transcripts with the mitochondrial component gene set transcripts in nuclear Foxp3* versus cytoplasmic Foxp3* EL4 T cells by 2-way ANOVA. Boxes
span 25th to 75th percentiles, whiskers represent minimum and maximum values, and horizontal line shows median. “X” marks mean, ***P < 0.005. (C)
Heat map of gPCR array data. Glycolysis- and mitochondrial-associated genes, as well as their fold changes, are listed. EL4 fold change indicates the ratio
of 4’HT to non-4'HT-treated cells. iTreg fold change indicates the ratio of CD2*RAG~/-Marilyn.Foxp3hCD2 to CD2cells. Red indicates transcripts with a ratio
>1.00, and green indicates transcripts with a ratio <1.00. tam, tamoxifen.

insight.jci.org

Foxp3* CD4" T cells from iTreg cultures using T cells from MARKI mice were compared with activated
cells in the absence of TGFf. Using GSEA comparison of iTregs with Tact MARKI T cells revealed in
iTregs an upregulation of OXPHOS-associated proteins, with the most significantly enriched gene set being
“respiratory electron transport” (Figure 5, B and C, left panel). The leading edge proteins, those contribut-
ing most to the significance of the association, included proteins of the mitochondrial ETS complex I (the
NDUFs), complex II (SDHA, SDHB), complex III (CytB), and complex IV (COX2, COX5A). To distin-
guish between the effects of TGFf versus Foxp3 expression on this result, the second experiment made a
comparison of Foxp3 positive and negative cells from MARKI iTreg cultures in the same manner (Figure
5, B and C, middle panel). The most significant gene set association in the iTreg Foxp3* versus Foxp3~
comparison was KEGG Parkinson’s disease, the leading edge proteins of which comprise subunits of ETS
complex I, IT, ITI, and IV of the ETS and the mitochondrial ATP synthase (ATP5E). These data suggest that
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Figure 5. Foxp3 expression enhances expression of electron transport system proteins. (A) Foxp3 expression experiments for proteomic analysis.

Cell comparisons used to quantitate proteomic differences between Foxp3* and Foxp3- cells. (B) Electron transport system protein subunit comparison
between Foxp3 positive and negative T cells. Red boxes indicate proteins with a Foxp3*/Foxp3 ratio in the 75th percentile of all proteins measured.
Green boxes indicate proteins with a Foxp3*/Foxp3- ratio in the 25th percentile of all measured proteins. Yellow boxes indicate proteins with no change
between Foxp3* or Foxp3~. White boxes indicate proteins not present in the proteome. Figure adapted from http://wikipathways.org/index.php/
Pathway:WP295. (C) Gene set enrichment analysis of the mass spectroscopy data from experiments 1-3. NES, normalized enrichment score. P values
calculated using a weighted Kolmogorov-Smirnov test. (D) Flow cytometric measurement of ATP5a, NDUFAS, and SDHA on permeabilized splenic
CD4+CD2" and CD4+*CD2* cells from C57BL/6.foxp3hCD2 knockin mice. Data representative of 2 separate experiments.

TGFp might signal increased OXPHOS only in cells where Foxp3 is induced. To test the role of Foxp3 in
the absence of other Treg features, cFoxp3 expressing EL4 T cells treated or untreated with 4’OH tamoxifen
were compared. Using this reductionist approach, the most significantly overrepresented group of proteins
in EL4 cells with nuclear Foxp3 included components of ETS I, II, and III (Figure 5, B and C, right panel).
EL4 cells not expressing the Foxp3 construct did not change expression of these complexes with the addition
of 4HT (unpublished data). Thus, Foxp3 drives upregulation of OXPHOS proteins in the presence of (sat-
urating) 20 mM glucose in the absence of exogenous TGFp. We used flow cytometry to measure expression
of NDUFA9, SDHA, and ATP5a as representative components of ETS complexes I, II, and V, respectively,
in nTregs and Tconv (Figure 5D). The 3 proteins were more highly expressed in Tregs than in Foxp3~ cells.
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Figure 6. Foxp3-driven fatty acid B-oxidation protects Tregs from long-chain fatty acid-mediated apoptosis. (A) C57BL/6 CD4* T cells were cultured
for 18 hours in the presence of IL-2 (5 U/ml) and IL-7 (10 ng/ml), in addition to the indicated BSA-conjugated long-chain fatty acid at a concentration of
500 uM. Apoptosis was measured by mitochondrial cytochrome c release (Cyt.C), mitochondrial loss of mitochondrial membrane potential (Aym, JC1
stain), and 7AAD/annexin V staining according to Methods. Results representative of 2-5 separate experiments. (B) C57BL/6.Foxp3hCD2/CD52 knockin
CD4* T cells were cultured for 18 hours with IL-2, IL-7, and the indicated BSA-conjugated long-chain fatty acid before flow cytometric analysis of surface
human CD2 (Foxp3) and 7AAD/annexin V positivity. Results representative of 4 pooled experiments. Boxes span 25th to 75th percentiles, whiskers
represent minimum and maximum values, and horizontal line shows median. *P < 0.05 by Student’s t test. (C) Titration of BSA-conjugated palmitate.
Cells cultured as in B with titrated amounts of BSA-conjugated palmitate prior to flow analysis of surface human CD2 and 7AAD/annexin V positivity.
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Results pooled from 3 biological repeats. Means + SEM. *P < 0.05 by Student’s t test. (D) Uptake of BODIPY-labeled palmitate by CD4* T cells from
C57BL/6.Foxp3hCD2/CD52 knockin mice. Results representative of 3 separate experiments. (E) Schematic of fatty acid B-oxidation pathway showing
major enzymes and their inhibitors used in this study. Inset: ratiometric data (Foxp3*/Foxp3-) from mass spectrometry analysis of the major -oxida-
tion enzymes, where present, in MARKI iTreg and EL4cFoxp3 T cells. (F) C57BL/6.Foxp3hCD2/CD52 knockin CD4* T cells were cultured for 18 hours with
IL-2, IL-7, and BSA-conjugated palmitate with the addition of the indicated inhibitors before flow cytometric analysis of surface human CD2 (Foxp3) and
7AAD/annexin V positivity. Results pooled from 3 separate biological repeats. Boxes span 25th to 75th percentiles, whiskers represent minimum and
maximum values, and horizontal line shows median, *P < 0.05 by Student’s t test.

We next asked whether Foxp3* human CD4* T cells were similarly enriched for proteins involved in
mitochondrial respiration. Human peripheral blood CD4" T cells were stimulated for 24 and 48 hours with
anti-CD3 in order to separate the CD25 and Foxp3*and Foxp3- cells into distinct populations for efficient
flow cytometric sorting (Supplemental Figure 4, A and B). Prior to TCR stimulation, we found CD4* T
cells in human PBMCs consisted of CD25 Foxp3-, CD25*Foxp3-, and 1.5-8% of CD25*Foxp3* subpopu-
lations. After 24-hour TCR stimulation, these 3 subpopulations became further segregated, as expression
of CD25 and Foxp3 were upregulated. Particularly, both CD25 and Foxp3 were upregulated in a discrete
population, which consisted of 9%—-21% of CD4" T cells. Both percentage and maximal intensity of CD25
expression was further upregulated after 48-hour TCR stimulation, indicating that T cell activation became
generalized. There was also a doubling of the percentage of CD25*Foxp3* cells. Unlike CD25, the max-
imal intensity of Foxp3, however, remained unchanged. Since human T cells require around 72 hours of
TCR stimulation to start cell division, this further increase in percentage of CD25*Foxp3* cells at 48 hours
is unlikely to derive from Treg proliferation but, instead, from Foxp3 induction in conventional T cells. For
this reason, we analyzed cells at 24 after activation.

Cells sorted on the basis of the topmost 10% of CD4, CD25, and FOXP3 in 24-hour stimulated cells
were found to be quite different with respect to significantly different gene sets. A three-way comparison
revealed that only the triple-positive cells (Foxp3*) upregulated mitochondrial proteins (Supplemental Fig-
ure 4C). We conclude, therefore, that the upregulation of OXPHOS proteins is a property of Foxp3 in both
mouse and man.

Increased ETS protein production in response to Foxp3 expression did not appear to be due to an
increase in mitochondrial biomass. EL4 cells or EL4.cFoxp3 cells cultured with 4’HT did not increase their
mitochondrial DNA/genomic DNA ratio, and MARKI iTregs cultured with increasing doses of TGFp did
not demonstrate increased mitotracker staining measured by mean fluorescence intensity (Supplemental
Figure 2). Thus, the increased ETS protein induced by Foxp3 is likely on a per-mitochondrion basis. These
proteomic data provide a molecular basis for the observed increased OXPHOS capacity of Foxp3* cells.

Enhanced lipid metabolism protects Tregs from fatty acid—induced cell death. The physiological benefit derived
from Foxp3-driven increased long-chain fatty acid metabolism in Tregs is unclear. It is possible that it
imparts a survival advantage to memory Tregs in low glucose/glutamine conditions due to increased flex-
ibility of fuel choices. Another possibility is that augmented -oxidation of long-chain fatty acids protects
the cells from their well described proapoptotic effects (24). To test this hypothesis, we first conjugated sat-
urated and unsaturated C16 (palmitate C16:0, palmitoleate C16:1, and nonmetabolizable bromo palmitate
C16:0) and C18 (stearate C18:0 and oleate C18:1) fatty acids to BSA to facilitate their uptake into cells
and tested their toxicity on CD4" T cells. Resting T cells cultured with BSA-conjugated fatty acids were
induced to enter apoptosis to varying degrees as measured by mitochondrial cytochrome c release; loss of
mitochondrial membrane potential (Aym) measured by JC-1 staining where red/green fluorescence indi-
cates high/low Aym, respectively; and annexin V/7AAD staining (Figure 6A). Bromo palmitate, which
is unable to undergo B-oxidation, induced a high level of mitochondrial cytochrome c release, along with
a markedly decreased mitochondrial membrane potential. Palmitate, palmitoleate, stearate, and oleate all
induced apoptosis, with stearate inducing the highest level of cytochrome c release, decreased Aym, and
decreased annexin V positivity. We next asked whether Foxp3* and Foxp3~ CD4* T cells differed in their
susceptibility to palmitate-induced apoptosis. CD4" T cells from C57B1/6.Foxp3hCD2/CD52 knockin
mice containing both Foxp3* and FoxP3- cells were cultured in the presence of BSA-conjugated fatty acids
for 18 hours, and Foxp3 and annexin V/7AAD positivity were measured. All fatty acids tested induced
a significant increase in apoptosis in Foxp3~ cells at 18 hours, with palmitate and stearate inducing 2- to
5-fold increases in apoptosis, respectively, compared with BSA alone (Figure 6B). There was significantly
less fatty acid—induced apoptosis observed in Foxp3™ cells, with palmitate- and stearate-treated Foxp3* cells
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exhibiting 2- to 4-fold less apoptosis. As expected, Br-palmitate, which is both resistant to B-oxidation and
inhibits mitochondrial fatty acid metabolism, induced equal apoptosis of Foxp3 positive and negative cells.
Palmitate-induced apoptosis showed a linear dose response within the physiological range starting at 50
uM and increasing to the highest concentration tested (800 pM). Within this range, Foxp3* cells were uni-
formly resistant to apoptosis (Figure 6C), commensurate with their increased fatty acid oxidation. Analysis
of BODIPY-labeled palmitate uptake by Tregs revealed that they have the capacity to take up substantially
more palmitate than conventional T cells, as indicated by a shift in intensity of BODIPY staining (Figure
6D). Finally, we asked whether Foxp3 might program cells to resist fatty acid—induced apoptosis by upreg-
ulating components of the fatty acid metabolism pathway, illustrated in Figure 6E. Our mass spectroscopy
data showed that conditional Foxp3 expression in EL4 cells induced increased acyl-CoA synthetase-long
(ACSL), carnitine palmitoyl transferase-1 (CPT1), Acyl-CoA dehydrogenase (ACAD), and Enoyl-CoA
hydratase (ECH). TGFp-induced iTregs expressing Foxp3 had enhanced expression of ACSL and CPT1
compared with Foxp3~ cells (Figure 6E). We tested whether inhibition of the fatty acid p-oxidation path-
way or of electron transport with specific inhibitors would reverse the Treg resistance to palmitate-induced
apoptosis. Inhibition of ACSL with triacsin-c or rosiglitazone, CPT1 with etomoxir, or LCHAD with ace-
toacetyl-CoA reversed the resistance of Tregs to palmitate-induced apoptosis, as did inhibition of the mito-
chondrial ATPase with oligomycin (Figure 6F).

Collectively, these data demonstrate the mechanism by which Foxp3 exerts a metabolic flexibility on
T cells, imparting increased ability to utilize fatty acids as fuel for OXPHOS, and at the same time endows
them with increased resistance to cell death induced by long-chain fatty acids.

Discussion

In the present study, we showed that Foxp3 is capable of altering the proteome of the cell in such a way
as to increase the total ETS capacity in addition to lipid oxidation capacity in the absence of exogenous
TGEFp. Nuclear localization of Foxp3 alone was sufficient to increase the cells’ maximal respiration using
palmitate as the only extracellular substrate. As a consequence, increased fatty acid oxidation may confer a
survival advantage to Tregs in the presence of proapoptotic concentrations of long-chain fatty acids.

T cells adjust their metabolism in response to availability of nutrients in the form of glucose, glutamine,
and fatty acids. The balance of extracellular metabolism substrates can also have significant effects on the
development of T cell subsets (10, 19, 20). As both memory and Tregs preferentially adopt lipid-fueled
OXPHOS, it has not been clear until now whether the adaptation of Treg metabolism was due to general
mTOR inhibition or a consequence of Foxp3 reprogramming. The latter case would imply that cell intrin-
sic metabolic control in Tregs is important functionally.

We found that Foxp3 expression has a powerful effect on enhancing the mitochondrial respiration of
the cell. This occurs both in ectopically expressing Foxp3 and in TGFB-induced Foxp3* primary T cells.
Foxp3 expression in either context results in upregulation of many ETS proteins of complexes I-V. Most
of the upregulated proteins are common to both cell types. The regulation of the ETS mRNA transcripts
shares much less similarity between EL4 cells and primary T cells. Regulation of ETS subunit gene tran-
scription is a complex process involving a cascade of transcription factors. Peroxisome proliferator acti-
vated receptor y coactivator a (PGC-1a) is known to be required for their transcription and itself induces
the transcription of 15-20 different transcription factors (25) — including ERRa, SIRT3, and GABPA
— which have been shown to act as transcription factors for several ETS genes (26). SIRT3 and PGC-1a
are critical for Treg function in the setting of experimental heart transplantation (27). It is likely that the
differences in ETS transcripts between the different cell types and differences between protein and mRNA
levels arise from a combination of epigenetic differences, differences in regulation of PGC-1a downstream
transcription factors, different Foxp3 binding partners, and posttranscriptional regulation.

In order to become activated and to proliferate, T cells must undergo a major increase in energy expen-
diture for increased biomass production. The increased energy requirement of Tact is provided mostly
through glycolysis (28-30). Glycolysis is an amphibolic process that allows rapid T cell expansion by pro-
viding NADPH and ribose for reductive biosynthetic reactions and synthesis of nucleotides, and it fuels
lipid synthesis via citrate from the TCA cycle. T cells primarily use glucose and glutamine to fuel this rapid
expansion but can switch to use of ketone bodies and fatty acids under resting conditions (31).

Tregs in vitro appear as relatively quiescent cells and, as such, might be expected to have a lower require-
ment for amphibolic metabolism. However, in vivo Tregs are capable of rapid expansion while maintaining
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suppressive function (32, 33). Tregs have been shown to express less cell-surface Glutl than Tconv, due to
Foxp3-mediated inhibition of Akt (34), and for functional activity, Treg expression of Glutl seems to be
redundant (35). We have found that Foxp3 programs an increased capacity for OXPHOS and fatty acid oxi-
dation without any inhibition of glycolytic capacity. In this way, Tregs are able to fuel robust proliferation via
anabolic metabolism at the same time as using catabolic metabolism to generate further ATP.

Human Tregs appear metabolically flexible, switching between glycolysis-only and both glycolysis and
fatty acid oxidation upon activation (36). In addition to providing energy for cell survival and division, the
choice between utilizing glycolytic and oxidative metabolism defines the lineage decision between Th17
cells and Tregs, respectively (13) (reviewed in ref. 37). The decision to oxidize fatty acids for OXPHOS
is taken by Tregs in addition to memory T cells (14) and is influenced by nutrient status, via mTOR and
AMPK activation as well as pyruvate dehydrogenase kinase 1 (PDHK1) activation, Acetyl-CoA carboxy-
lase 1 (ACC1) expression (13, 14), and PTEN activity (38, 39). Increased uptake of fatty acids by Tregs may
be explained by our observation of increased protein levels of acetyl coA synthetase (ACSL) and carnitine
palmitate transferase 1A (CPT1A) influenced by Foxp3. Our data suggest that, for Foxp3 to drive increased
OXPHOS, both direct DNA binding via the FKH domain and possibly indirect DNA binding via recruited
cofactors at the ProR are required. TGFf and inhibition of mTOR are inductive signals for Foxp3 expres-
sion but are dispensable for this function of Foxp3.

In addition to generating energy, there are several additional potential consequences to upregulation of
the ETS in T cells. Increased reactive oxygen species production as a by-product of increased electron trans-
port has been reported to have a negative effect on Th17 development (14) and, as such, may play an indi-
rect positive role in Treg development. We find Tregs and Tact release ATP (data not shown), which can
rapidly be converted to antiinflammatory adenosine via CD39 and CD73 (40-45). It remains to be demon-
strated whether secreted ATP, rather than ATP released from dying cells, represents a significant substrate
for membrane-bound ectonucleotidases. A further consequence that we have demonstrated in this study
may be intracellular removal of potentially harmful oxidative substrates, such as long chain free fatty acids.
We show that Foxp3-expressing cells are relatively resistant to fatty acid—induced death due to removal by
B-oxidation. The combination of increased lipid uptake and increased ETS protein production with con-
comitant elevated fatty acid B-oxidation is cytoprotective to Tregs. This mechanism may be physiologically
important in multiple ways. In human and mouse plasma, the free fatty acid concentration ranges from
200-—600 uM but can be 3-fold higher in diabetes (46). Palmitate is the most abundant plasma-free fatty
acid at around 25% (47, 48); however, elevated plasma free fatty acid levels are associated with obesity and
the metabolic syndrome and cause inflammation, activation of macrophages, and death of multiple cell
types including pancreatic f cells, neurons, and T lymphocytes (24, 49, 50). It will be important to ascertain
whether resistance to lipotoxicity by Tregs plays a role in survival in vivo. Treg numbers in visceral fat may
increase or decline depending on multiple factors, which might include inflammatory mediators, adipose
cell types, and different polarized macrophages in the adipose tissue. Human Tregs have been shown to be
either increased in visceral adipose tissue (51-53), diminished (51), or increased in subcutaneous fat (53,
54). They have also been shown to be decreased in visceral fat in humans and mice (54, 55). Dysregulation
of lipid metabolism can lead to tissue-specific inflammatory pathology. Nonalcoholic fatty liver disease has
been shown to result in release of linoleic acid (C18:2) from hepatocytes, leading to preferential CD4* T
cell apoptosis via increased ROS production and decreased Aym (56). Saturated fat has also been shown
to potently activate innate immunity in mice with macrophages lacking a regulator of lipoprotein lipase,
Angiopoietin-like protein 4 (Angptl4). In these animals, saturated fatty acids are excessively taken up by
peritoneal macrophages, resulting in activation and a fatal acute phase response. The mechanism of fatty
acid-induced apoptosis may involve induction of endoplasmic reticulum stress, leading to calcium leakage
from the ER and decreased mitochondrial membrane polarity, release of mitochondrial cytochrome-c, and
activation of the intrinsic apoptosis pathway (57).

T cells are exquisitely sensitive to environmental nutrient and oxygen concentrations and respond to
these by the opposing actions of mTOR, AMPK, and HIF1a to adapt to their environment. Conditions of
nutrient starvation induce decreases in mTOR activation, which permits Foxp3 to be transcribed. We now
show that once Foxp3 is present, it reprograms T cells to adapt to energy demands by enhanced oxidative
phosphorylation. The ability to modify the T cells’ capacity for catabolic metabolism via increased ETS
component expression and oxidative phosphorylation, along with protection from apoptosis, is a newly
described role for Foxp3.
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Methods

Mouse and human cells. Mice were bred and maintained in SPF conditions at the Sir William Dunn School
of Pathology. All procedures were conducted in accordance with the Home Office Animals (Scientific
Procedures) Act of 1986. We previously generated and described MARKI and Marilyn.Foxp3~~ mice (5).
Human peripheral blood lymphocytes were obtained from normal blood donors at the John Radcliffe Hos-
pital with informed consent.

Untouched splenic CD4" T cells were isolated by magnetic sorting using commercial kits (Miltenyi
Biotec). Anti-CD4 (clone GK1.5) and CD25 (clone 3C7) were obtained from BD Biosciences. iTregs were
generated from MARKI mice by culturing red blood cell-depleted splenocytes with female C57BL/6
BM-derived DCs at a ratio of 5:1 in the presence of dby peptide (100 nM), IL-2 (Peprotech, 100 U/ml),
all trans retinoic acid ( 10nM), and TGFp (Peprotech, 2 ng/ml). Peptides were synthesized by the MRC
peptide synthesis unit (Imperial College School of Medicine, London, United Kingdom) and were assessed
for purity by HPLC. All peptides exceeded 95% purity. Retinoic acid was purchased form Sigma Aldrich.
Cells were cultured for 7 days prior to sorting, based on staining with anti-CD4 and human CD2 (clone
RPA2.10, BioLegend) for Foxp3-expressing cells. Tact were cultured in the same way with the omission of
TGFp. EL4.cFoxp3 cells were generated by transfecting EL4 cells with a construct encoding GFP-Foxp3-
ERT fusion protein, previously described (6, 7).

gPCR. Tagman reverse transcriptase PCR (RT-PCR) was performed essentially as described (9). Prim-
ers for glycolytic and oxidative phosphorylation-related genes were purchased as PCR arrays from Qiagen
(RT2 profiler PCR array). Biological triplicate cultures for cFoxp3-expressing EL4 cells with and without
4’0OH tamoxifen addition for 48 hours were performed, and qPCR was done on each separately. Likewise,
triplicate iTreg cultures were performed on MARKI CD4" T cells prior to sorting human CD2 positive
and negative cells for Foxp3 positive and negative cells. Mitochondrial-to-genomic DNA measurement by
gPCR was performed according to the protocol of Guo et al. (58).

Quantitative mass spectrometry. EL4 and EL4.cFoxp3 cells were labeled in culture with SILAC. Cells
were grown for 7 days in complete RPMI medium, in which arginine and lysine were replaced with either
unlabeled (“light”) or heavy arginine (*C,"°N, L-arginine HCI, CK Isotopes Ltd.) and light or heavy lysine
(BC,PN, L-lysine HCI, CK Isotopes Ltd.). Labeled and unlabeled cells were then treated or not, respective-
ly, with 4’HT (Sigma-Aldrich) (20 ng/ml) for 5 days prior to lysis and protein solubilization in 8 M urea.
Soluble tryptic peptides from 4’HT treated and untreated samples were measured by BCA and mixed at a
1:1 ratio prior to prefractionation into 24 fractions by in-solution isoelectric focussing on an Agilent Offgel
3100 apparatus. Separated proteins were reduced and alkylated in 2M urea using DTT and iodoacetamide
(Sigma-Aldrich) at room temperature prior to overnight digestion with trypsin at 37°C. Peptides were acid-
ified to 5% formic acid and desalted on c18 column (Waters Corporation) prior to drying and resuspen-
sion in 2% acetonitrile and 0.1% formic acid. Samples were injected onto an Ultimate 3000 nano HPLC
(Dionex, Thermo Fisher Scientific) system coupled to an Orbitrap mass spectrometer (Thermo Electron).
Samples were resolved on a 15 cm by 75 micron inner diameter picotip column (New Objective), which
was packed in house with reprosil-Pur C18-AQ phase. A 90-minute gradient was used to separate the
peptides. The mass spectrometer was operated in data-dependent acquisition mode. Precursor scans were
performed in the orbitrap at a resolving power of 60,000, from which 5 precursor ions were selected and
fragmented in the linear ion trap. Charge state +1 ions were rejected. Peak lists were generated using MS
Convert ProteoWizard and searched using Mascot (Matrixscience). Data were searched against IPI-Mus
musculus database (http://www.matrixscience.com/help/seq_db_setup_ipi.html). Precursor mass accura-
cy tolerance was set at 10 ppm and MS/MS at 0.5 Da. The EL4 data yielded, on average, 3,827 unique pro-
teins from 2 experiments. Quantitative ratiometric data were obtained using Thermo Scientific Proteome
Discoverer software v1.4.

Mouse T cells, approximately 1 x 107 per sample, were pelleted and lysed in sodium 3-[(2-methyl-2-
undecyl-1, 3-dioxolan-4-yl)methoxy]-1-propanesulfonate (Rapigest, Waters Corporation) prior to reduction
and alkylation with DTT and iodoacetamide and overnight trypsinisation. Following acidification to 5%
formic acid, the peptides were desalted on c18 nanocolumns assembled in-house. Labelling of peptides with
light or heavy formaldehyde was performed on-column according to Boersema et al. (59). The mouse data-
sets yielded 3,074 (iTreg Foxp3-vs. Foxp3*) and 1,963 (Tact vs. iTreg Foxp3*) unique proteins. Comparison
of protein types isolated from 8 M urea EL4 and rapigest iTreg lysates are depicted in Supplemental Figure
5. Quantitative data were obtained using ProteomeDiscoverer software (Thermo Fisher Scientific).
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Human peripheral blood mononuclear cells from normal blood donors were separated into CD4 sub-
sets based on CD25 and Foxp3 expression by a combination of anti-CD4 beads (Miltenyi) and flow cyto-
metric sorting. Cells (1 X 107) were lysed in RIPA buffer containing protease and phosphatase inhibitors
with the aid of sonication. Proteins (40 pg per sample) were reduced and alkylated in 6 M urea using DTT
and iodoacetamide at room temperature prior to overnight digestion with trypsin at 37°C. Following acid-
ification to 5% formic acid, the peptides were desalted on c18 and eluted in 65% acetonitrile, 0.1% formic
acid before drying and resuspension in 2% acetonitrile and 0.1% formic acid.

Peptides (1 pg) were separated on UPLC (Waters UPLC, nano-Acquity, 75 yum X 250 mm, 1.7 pm par-
ticle size) coupled with MS/MS (Thermo OrbiTrap-Velos; 60,000 resolution; top 20 precursor ion selection
for collision-induced dissociation [CID]) workflow and a gradient of 1%—40% Acetonitrile in 120 minute at
a flow rate of 250 nl/min. Acquired MS/MS data were converted into an MGF file by using Thermo Con-
vert software and then submitted to Central Proteomics Facilities Pipeline-Oxford (CPFP-Oxford) for pro-
tein identification. Protein quantitation was performed with normalized spectral index quantitation (SINQ)
(60). Gene set enrichment analysis was performed as previously described (61). GSEA examines whether a
defined set of genes are significantly enriched at the top or bottom of a ranked list of genes from microarray
or proteomic experiments, which represent 2 phenotypes (e.g., Foxp3* and Foxp3- cells). Preranked anal-
ysis was performed on ranked ratiometric data from labeled quantitative mass spectrometry data derived
from Proteome Discoverer output. Gene sets interrogated included KEGG, Reactome, and Biocarta. The
mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (62) via
the PRIDE partner repository with the dataset identifiers PXD001789 (mouse) and PXD001906 (human).

Measurement of metabolic flux. Cellular metabolism was measured using an XF96 cellular flux analyzer
instrument from Seahorse Bioscience. OXPHOS was measured using a Mitostress test kit (Agilent Tech-
nologies) according to the manufacturer’s instructions. Primary T cells and T cell lines (3 x 10° per well)
were cultured in RPMI with no sodium bicarbonate and 1% FCS, 20 mM glucose, 2 mM pyruvate, and 50
uM B mercaptoethanol (pH 7.4) at 37°C for these assays. Glycolysis was measured both via ECAR mea-
surements from the mitostress test data and by using Glyco stress test kits. Metabolism of fatty acid was
measured by starving the cells in low glucose (2 mM) medium containing 0.5 mM carnitine and 1% fatty
acid—free FCS for 2 hours followed by a 1-hour starvation period in Krebs-Henseleit buffer supplemented
with 2.0 mM glucose, 0.5 mM carnitine, and 5 mM HEPES (pH 7.4). Fifteen minutes prior to assay, the
cells were treated or not with 40 pM etomoxir, and immediately prior to the assay, the cells were supplied
with BSA-palmitate (150 mM) or BSA as a control.

Metabolic flux measurements with permeabilized cells. Extracellular flux analysis in permeabilized cells
was performed as described in ref. 63, with some modifications. Cells were plated on poly-l-lysine—coated
seahorse 96-well plates at 300,000 cells per well, permeabilized in digitonin (25 ug/ml final) in mannitol
and sucrose (MAS)-BSA buffer with 1 mM ADP for 10 minutes at 37°C before starting measurements.
Individual electron transport substrates were injected following 3 basal measurements. Substrates used and
final concentrations were palmitoyl-l-carnitine (50 pM), pyruvate (20 mM), succinate (20 mM), TMPD,
and ascorbate (0.25 mM and 1.04 mM). All chemicals were from Sigma-Aldrich.

Foxp3 mutant retroviral constructs. Foxp3 mutants cloned into the retroviral vector M6P are described in
ref. 21. These constructs are described in ref. 21. EL4 cells were transiently transfected with electroporation
using a Bio-Rad genepulser, with 10 ug DNA per transfection at a voltage of 250 V and a capacitance of
970 pF. Cells were analyzed 24 hours following transfection and were routinely 50% transfected at this time.

Western blotting. Cell lysis was carried out with ice-cold lysis buffer (Tris 20 mM [pH 7.6], NaCl 140
mM, EDTA 2 mM, NaF 0.5 mM, sodium orthovanadate 1 mM, B glycerophosphate 25 mM, sodium pyro-
phosphate 2 mM, benzamidine 2 mM, DTT 0.5 mM, and protease inhibitors (Complete, EDTA-free Prote-
ase Inhibitor Cocktail; Roche Diagnostics) containing 0.5% Triton X-100. Cell lysates were clarified by cen-
trifugation at 14,000 g for 15 minutes at 4°C. Lysates were subjected to SDS-PAGE, using approximately 10
ug protein per lane and transferred onto PVDF filters (Invitrogen). Filters were blocked for 1 hour with 5%
skim milk or 5% BSA and then probed with the indicated antibodies. Bound antibody was revealed using
horseradish peroxidase—conjugated secondary antibodies using enhanced chemiluminescence (Supersig-
nal, Pierce Biotechnology). Anti—phospho-S6 ribosomal protein (Ser235/236, clone 2F9, catalog 4858)
and anti-S6 ribosomal protein (clone 5G10, catalog 2217) were purchased from Cell Signalling Technology.

Preparation of albumin-bound—free fatty acids. Fatty acids (0.2 M) in ethanol were diluted 1:25 into Krebs
Ringer bicarbonate HEPES buffer (pH 7.4) containing 20% BSA at 60°C with gentle agitation for 30 minutes
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prior to dilution in complete culture medium to the desired working concentration. Molar ratio of fatty
acid/BSA was kept at less than 3 to maintain fatty acid/BSA binding.

Measurement of apoptosis. Annexin V/7AAD staining was performed using kits from BioLegend (PE
Annexin V Apoptosis Detection Kit with 7-AAD) and eBioscience (Annexin V Apoptosis Detection Kit)
according to the manufacturers’ directions. Mitochondrial cytochrome c release was measured according
to the method of Campos et al. (64) using 0.0005% digitonin to selectively permeabilize the T cell plasma
membrane. Mouse monoclonal anti—cytochrome ¢ (6H2.B4, Novus Biologicals) was detected with a sec-
ondary anti-mouse immunogloubulin conjugated to Alexa Fluor 647 (BioLegend). Mitochondrial mem-
brane potential (Aym) was measured with JC-1 dye (Thermo Fisher Scientific) by flow cytometry accord-
ing to the manufacturer’s directions.

Statistics. All statistics were performed as indicated using GraphPad Prism 6 for Windows, version 6.05.
Student’s ¢ test was used to compare 2 groups; in analysis where multiple groups were compared, ANOVA
was performed. Significance was defined as P < 0.05.

Study approval. All animal procedures were conducted in accordance with the Home Office Animals
(Scientific Procedures) Act of 1986 under project licence number 30/3060, and the local ethical review
panel, the central Committee on Animal Care and Ethical Review (ACER), at the University of Oxford.
Human Tregs were isolated either from leucocyte cones or leukapheresis obtained from the National Blood
and Transplant Services under institutional ethics approval. Additional Ethics permission was obtained
from the South Central Oxford Research Ethics Committee (08/H0607/41) for leukapheresis collections to
be made from normal donors. All participants signed the written consent form to participate in this study.
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