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SUMMARY

Regulatory T cells (Tregs) suppress pro-inflammatory conventional T cell (Tconv) responses. As lipids impact
cell signaling and function, we compare the lipid composition of CD4" thymus-derived (t)Tregs and Tconvs.
Lipidomics reveal constitutive enrichment of neutral lipids in Tconvs and phospholipids in tTregs. TNFR2-co-
stimulated effector tTregs and Tconvs are both glycolytic, but only in tTregs are glycolysis and the tricarbox-
ylic acid (TCA) cycle linked to a boost in fatty acid (FA) synthesis (FAS), supported by relevant gene expres-
sion. FA chains in tTregs are longer and more unsaturated than in Tconvs. In contrast to Tconvs, tTregs
effectively use either lactate or glucose for FAS and rely on this process for proliferation. FASN and SCD1,
enzymes responsible for FAS and FA desaturation, prove essential for the ability of tTregs to suppress
Tconvs. These data illuminate how effector tTregs can thrive in inflamed or cancerous tissues with limiting

glucose but abundant lactate levels.

INTRODUCTION

The cluster of differentiation 4-positive (CD4") T cell lineage en-
compasses conventional T cells (Tconvs) and regulatory T cells
(Tregs) that are functional opposites. While Tconvs orchestrate
and mediate immune responses against pathogens, Tregs sup-
press self-reactive and excessive Tconv responses to prevent
autoimmunity.’ Tregs use a variety of suppressive mechanisms,
including CTLA4-mediated downregulation of co-stimulatory li-
gands CD80 and CD86 from dendritic cells and hydrolysis of
pro-inflammatory ATP into immunosuppressive adenosine.’
Tregs also control tissue homeostasis by preventing inflamma-
tory immune responses to dying cells and making specific factors
that promote tissue repair.”® Adoptive cell therapy with Tregs is
therefore a promising approach in autoimmune and inflammatory
diseases and in transplant rejection.” In cancer and chronic infec-
tions, Tregs hamper desired Tconv activity, and Treg inhibition or
depletion is an important therapeutic approach.®>°
Thymus-derived (t)Tregs develop as a stable CD4" T cell line-
age within the thymus. They are positively selected on recogni-
tion of self-antigens and control both systemic and tissue-spe-
cific autoimmunity.”® Treg identity is predominantly controlled

by the transcription factor FOXP3, which orchestrates tTreg
development and function.®~'? When responding to non-self-an-
tigens, CD4* Tconvs may also acquire FOXP3 expression and
therewith Treg functions. These peripherally induced (p)Tregs
are primarily found in the digestive tract.'® Like Tconvs, tTregs
circulate in their naive state through blood and secondary
lymphoid tissues, but they can also clonally expand and differen-
tiate into effector cells that migrate to and become resident in
non-lymphoid tissues (NLTs).'* Different from Tconvs, tTregs
do not express the interleukin-7 (IL-7) receptor (CD127) and
constitutively express the IL-2 receptor (CD25). They rely on
IL-2 for their survival and clonal expansion, which is primarily
supplied by Tconvs.! Both healthy and diseased NLTs harbor
tTregs that in response to cytokines secreted by Tconvs and
other environmental factors can gain expression of transcription
factors T-bet, RORYT, or GATA3."*'® In Tconvs, these factors
dictate T helper subset differentiation, but in effector tTregs,
they differentially regulate gene expression and function without
compromising suppressive functions.'*

Core transcriptomic'®'® and proteomic signatures
discriminate tTregs from Tconvs, regardless of their activation
state. In both Tconvs and tTregs, signaling via the T cell antigen
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receptor (TCR)?® and co-stimulatory and cytokine receptors®
regulates cell survival, clonal expansion, and effector differentia-
tion. Compared to Tconvs, tTregs rely and respond differentially
to the same receptors in terms of gene expression and function.
For instance, tTregs cannot make IL-2 upon their activation via
the TCR, even in the presence of CD28 co-stimulation.'®?*?°
One explanation for differential wiring of signal transduction
pathways downstream of cell surface receptors is the pairing
of FOXP3 with certain transcription factors and the concomitant
alteration in gene targeting specificity of the heterodimers.?%2%2"
Furthermore, tTregs and Tconvs display constitutive differences
in the expression of certain signal transduction components,
such as signal transducer and activator of transcription and nu-
clear factor kB (NF-«B) family members, which prevents them
from being pro-inflammatory.? It is becoming apparent that
T cell numbers, fate, and functionality are not only dictated by
TCR, co-stimulatory, and cytokine input but also by nutrient
availability and associated metabolic adaptations.”® Since the
balance between tTreg and Tconv numbers and their function-
ality dictates the outcome of immune responses, it is essential
to understand the impact of all these stimuli and processes in
Tregs and Tconvs.?®

We have recently investigated using multi-omics the differen-
tial impact of co-stimulatory receptors CD28 and tumor necrosis
factor receptor 2 (TNFR2) on human CD4" tTregs and Tconvs.
TNFR2 proved to be an important co-stimulus for tTregs that in-
duces them to adopt a gene expression profile as found in NLT-
resident tTregs in health and disease, characterized by shape
changes, improved cell motility, and suppressive activity.?® In
contrast, after CD28 co-stimulation, tTregs maintain a lymphoid
tissue-resident (central Treg) phenotype. Only after TNFR2 co-
stimulation did tTregs become glycolytic, whereas Tconvs did
so regardless of the costimulus.®® Here, we analyzed the lipid
composition of human CD4* Tconvs and tTregs at steady state
and under different co-stimulatory conditions. We rationalized
that lipids may govern cell identity, differentiation, and function
as structural membrane components®' and by their impact on
cell signaling (e.g., as components of lipid rafts,**** as docking
sites for signaling molecules,*® or as signaling molecules them-
selves®®®’), Lipid biosynthesis is intimately linked to cell meta-
bolism®®; therefore, it can be envisioned how the cellular environ-
ment can impact the tTreg/Tconv balance in healthy and
diseased tissues, by dictating the availability of TCR, co-stimula-
tory, and cytokine signals, as well as nutrients. Our study shows
inherent differences in lipid composition between tTregs and
Tconvs and a discerning glucose/lactate-fueled pathway for de
novo fatty acid (FA) synthesis (FAS) in TNFR2-co-stimulated
effector tTregs, which they rely on for their proliferation and sup-
pressive function.

RESULTS

The lipidomes of human tTregs and Tconvs are distinct
and remodeled upon TNFR2 co-stimulation

Naive tTregs and Tconvs from healthy donor blood were flow cy-
tometrically sorted as described?®*%*° (Figure S1A), expanded
by stimulation with agonistic monoclonal antibodies (mAbs)
against the TCR/CD3 complex and CD28 in the presence of
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IL-2, and subsequently made quiescent (Figure S1B). The ob-
tained tTreg population was uniformly positive for FOXP3, Helios
(IKZF2), and CTLA4, and expressed TNFR2 (Figure S1C). The re-
sulting tTregs and Tconvs were stimulated for 24 h by CD3
engagement with either CD28 or TNFR2 co-stimulation, or they
were left unstimulated (Figure S1B), followed by examination of
their lipid composition by untargeted lipidomics. Principal-
component analysis (PCA) of the lipidomes segregated tTregs
from Tconvs in PC1, revealing cell-type-specific differences,
while PC2 identified that tTregs and Tconvs altered their lipi-
dome in response to CD3/28 or CD3/TNFR2 stimulation (Fig-
ure 1A). Especially in tTregs, CD3/TNFR2 stimulation altered
the lipid composition more dramatically than did CD3/28 stimu-
lation (Figure 1A).

Examination of the lipid classes revealed a higher abundance
in tTregs of phospholipids (phosphatidic acid [PA], phosphatidyl-
choline [PC], phosphatidylethanolamine [PE], phosphatidylgly-
cerol [PG], phosphatidylinositol [Pl], phosphatidylserine [PS])
and a higher abundance of (ether)di- and triacylglycerols ((O)-
DG, (0)-TG) and ether-phospholipids (O-PC, O-PE, O-PI,
O-LPC [lysophosphatidylcholine]) in Tconvs (Figure 1B). In line
with PCA (Figure 1A), the cell stimuli did not affect this difference
in lipid composition between tTregs and Tconvs (Figure 1B). Ex-
amination of the lipid classes before and after stimulation indi-
cated that in Tconvs, either CD3/28 or CD3/TNFR2 stimulation
primarily increased DG/TG content (Figure 1C). In tTregs, only
CD3/TNFR2 stimulation triggered a lipidomic response and
also primarily increased DG/TG content (Figure 1D). TNFR2 co-
stimulation specifically induced in both cell types an increase
in phospholipid levels (Figures 1C and 1D). These observations
were confirmed by a targeted, quantitative analysis using the
Lipidyzer platform*®*" (Figure S2). Collectively, these data indi-
cate that human tTregs and Tconvs can be distinguished based
on overall lipid composition and that Tconvs remodel their lipi-
dome upon activation, regardless of the co-stimulus. For acti-
vated tTregs, however, TNFR2 co-stimulation proves to be a
driver of lipidome remodeling.

tTregs have lipids with long, unsaturated FAs that

increase in abundance upon TNFR2 co-stimulation

To further define the lipidomes of tTregs and Tconvs, we exam-
ined the FA side chain moieties in phospholipids and glyceroli-
pids, since their abundance greatly differed between the cell
types. Hierarchical clustering based on FA moieties (Figures
2A and S3A) revealed PC, PE, and PG species in clusters 2, 6,
and 8 that were mainly present in tTregs, while the same phos-
pholipid species in clusters 1, 4, and 7 were mainly present in
Tconvs (Figures 2A and S4A-S4C). In addition, we identified
PC, PE, and PG species in clusters 3, 5, 6, and 8 that were selec-
tively increased in tTregs upon TNFR2 co-stimulation (Figures 2A
and S4A-S4C). Other phospholipid species trended to be upre-
gulated in both Tconvs and tTregs after TNFR2 co-stimulation
(Figure S3A). Regarding TG (Figures 2B and S3B), tTregs and
Tconvs specifically increased content upon CD3/TNFR2 stimu-
lation, in line with previous findings (Figures 1C and 1D). Hierar-
chical clustering based on the FA moieties revealed that the
upregulated TGs were partially unique in composition for either
Tconvs (cluster 1) or tTregs (cluster 4), while a smaller fraction
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Figure 1. The lipidomes of human tTregs and Tconvs are distinct and remodeled upon TNFR2 co-stimulation

(A) PCA plot of untargeted lipidomic analysis of expanded tTregs and Tconvs that were activated as indicated. Unstimulated cells served as controls.

(B) Volcano plots comparing the abundance of indicated lipid classes between tTregs and Tconvs under the indicated stimulation conditions.

(C and D) Differences in lipid class abundance upon activation in Tconvs (C) or tTregs (D) under indicated stimulation conditions.

(B-D) Each dot represents one lipid, and lipid classes are color-coded when p < 0.05 and log, fold change > 1 or < —1. Unpaired two-sided Student’s t test was
used for statistical analysis; p = 0.05 is indicated by the dashed horizontal line. Data represent n = 3 samples from individual donors in independent cultures CE,

cholesteryl ester; Cer, ceramide; CL, cardiolipin; O-, ether.
See also Figures S1 and S2.

had the same composition in both cell types (cluster 2)
(Figures 2B and S4D). The analysis also revealed that Tconvs
were exclusively enriched for ether-TG (Figure S3B).

To shed light on the differential composition of the PC, PE, PG,
and TG species in tTregs and Tconvs, we plotted the FA chain
length against the number of double bonds within them. This
analysis revealed that FA chains in all these lipid classes were
longer and had more double bonds in tTregs as compared to
Tconvs regardless of the co-stimulus provided to them
(Figures 2C, S3C, and S3D). We conclude that tTregs and
Tconvs have baseline differences in phospholipid composition,
that both cell types respond to TNFR2 co-stimulation by
increasing phospholipid and TG content, but that all these lipid

species contain longer and more unsaturated FAs in tTregs as
compared to Tconvs.

TNFR2 co-stimulation boosts lipid synthesis in tTregs at
the transcriptional level

To understand how TNFR2 co-stimulation caused lipid composi-
tion remodeling, we performed unbiased transcriptome analysis
intTregs and Tconvs. PCA revealed distinct gene expression pro-
files in tTregs versus Tconvs in PC1, as expected from the
different nature of the cell types (Figure 3A). PC2 revealed that
tTregs responded more strongly to co-stimulation via TNFR2 as
compared to CD28, while the transcriptome of activated Tconvs
was not greatly affected by either co-stimulus (Figure 3A).
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We have reported that TNFR2-, but not CD28 co-stimulation,
induces a glycolytic switch in activated tTregs and differentially
affects the metabolic state of tTregs and Tconvs.>*** To
examine whether metabolic alterations in tTregs as induced by
TNFR2 co-stimulation were linked to lipid biosynthesis, we per-
formed gene set enrichment analysis (GSEA) using curated gene
sets related to metabolism.”> GSEA revealed that besides
glycolysis, pathways involved in lipid and nucleotide metabolism
were upregulated in TNFR2-co-stimulated tTregs. Lipid meta-
bolism pathways included biosynthesis of cholesterol and unsat-
urated FA, and identified sterol regulatory element-binding pro-
teins (SREBPs) as potential upstream regulators (Figures 3B
and S5A). Ingenuity Pathway Analysis (IPA) indeed identified
SREBF1 and SREBF2 among potential upstream regulators of
the TNFR2-driven gene expression program in activated tTregs
(Figure 3C). SREBF1 is known to drive FAS, while SREBF2
stimulates cholesterol synthesis.** SREBF1 was specifically up-
regulated in TNFR2-co-stimulated tTregs, while SREBF2 was
upregulated in both TNFR2-co-stimulated tTregs and Tconvs
(Figure 3D). STRING network analysis of SREBP target genes
that were specifically affected by TNFR2 co-stimulation in acti-
vated tTregs revealed a cluster of genes encoding key enzymes
involved in FAS (ACACA, ACLY, and FASN), FA desaturation
(FADS1 and SCD), and cholesterol biosynthesis (HMGCST1,
HMGCR, MVD, FDPS, FDFT1, SQLE, and DHCR?) (Figure 3E).
Comparative analysis of lipid metabolism-related transcripts in
CD3-, CD3/28-, and CD3/TNFR2-stimulated cells showed that
in tTregs TNFR2 co-stimulation specifically upregulated mole-
cules involved in lipid biosynthesis (GK, SLC25A1, ACLY,
ACACA, FASN, and SCD) and downregulated molecules
involved in lipid breakdown through the B-oxidation pathway
(PNPLA2/ATGL, ACSS2, ACADS, ACSL6, CPT1A, and ACSF2)
(Figure 3F). In contrast, TNFR2 or CD28 co-stimulation did not
affect the expression of any of these genes in Tconvs (Fig-
ure S5B), most likely because CD3 stimulation alone is already
sufficient for metabolic rewiring in these cells.*”

We have previously reported that TNFR2 co-stimulation en-
ables differentiation of tTregs into effector cells with the core
qualities of NLT-resident tTregs, while CD28 co-stimulation
maintains an LT-resident, central tTreg phenotype.”® To address
whether an FAS-associated gene signature is also apparent in
Tregs found in vivo, we compared the transcriptome of CD3/
TNFR2-activated tTregs with that of tumor Tregs published by
Lim et al.** GSEA showed that the genes upregulated in
TNFR2-co-stimulated tTregs are enriched in these tumor Tregs
(Figure 3G). Comparison of FAS-associated genes, as annotated
in the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base, revealed that genes encoding enzymes involved in FA de-
saturation (SCD, FADS1, and FADS2), FA elongation (ELOVL6),
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and TG biosynthesis (DGAT2) were upregulated in both CD3/
TNFR2-activated tTregs and tumor Tregs (Figure 3H). The col-
lective data suggest that TNFR2-co-stimulated tTregs display
a program geared toward biosynthesis of unsaturated FA, which
can also be found in vivo.

Glucose fuels lipid biosynthesis in TNFR2-co-stimulated
tTregs
FA needed for lipid biosynthesis may be taken up by cells from
their environment and/or synthesized de novo. To examine the
FA uptake capacity of tTregs and Tconvs, we presented them
with the fluorescent palmitate analog BODIPY-C4,. While Tconvs
readily increased FA uptake upon activation by either CD3/28 or
CDS3/TNFR2, tTregs showed a significantly lower FA uptake ca-
pacity under either condition (Figure 4A). This finding suggests
that tTregs rely on other nutrient sources for lipid biosynthesis af-
ter TNFR2 co-stimulation. TNFR2 co-stimulation supports glycol-
ysis in tTregs®® and therefore glucose might be a required carbon
source for lipid biosynthesis. Uptake of the fluorescent glucose
analog 6-NBDG was increased in Tconvs after activation, regard-
less of the co-stimulus, while in tTregs only TNFR2 co-stimulation
boosted glucose uptake to levels similar to those in Tconvs (Fig-
ure 4B). These data suggest glucose as a potential nutrient for
lipid biosynthesis in TNFR2-co-stimulated tTregs.
Glucose-derived carbon can be used for de novo FAS via
glycolysis and the associated tricarboxylic acid (TCA) cycle,
from where mitochondrial citrate can be transported into the
cytosol. The enzyme ACLY generates acetyl-coenzyme A
(CoA) from citrate, which is used among others, for FAS (Fig-
ure 4C). To examine the fate of glucose-derived carbon,
we fed tTregs and Tconvs with [U-'3Cgl-glucose under the
different stimulation conditions and traced glucose-derived °C
throughout the intermediates of glycolysis and the TCA cycle
(Figure 4C). While Tconvs became glycolytic after activation
regardless of the co-stimulus, tTregs did so only after TNFR2
co-stimulation, as indicated by the increased levels of
3C-labeled pyruvate and lactate (Figures 4D and S6A). Intracel-
lular levels of '3C-labeled lactate were similar in tTregs and
Tconvs upon CD3/TNFR2 stimulation (Figure 4D), but tTregs
secreted lactate to a lesser extent (Figure S6B), as observed pre-
viously.* TNFR2-co-stimulated tTregs shuttled glucose-derived
carbon into the TCA cycle, as demonstrated by increased '*C-la-
beling of citrate (Figure 4E). While ®C-labeled and total citrate
levels were equal in glycolytic tTregs and Tconvs, levels of
13C-a-ketoglutarate and '3C-malate, as well as total levels of
these metabolites, were reduced in tTregs as compared to
Tconvs (Figures 4E and S6C). This suggests that in glycolytic
tTregs, citrate exits the TCA cycle to act as a source for lipid
biosynthesis.

Figure 2. tTregs have lipids with long, unsaturated FAs that increase in abundance upon TNFR2 co-stimulation

(A and B) Heatmaps displaying hierarchical clustering based on FA moieties within phospholipid classes PC, PE, and PG (A) and TG (B) in tTregs and Tconvs
stimulated as indicated. FA moieties within each lipid are annotated by their carbon chain length and degree of unsaturation (e.g., a lipid annotated as 34:2
contains FAs with combined chain length of 34 carbons, with 2 double bonds present). Z scores are color-coded.

(C) Visualization of FA distribution based on their acyl chain length and number of double bonds within PC, PE, PG, and TG. Green: FA moieties enriched in CD3/
TNFR2-stimulated tTregs; purple: FA moieties enriched in CD3/TNFR2-stimulated Tconvs. Data represent n = 3 samples from individual donors in independent

cultures.
See also Figures S3 and S4.
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To determine whether glycolytic tTregs indeed use glucose for
lipid biosynthesis, we traced glucose-derived *C into FA, PC,
and TG. Activated tTregs and Tconvs both exhibited increased
3C-labeling into FA, as well as in the glycerol backbone of PC
and TG, upon CD3-mediated activation and either CD28 or
TNFR2 co-stimulation (Figure 4F). In tTregs, this was most pro-
nounced after TNFR2 co-stimulation, and incorporation of 3¢
in PC was higher than in Tconvs under this condition, while incor-
poration of '3C in TG was lower in tTregs than in Tconvs after
both CD28 and TNFR2 co-stimulation (Figure 4F). LipidTOX
staining corroborated an increase in neutral lipid content in
both tTregs and Tconvs after stimulation, while a higher level
was observed in Tconvs as compared to tTregs (Figure SED).
In summary, these data indicate that glycolytic tTregs and
Tconvs both use glucose for de novo FA, phospholipid, and
TG synthesis, but glucose-derived carbons are primarily incor-
porated into phospholipids in tTregs and into TG in Tconvs.

tTregs but not Tconvs use lactate for FAS upon glucose
deprivation
We have found that TNFR2 co-stimulation in tTregs induces a
gene expression signature characteristic for effector tTregs
found in healthy and diseased NLTs.?® This is illustrated by
GSEA, which indicates enrichment of a human pan-cancer
Treg gene expression signature’® in TNFR2-co-stimulated
tTregs (Figure 5A). Tregs reportedly remain functional in the
low-glucose microenvironment of glycolytic tumors by switching
to lactate as a nutrient source*”**® and rely on the solute carrier
(SLC) 16 family member SLC16A1 (MCT1), a lactate importer,*®
to support their function.*® SLC16A1 was specifically upregu-
lated in tTregs after TNFR2 co-stimulation at the transcriptional
level (Figure 5A). Protein levels of SLC16A1 were also higher in
activated tTregs as compared to Tconvs, while Tconvs had
higher protein levels of the lactate exporter SLC16A3 (MCT4),
as well as the FA importers SLC27A2 (FATP2) and SLC27A4
(FATP4)*° (Figure 5B). We therefore considered that tTregs can
use lactate-derived carbon for de novo lipid biosynthesis when
glucose availability is limited.

To test this hypothesis, we performed '3C-tracing of extracel-
lular lactate in tTregs that were stimulated in medium containing
low glucose (1 mM) and high [U-'3Cg]-L-lactate (20 mM) levels.
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Lactate can be converted intracellularly to pyruvate by lactate
dehydrogenase (LDH), which can enter into the TCA cycle and
via citrate be incorporated into lipids (Figure 5C). Both cell types
showed comparable "3C-labeling of citrate and a-ketoglutarate,
indicating that they can both use extracellular lactate to maintain
TCA cycle activity (Figure 5D). We next measured incorporation
of lactate-derived '°C into palmitate. Interestingly, tTregs,
but not Tconvs, increased lactate-derived '*C-incorporation
into palmitate upon activation, regardless of the co-stimulus
(Figures 5E and S7). '®C-labeling of cholesterol was negligible.
Finally, we performed isotopomer spectral analysis®® using the
FAMetA algorithm®" to estimate de novo FAS (S) and exogenous
FA import (l) in tTregs and Tconvs from the [U-13Cg]-L-lactate
tracer dataset. This model estimates the de novo biosynthesis
rate, based on cumulative levels of 13C-labeled palmitate derived
from [U-'3Cj]-L-lactate and unlabeled palmitate, derived from
palmitate import or de novo biosynthesis from, for example, un-
labeled glucose or glutamine (Figure 5F). This analysis revealed
that under low-glucose and high-lactate conditions, activated
tTregs use lactate to increase de novo palmitate synthesis, while
reducing palmitate import (Figure 5G). In contrast, lactate-fueled
Tconvs maintained similar de novo FAS and palmitate import
rates following their activation (Figure 5G). These data indicate
that upon activation, tTregs, but not Tconvs, can increase their
ability to use lactate as a source for de novo FAS when glucose
availability is limited.

tTregs specifically rely on glucose/lactate-fueled FAS
for proliferation

Cytosolic acetyl-CoA derived from citrate can be used for the
biosynthesis of both cholesterol and FA (Figure 5C). Since in acti-
vated tTregs, glucose- and lactate-derived '3C was detected in
palmitate, but not in cholesterol, we focused on the relevance of
de novo FAS for tTreg function, using the small-molecule
inhibitor C75 that irreversibly inhibits FA synthase (FASN) (Fig-
ure 5C). tTregs depended more on FAS for their proliferation
than Tconvs, after both CD28 and TNFR2 co-stimulation
(Figures 6A and 6B). C75 reduced cell viability only at higher
doses than those used in the proliferation assay (Figure S8A).
These data were confirmed in freshly isolated tTregs and Tconvs
(Figure S8B), and by using TOFA, an inhibitor of acetyl-CoA

Figure 3. TNFR2 co-stimulation boosts lipid synthesis in tTregs at the transcriptional level
(A) PCA plot of transcriptomic analysis of tTregs and Tconvs stimulated as indicated.

(B) GSEA showing the top 15 upregulated pathways in tTregs upon CD3/TNFR2 stimulation compared to CD3 stimulation alone using curated sets of genes
regulating metabolism according to KEGG and Reactome databases. FDR, false discovery rate; NES, normalized enrichment score.

(C) The top 15 predicted upstream transcriptional regulators according to IPA of the transcriptomes of tTregs after CD3/TNFR2 stimulation versus CD3 stim-
ulation alone.

(D) SREBF1 and SREBF2 transcript levels derived from the transcriptome data of tTregs and Tconvs stimulated as indicated, expressed as trimmed mean of M
values normalized read counts. Two-way ANOVA with Tukey’s post hoc test was used for statistical analysis. Data are represented as mean + SEM. *p < 0.05;
**p < 0.01.

(E) STRING network analysis of transcriptome data showing significant up- and downregulation of SREBP target genes depicted as log, fold change in
expression in tTregs after CD3/TNFR2 stimulation compared to CD3 stimulation alone.

(F) Heatmap showing transcripts of molecules involved in lipid biosynthesis and degradation in tTregs activated as indicated. Z scores are color-coded.
(G) GSEA plot showing enrichment of the TNFR2-induced gene signature in tTregs in a published tumor Treg transcriptome.*” FDR < 0.01.

(H) Comparison of log, fold changes in the expression of FAS-associated genes in CD3/TNFR2-activated tTregs, with tumor Tregs published by Lim et a
Dashed lines: log, fold change + 0.58.

(A-F) Data represent n = 3 samples from individual donors in independent cultures.

See also Figure S5.
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carboxylase (ACC), that generates the palmitate precursor ma-
lonyl-CoA (Figures 5C and S9).

We next examined whether tTregs also relied on FAS for
their proliferation under low-glucose, high-lactate conditions.
Exchange of glucose by lactate did not affect the proliferation
of tTregs, while it impaired the proliferative capacity of
Tconvs, under either co-stimulatory condition (Figures 6C
and 6D). Blockade of FASN by C75 almost completely abro-
gated 1tTreg proliferation under high-lactate conditions
(Figures 6C and 6D). These data indicate that under the tested
conditions, tTregs can effectively use either glucose or lactate
as a nutrient and depend on their ability to synthesize FA for
proliferation. Tconvs, however, prefer glucose over lactate
as a nutrient and are much less reliant on FAS for their prolif-
eration, which is consistent with their superior ability to import
exogenous FA (Figure 4A).

tTregs rely on FAS for their suppressive activity

We next tested whether tTregs relied on FAS for their suppres-
sive function in suppression assays. We therefore downregu-
lated FASN in tTregs by genetic interference with a validated
shRNA construct (Figures S10A and S10B) and found that this
impaired the suppressive activity of tTregs (Figure 7A). Thus,
tTregs rely on FAS for their proliferation and suppressive
function.

Our lipidomic analysis indicated that the FA species present in
tTregs are more unsaturated than in Tconvs (Figures 2A and 2B).
Palmitate synthesized by FASN serves as a substrate for the
enzyme stearoyl-CoA desaturase 1 (SCD1) that converts it into
monounsaturated FA (MUFA), which serves as a precursor for
various cellular lipids (Figure 5C). To address whether the
biosynthesis of unsaturated FA is important for the suppressive
function of tTregs, we downregulated SCD1 by a validated small
hairpin RNA (shRNA) construct (Figure S10B). The suppressive
activity of tTregs was impaired upon SCD1 knockdown (Fig-
ure 7B), showing that the biosynthesis of unsaturated FA is
important for the suppressive function of tTregs. In tTregs ex-
pressing either FASN or SCD1 shRNA, the loss of suppressive
function coincided with reduced expression of FOXP3 and
CTLA4, which are important for tTreg identity and function
(Figures S10C and S10D).

Finally, deliberate overexpression of the lactate exporter
SLC16A3/MCT4 also compromised the suppressive activity of
TNFR2-co-stimulated tTregs (Figures 7C, S10E, and S10F), indi-
cating that glycolytic tTregs rely on intracellular lactate reten-
tion®° to exert their suppressive function, most likely via fueling
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FAS. These data demonstrate that for their suppressive function,
tTregs rely on their ability to synthesize unsaturated FA.

DISCUSSION

TNFR2 rather than CD28 boosts glycolysis in tTregs®® and, as we
show here, a lipogenic program. CD3 and CD28 signal via asso-
ciated tyrosine kinases and the transmembrane adaptor LAT to
activate multiple signaling pathways, including the PI3 kinase-
mammalian target of rapamycin (mTOR) pathway."® Co-stimula-
tory TNF receptor family members use a different mode of
signaling and link via TRAF adaptor molecules to the NF-«B
and Jun kinase pathways.®* The glycolytic switch mediated by
TNFR2 co-stimulation in CD3-activated tTregs,*>*° as well as
by CD28 co-stimulation in Tconvs relies on mTOR complex
(mTORC) signaling.®>*° It is not known how TNF receptor family
members link to mMTORC1, but they may feed into the CD3/CD28
signaling pathway via SHP-1, as recently described for
TNFRSF7 (CD27).°" Alternatively, TNF-o. was recently found to
signal to Akt through the tyrosine kinase ITK in CD4* Tconvs.”®
As TNFR2 can bind to TNF-a, similar signaling events may also
occur downstream of TNFR2 engagement in tTregs. The
mTOR pathway generally couples nutrient availability to the
biosynthetic pathways required for cellular responses.*® Our
transcriptome analysis revealed that TNFR2-stimulated effector
tTregs exhibit a lipogenic gene expression profile, characterized
by the high expression of key enzymes involved in FA and
cholesterol biosynthesis. SREBF1 and -2 were identified by
enrichment analysis as upstream transcriptional regulators, in
line with their key role in regulating de novo lipid biosynthesis.**
Since mTORC1 couples to SREBF transcription factors,®*®" it is
likely that downstream of TNFR2, the mTORC1-SREBP signaling
axis supports the lipogenic program. It has been established in
mice that effector Tregs require mTORC1 signaling for in vivo
function, at least in part because it promotes a lipogenic pro-
gram.*>%? These data support our finding that TNFR2-driven
effector tTregs, which resemble NLT-resident Tregs,?® rely on
de novo FAS.

We found that activated Tconvs incorporated glucose-derived
carbon in FA regardless of the co-stimulus, but tTregs only did
so after TNFR2 co-stimulation. These tTregs did not show
increased incorporation of glucose-derived carbon in choles-
terol, suggesting that the mevalonate pathway, of which choles-
terol is the final product, may instead generate molecules
such as farnesyl- and geranylgeranyl-pyrophosphate that
serve posttranslational protein modification.®® Uptake activity

Figure 4. Glucose fuels lipid biosynthesis in TNFR2-costimulated tTregs

(A) Assessment of BODIPY-C, uptake in tTregs and Tconvs stimulated as indicated (n = 7).

(B) Analysis of 6-NBDG uptake in tTregs and Tconvs stimulated as indicated for 24 h (n = 7).

(A and B) two-way ANOVA with Tukey’s post hoc test was used for statistical analysis.

(C) Scheme showing tracing of exogenous [U-'3Cg]-glucose-derived *C through metabolic pathways coupling glucose to de novo lipid biosynthesis. Red circles:
3¢, white circles: '>C. DAG, diacylglycerol; FFA, free fatty acid; P, phosphate; PL, phospholipids.

(D and E) Intracellular levels of '*C-labeled glycolysis (D) and TCA cycle (E) intermediates in tTregs and Tconvs stimulated as indicated in the presence of [U-'Cg]-
glucose (n = 3). M indicates monoisotope metabolite mass, increased by one for each '*C being incorporated.

(F) Intracellular levels of *3C in FA or the glycerol backbone of PC or TG in Tconvs and tTregs stimulated as indicated in the presence of [U-'3C¢]-glucose.
(D-F) two-way ANOVA with Bonferroni’s post hoc test was used for statistical analysis (*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001).

(A), (B), and (D-F) Data are represented as mean + SEM; n represents samples from individual donors in independent cultures.

See also Figure S6.
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of exogenous FA and expression of FA transporters (SLC27A2
and -A4) were higher in Tconvs than in tTregs, supporting the
idea that tTregs are geared toward FAS rather than FA uptake.
This fact predicts that Tconvs can use exogenous FA if de
novo FAS from glucose is hampered, but tTregs cannot. Accord-
ingly, we discovered a differential vulnerability of tTregs and
Tconvs to the inhibition of the enzymes ACC and FASN that
together catalyze palmitate synthesis from acetyl-CoA. ACC or
FASN inhibition impaired tTreg proliferation, while Tconvs were
not impacted. In addition, genetic FASN downregulation
impaired the suppressive function of tTregs. Our data tie in
with recent studies in mice showing that Treg expansion within
tumors requires glycolysis-driven lipid biosynthesis.®* Treg-spe-
cific deletion of HMGCR,®® Scap, or Fasn*? was found to pro-
voke robust antitumor immunity, in agreement with a require-
ment of these lipid biosynthesis enzymes for Treg suppressive
function.

The capability of tTregs to metabolize different nutrients, such
as glucose and lactate, endows them with flexibility in metabol-
ically challenging contexts like the tumor microenvironment.*®
Metabolic adaptation may also occur in other lactate-rich envi-
ronments, such as the skeletal muscle, where Tregs play an
important role in tissue regeneration.®® Classically, lactate is
considered to be a waste product of glycolysis.®” However, it
can also be oxidized to pyruvate and serve as a carbon source
for the TCA cycle.®® We show here that human tTregs express
the lactate importer SLC16A1 at higher levels and the lactate
exporter SLC16A3 at lower levels than Tconvs, which agrees
with our earlier finding that glycolytic tTregs accumulate more
intracellular lactate than glycolytic Tconvs.*® Under low-glucose
conditions, lactate proved to be an alternative nutrient for human
tTregs, while Tconvs failed to thrive on it. Under high-lactate and
low-glucose conditions, both CD28 and TNFR2 co-stimulation
increased FAS in tTregs in equal measure. This can be explained
by the fact that lactate feeds into the TCA cycle downstream of
the glycolysis pathway that is selectively boosted in tTregs by
TNFR2 co-stimulation. In agreement with a prominent role for
lactate as a nutrient for tTregs, murine Tregs deficient for lactate
importer Slc16a1 displayed impaired suppressive function
in vivo.*® Moreover, a key study showed that Tregs are naturally
geared toward using lactate as a nutrient to support their prolif-
eration, survival, and suppressive function under low-glucose
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conditions.”” We demonstrate here that lactate can fuel de
novo FAS in both tTregs and Tconvs, but that tTregs are uniquely
reliant on this pathway for their proliferation when glucose avail-
ability is limited. This specific vulnerability of tTregs may explain
why Treg-specific loss of FASN in a mouse model led to reduced
tumor growth.*” Possibly, Tconvs were released from Treg-
mediated suppression and cleared the tumor. We conclude
that effector tTregs, as found in healthy and diseased tissues,
likely rely on de novo FA and lipid biosynthesis for their prolifer-
ation and function and can effectively use either glucose or
lactate to sustain this metabolic program.

Next to glucose and glutamine, FA are generally listed as nu-
trients for diverse cell types. Long-chain free FA can be imported
into cells via diverse transporters and broken down into acetyl-
CoA by the FA oxidation (FAO) pathway. Early studies reported
that Tregs exhibit increased FAO compared to Tconvs.®®"°
Also, one study argues that T helper 17-type Tconvs, but not
Tregs, rely on FAS,”" which is in seeming contrast to our findings.
However, these studies were done in in vitro transforming growth
factor B-driven induced Tregs that are converted from Tconvs,
which have many hallmarks that set them apart from tTregs.”?
The tTregs we have studied here represent the stable tTregs
that populate lymphoid and non-lymphoid organs in human
and mice, as we have shown previously.”® Certain NLTs can
also harbor pTregs that are converted from Tconvs in vivo and
likely have properties distinct from effector tTregs. Since there
are no markers to discern these populations besides TCR- or
transcriptome-based lineage tracing, the literature is confusing
regarding in vivo Treg properties. Treg-specific deletion of the
FA importer CD36 driven by the Foxp3 promoter did not cause
autoimmunity and did not impair Treg maintenance or function
in vivo,”® in agreement with our finding that Tregs can use
glucose and lactate as nutrients to synthesize FA de novo. How-
ever, in subcutaneously implanted tumors, Tregs required FA
uptake and oxidation for survival and suppressive function.”®
Along similar lines, exogenous oleic acid was found to stimulate
an FAO gene expression program in human blood-derived Tregs
that could also be recognized in visceral adipose tissue-resident
Tregs.” These opposing findings can be explained by nutrient
availability in the corresponding contexts. Subcutaneous and
visceral adipose tissue are rich in FA but may contain limited
amounts of water-soluble nutrients such as glucose and lactate.

Figure 5. tTregs but not Tconvs use lactate for FAS upon glucose deprivation

(A) GSEA plot showing enrichment of a published pan-cancer tumor-infiltrating Treg gene signature”® in the transcriptome of CD3/TNFR2-compared to CD3/28-
stimulated tTregs.

(B) Proteomics analysis comparing SLC expression in tTregs versus Tconvs stimulated as indicated. Dotted horizontal line indicates p = 0.05. SLC involved in
lactate or FA transport are highlighted in red. Unpaired Student’s t test with Benjamini-Krieger-Yekutieli method was used for statistical analysis; FDR < 0.05.
(C) Scheme showing tracing of exogenous [U-'3C,]-lactate-derived '*C through TCA cycle and lipid biosynthesis pathways. Red circles: '3C, white circles: '2C.
(D) Distribution of '*C-labeled TCA cycle intermediates in Tconvs and tTregs stimulated as indicated in the presence of [U-'3C,]-L-lactate. M indicates mono-
isotope metabolite mass, increased by one for each '*C being incorporated.

(E) Cumulative "*C-labeling of palmitate in tTregs and Tconvs expressed as normalized peak intensity (left) and relative increase in labeling compared to un-
stimulated controls (right).

(F) Schematic overview of the origin of palmitate (>C- and '*C-labeled), indicating de novo synthesis (S) from [U-'3Cg]-lactate and import () of exogenous
12C-palmitate as main parameters to analyze FA metabolism by FAMetA.°"

(G) De novo FAS rate (S) and palmitate import rate (I) according to FAMetA.>"

(E and G) Two-way ANOVA with Bonferroni’s post hoc test was used for statistical analysis (*p < 0.05; *p < 0.01; ***p < 0.001). Data are represented as mean +
SEM (A, B, D, E, G). Data represent n = 3 samples from individual donors in independent cultures.

See also Figure S7.
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Figure 6. tTregs specifically rely on glucose/
lactate-fueled FAS for proliferation

(A and B) tTreg and Tconv proliferation upon indi-
cated stimulation in the presence of increasing C75
concentrations.

(C and D) Proliferation of tTregs and Tconvs upon
indicated stimulation and culture conditions.

(A-D) Two-way ANOVA with Tukey’s post hoc test
was used for statistical analysis (p < 0.05;
**p < 0.01; ***p < 0.0001). Data are represented as
mean + SEM of n = 4 samples from individual
donors in independent cultures.

See also Figures S8 and S9.
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Figure 7. tTregs rely on FAS for their suppressive activity

(A and B) Assessment of the suppressive capacity of FASN-KD (A) or SCD1-KD (B) tTregs. Two-way ANOVA with Bonferroni’s post hoc test was used for

statistical analysis.

(C and D) Assessment of the suppressive capacity of tTregs with EV-GFP or SLC16A3-GFP overexpression cocultured with CellTrace-labeled PBMC in a

1:4 ratio. Paired two-sided Student’s t test was used for statistical analysis.

(A-D) Data are presented as mean + SEM of n = 5 samples from individual donors in independent cultures (*p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001).

See also Figure S10.

Tregs in such tissues may therefore adapt to rely on FA uptake
and FAO. Overall, these data suggest that NLT-resident tTregs
may adapt to tissue-specific nutrient availability for lipid
biosynthesis.

Our lipidomic analysis indicated that Tconvs are richer than
tTregs in neutral lipids, including (ether)-DG and (ether)-TG.
Accordingly, glucose-derived carbon was preferentially used
for TG synthesis in Tconvs. Our finding that tTregs have charac-
teristically low TG levels ties in with observations in mice, where
Batf, a transcription factor essential for NLT-resident Tregs,3
suppressed TG synthesis.”® Deletion of Batf in Tregs impaired
their suppressive function, in part due to elevated TG abun-
dance, as shown by the inhibition of TG synthetase Dgat2.
High TG content in pro-inflammatory Tconvs and high phospho-
lipid content in anti-inflammatory tTregs provide an interesting
analogy with pro-inflammatory M1 macrophages that incorpo-
rate exogenous FA into TG and anti-inflammatory M2 macro-
phages that incorporate them into phospholipids.”®"” TG are
stored in lipid droplets, from where they can be mobilized for

eicosanoid synthesis’® and drive inflammatory responses, as
observed in macrophages,’®"%%° neutrophils,®"®> mast
cells,®*®#* microglia,®® and innate lymphoid cells.®® Moreover,
pro-inflammatory CD4* T cells from rheumatoid arthritis patients
were also found to accumulate lipid droplets.®”

The physicochemical properties of cellular membranes are
determined by FA content, length, and saturation.®® We found
that tTregs make discerning phospholipids and TG with long
and unsaturated FA chains, which is boosted by TNFR2 co-stim-
ulation and required for their suppressive function, as shown by
the knockdown of SCD1, a desaturase that introduces a double
bond at the A9 position. TNFR2 co-stimulation also upregulated
FADS1 and FADS2, A5-and A6-desaturases, respectively, which
are rate limiting in the synthesis of polyunsaturated FA (PUFA).
Membrane lipid composition can impact T cell function in a vari-
ety of ways. Lipid species with saturated FA lead to tighter pack-
ing and lower membrane fluidity, while unsaturated FAs enable
lower membrane order with higher flexibility and fluidity.®® In
line with our observation that Tregs have a high unsaturated

Cell Reports 43, 114681, September 24, 2024 13



¢? CellPress

OPEN ACCESS

FA content within phospholipid species, Tregs reportedly have a
lower membrane order than Tconvs.?® Increased membrane
flexibility may serve effector tTreg shaping and motility, which
is strongly increased after TNFR2 co-stimulation®® and important
for Treg function in tissues. It may also serve the membrane dy-
namics involved in CTLA4-mediated suppression of Tconvs.*”
Furthermore, PUFA are known to impair membrane packing at
TCR signaling foci in Tconvs,**°" and therefore tTregs may
have intrinsically different arrangements for transmembrane
signaling than Tconvs. Further studies should reveal all func-
tional consequences of the differential lipid compositions of
tTregs and Tconvs and the underlying cell biological mecha-
nisms. However, of immediate clinical relevance is our finding
that tTregs, but not Tconvs, have the capacity to switch to
lactate-fueled FAS under low-glucose conditions, which is a
tTreg-specific vulnerability that can be therapeutically exploited.

Limitations of the study
The difference in lipid composition between tTregs and Tconvs
influences receptor proximal signaling events, for example, by
impact on receptor clustering in membrane microdomains and
recruitment of signaling molecules to the plasma membrane.
This can be examined by various approaches, such as charac-
terization of lipid rafts coupled to mapping of intracellular
signaling events by unbiased phosphoproteomics approaches.
We could not rescue the effects of FAS inhibition in tTregs by
adding exogenous palmitate, which may be explained by the
fact that this predominantly leads to lipid droplet formation.® It
should therefore be tested whether ablation of FAS-associated
enzymes in tTregs alters their lipidome, which in combination
with the aforementioned biochemical studies could provide a
direct link between lipidome remodeling and tTreg function.
Regarding in vivo relevance, here, we show by comparative
transcriptomics analyses that high SLC16A71 expression on
TNFR2-co-stimulated tTregs is a hallmark of tumor Tregs. Like-
wise, TNFR2-co-stimulated and tumor Tregs showed increased
expression of FAS-associated genes, particularly those involved
in FA desaturation. Although a reductionist in vitro approach as
adopted in our study can reveal novel mechanistic insights that
are complementary to in vivo studies, approaches like in vivo iso-
topologue tracing®*®* coupled to lipidome analysis will be
important to provide a definitive relationship between lipid
biosynthesis and Treg function in, for instance, cancer, inflam-
mation, or tissue repair.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Mouse anti-CD3 (clone CLB-T3/4.E, 1XE, IgE isotype) Sanquin Cat# M1654
Mouse anti-CD28 (clone CLB-CD28/1, 15E8) Sanquin Cat# M1650

Mouse anti-TNFR2 (clone MR2-1)

Mouse anti-CD4-PE-Cy7 (clone OKT4)
Mouse anti-CD127-BV421 (clone A019D5)
Mouse anti-CD25-PE (clone 2A3)

Mouse anti-CD45RA-FITC (clone HI100)
Mouse anti-GPA33

Rat anti-FOXP3-APC (clone PCH101)

Armenian hamster anti-Helios-PE-Cy7 (clone 22F6)
Mouse anti-CTLA-4-PE-Dazzle594 (clone L3D10)
Rabbit anti-SLC16A3

Mouse anti-GAPDH

Rabbit anti-FASN

Rabbit anti-SCD1

Anti-mouse IRDYE680

Anti-rabbit IRDYE800

Anti-rabbit APC

Hycult Biotech
BioLegend
BioLegend

BD Biosciences
ImmunoTools

Kindly provided by

Prof. D. Amsen (Sanquin)*®

Invitrogen
BioLegend
BioLegend
Sigma-Aldrich

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology

LI-COR Biosciences
LI-COR Biosciences
invitrogen

Cat# HM2007; RRID:AB_10987915
Cat# 317414; RRID:AB_571959
Cat# 351310; RRID:AB_10960140
Cat# 341011; RRID:AB_2783790
Cat# 21819453

N/A

Cat# 17-4776-42; RRID:AB_1603280
Cat# 137236; RRID:AB_2565990
Cat# 349922; RRID:AB_2566198
Cat# HPA021451; RRID:AB_1853663
Cat# 97166; RRID:AB_2756824

Cat# 3180T; RRID:AB_2100796

Cat# 2794; RRID:AB_2183099

Cat# 926-68020; RRID:AB_10706161
Cat# 926-32211; RRID:AB_621843
Cat# A-10931; RRID:AB_2534068

Biological samples

Human buffy coat

Sanquin, Amsterdam,
the Netherlands

N/A

Chemicals, peptides, and recombinant proteins

IMDM Culture Medium

FCS

Penicillin/streptomycin

DMEM w/o glucose, L-glutamine, phenol red
MEM Non-essential amino acid solution (100x)
Dialyzed FCS

Recombinant human IL-2

LIVE/DEAD™ fixable near-IR dead cell
stain kit, for 633 or 635 nm excitation
Alexa Fluor 647 succinimidyl ester
CellTrace Violet (CTV)

CellTrace Yellow (CTY)
4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-
Diaza-s-Indacene-3-Dodecanoic Acid
(BODIPY™ FL C12)
6-(N-(7-Nitrobenz-2-oxa-1,3-diazol-
4-yl)amino)-6-Deoxyglucose (6-NBDG)
4’ ,6-diamidino-2-phenylindole,
dihydrochloride (DAPI)

HCS LipidTOX™ Deep Red neutral lipid stain
Ficoll

Gibco

Serana

Gibco

Gibco

Gibco

Life technologies
DuPont Medical
Invitrogen

Invitrogen
Invitrogen
Invitrogen
Invitrogen

Invitrogen

Stemcell Technologies

Invitrogen
Apotheek LUMC

Cat# 21980-032

Cat# S-FBS-SA-0150
Cat# 15070-063

Cat# A14430-01

Cat# 11140-050

Cat# A33820

N/A

Cat# L10119

Cat# A37573
Cat# C34557
Cat# C34567
Cat# D3922

Cat# N23106

Cat# 75004

Cat# H34477
Cat# 97902861

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Flow cytometry Stain buffer BD Biosciences Cat# 554656
Methy! tert-butyl ether (MTBE) Honeywell Riedel-de Haen Cat# 34875

Sodium pyruvate (100 mM)
L-glutamine (200 mM)
D-glucose

Sodium L-lactate

tetrahydro-4-methylene-2R-octyl-
5-o0x0-3S-furancarboxylic acid (C75)
[U-"3Cg]-glucose

[U-"3Cg]-L-lactate

Sodium sulfate
N-tert-Butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA)
N-methyl-N-trimethylsilyl-
trifluoroacetamide (MSTFA)
containing 1% Chlorotrimethylsilane

N-trimethylsilyl-imidazole
Opti-MEM
Polyethylenimine (PEI)
Puromycin dihydrochloride

Radioimmunoprecipitation
assay (RIPA) buffer

Protease inhibitor cocktail
NUPAGE™ LDS sample buffer
NuPAGE™ 10% Bis-Tris gel
NuPAGE™ MES SDS Running Buffer
Roche Western blocking reagent
Western BLoT Immuno Booster
BamHI-HF restriction enzyme
Notl-HF restriction enzyme

Sall-HF restriction enzyme

Xbal restriction enzyme

Gibco

Gibco

Merck
Sigma-Aldrich
Cayman Chemical

Cambridge Isotopes
Sigma-Aldrich

Fluka

Sigma-Aldrich

Thermo Scientific

Sigma-Aldrich
Gibco
Polysciences
Sigma-Aldrich
Thermo Scientific

Roche

Invitrogen

Invitrogen

Invitrogen
Sigma-Aldrich
Takara

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs

Cat# 1136-039
Cat# 25030-024
Cat# 108337
Cat# 71718
Cat# 10005270

Cat# CLM-1396
Cat# 746258
Cat# 71961
Cat# 77626

Cat# TS-48915

Cat# 394874
11058-021
Cat# 23966-1
Cat# P7255
Cat# 89900

Cat# 11836153001
Cat# NP0007
Cat# NP0301BOX
Cat# NP0002
Cat# 11921673001
Cat# T7115A
Cat# R3136S
Cat# R3189S
Cat# R3138S
Cat# R0145S

Critical commercial assays

StraightFrom Buffy Coat CD4 MicroBead kit
FOXPS3 transcription factor staining buffer set
Intracellular fixation & permeabilization kit
Pierce BCA Gold protein assay

TMTpro™ 16plex label reagent set

Miltenyi Biotec
Invitrogen
Invitrogen
Thermo Scientific
Thermo Scientific

Cat# 130-114-980
Cat# 00-5523-00
Cat# 88-8824-00
Cat# A53225
Cat# A44520

Deposited data

RNA-seq data

Proteomics data

GEOQ; De Kivit et al.,””
Mensink et al.*®

ProteomeXchange

Accession code GSE138604

Accession code PXD048504

Experimental models: Cell lines

HEK293T cells

Jurkat J16 cells

Netherlands Cancer Institute,
Amsterdam, the Netherlands
Netherlands Cancer Institute,
Amsterdam, the Netherlands

RRID:CVCL_0063

RRID:CVCL_0065

Recombinant DNA

pLKO.1-shControl construct: SHC002
pLKO.1-shFASN construct: TRCN0O000003128
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Sigma-Aldrich
Sigma-Aldrich

MISSION shRNA library
MISSION shRNA library
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REAGENT or RESOURCE SOURCE IDENTIFIER
pLKO.1-shSCD1 construct: TRCN000056613 Sigma-Aldrich MISSION shRNA library
psPAX2 plasmid Addgene RRID:Addgene_12260
pMD2.G plasmid Addgene RRID:Addgene_12259
pCDH-EF1 plasmid Addgene RRID:Addgene_72266
hSLC16A3 VersaClone cDNA plasmid R&D Systems Cat# RDC0387

Software and algorithms

FACSDiva software (version 8)

FlowdJo software (version 10.8.1)

GraphPad Prism software (version 9.3.1)
Qlucore Omics Explorer software (version 3.8)
GSEA software (version 4.3.2)

GEO2R (version R 4.2.2, Biobase 2.58.0,
GEOquery 2.66.0, limma 3.54.0)

Ingenuity Pathway Analysis software
(version 84978992)

Cytoscape software (version 3.9.1)
Cytoscape STRING app (version 2.0.1)
Proteome Discoverer software (version 2.4)
Mascot (version 2.2.07)

MS-DIAL (version 4.70)

TraceFinder software (version 5.1)
COLMARmM web server database
IsoCorrector R package

FAMetA R package

Image Studio™ software (version 5.5.4)

BD Biosciences

BD Biosciences
GraphPad Software
Qlucore

UC San Diego and
Broad Institute

National Center for

Biotechnology Information

QIAGEN

Cytoscape

N/A

Thermo Scientific
Matrix Science
Riken

Thermo Scientific
Bingol et al.®
Bioconductor
Alcoriza-Balaguer et al.>’
LI-COR Biosciences

RRID:SCR_001456
RRID:SCR_008520
RRID:SCR_002798
https://qlucore.com
RRID:SCR_003199

RRID:SCR_016569

RRID:SCR_008653

RRID:SCR_003032

RRID:SCR_025009

RRID:SCR_014477

RRID:SCR_014322

RRID:SCR_023076

RRID:SCR_023045

N/A
https://doi.org/10.18129/B9.bioc.IsoCorrectoR
N/A

RRID:SCR_015795

Other

BD FACSAria Il cell sorter
BD LSR Il analyzer

BD LSR Fortessa analyzer
BD FACS Canto Il

Kinetex PS C18 column

Nexera series HPLC system

Sciex TripleTOF 6600 mass spectrometer

Sciex Lipidyzer

Sciex Qtrap 5500 mass spectrometer
Q-Exactive HF mass spectrometer
Vanquish autosampler and pump

Sequant ZIC-pHILIC column
14 T Bruker Avance Neo NMR spectrometer

Agilent 8890 Gas Chromatography System
Agilent 5977B MS

VF-5ms column

CASY cell counter

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Phenomenex

Shimadzu

Sciex

Sciex
Sciex
Thermo Scientific
Thermo Scientific

Merck
Bruker

Agilent
Agilent
Agilent
OLS OMNI Life Science

RRID:SCR_018934
RRID:SCR_002159
RRID:SCR_018655
RRID:SCR_018056

https://www.phenomenex.com/products/
kinetex-hplc-column/kinetex-ps-c18

https://www.ssi.shimadzu.com/products/
liquid-chromatography/hplcuhplc/
nexera-series/index.html

https://www.sciex.com/landing-pages/
tripletof6600plus

https://sciex.com/

RRID:SCR_020517

RRID:SCR_020545

Cat# VH-P10-A-02, VH-A40-A-02,
VH-C10-A-02

Cat# 150460

https://www.bruker.com/en/products-and-
solutions/mr/nmr/avance-neo-consoles.html

RRID:SCR_019459
RRID:SCR_019420
Cat# CP8944

https://www.ols-bio.de/products/
cell-counter-casy

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Infinite® 200 PRO plate reader M Plex Tecan RRID:SCR_020543
Trans-Blot® Turbo™ system Bio-Rad RRID:SCR_023156
Nitrocellulose transfer packs Bio-Rad Cat# 1704158

LI-COR Biosciences
Thermo Scientific

Odyssey CLx infrared imager
UltiMate3000 HPLC system with
Orbitrap Exploris480 mass spectrometer
1cc C18 SPE cartridges

RRID:SCR_014579
Cat# BRE725539

QOasis HLB, Waters Cat# WAT094225

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human material

Human peripheral blood was obtained in accordance with the Declaration of Helsinki and the Dutch rules concerning the use of hu-
man materials from volunteer donors. Buffy coats from healthy, anonymized male or female donors aged 18 to 65 were collected after
their written informed consent, as approved by the Ethical Advisory Council of Sanquin Blood Supply Foundation (License
NVTO0111.01), Amsterdam, the Netherlands. As human material was obtained from anonymized donors, no information regarding
the gender, ancestry, race, ethnicity and socioeconomic status has been disclosed. The analyses were performed on tTregs and
Tconvs in independent cultures that were obtained from the same buffy coat.

METHOD DETAILS

T cell isolation and sorting

CD4™" T cells were directly isolated from buffy coats using the StraightFrom Buffy Coat CD4 MicroBead kit (Miltenyi Biotec). For cell
sorting, these cells were stained with CD4-PE-Cy7, CD127-BV421 (BioLegend), CD25-PE (BD Biosciences), CD45RA-FITC
(ImmunoTools) and GPA33-AF647°°° monoclonal antibodies (mAbs). The anti-GPA33 mAb was kindly provided by Prof. D. Amsen
(Sanquin, Amsterdam, the Netherlands) and was conjugated in-house to Alexa Fluor 647 succinimidyl ester (Thermo Scientific) as
previously described.®® LIVE/DEAD near-IR dead cell stain (Invitrogen) was used to exclude dead cells. Naive tTregs and Tconvs
were sorted based on CD4*CD25"9"CD127'°“CD45RA*GPA33"9" and CD4*CD25°"CD127"9"CD45RA*GPA33™ phenotypes,
respectively, using a BD FACSAria Il cell sorter with FACSDiva software (version 8) (BD Biosciences). Details regarding all antibodies,
reagents, software and other materials used in this study are provided in the key resources table.

T cell expansion and restimulation

After cell sorting (day 0), human naive tTregs and Tconvs were placed in 96-well round bottom plates (Corning, Thermo Fisher; 1x10*
cells per well) and cultured in 100 pL IMDM (Capricorn Scientific) supplemented with 8% FCS (Serana) and penicillin/streptomycin
(Gibco; 5000 U/mL) (T cell medium), at 37°C/5% CO.,. To initiate T cell expansion, cells were cultured in the presence of IL-2 (DuPont
Medical; 300 IU/mL) and soluble agonistic mAbs against CD3 (clone CLB-T3/4.E, IgE isotype, Sanquin, 0.1 pg/mL) and CD28 (clone
CLB-CD28/1, Sanquin, 0.2 ng/mL). On day 4, 100 pL T cell medium supplemented with IL-2 (300 IU/mL) was added to the culture.
From day 7 to day 11, cells were cultured in 24- or 6-well plates (Corning; 1x10° cells/mL) using fresh T cell medium supplemented
with IL-2 (300 IU/mL), but without anti-CD3/28 mAbs. On day 11, T cells were collected and restimulated using anti-CD3 (0.1 pg/mL)
combined with either anti-CD28 (0.2 ng/mL) or anti-TNFR2 (2.5 ug/mL) or left unstimulated for 24 h in the presence of IL-2 (300 IU/mL)
(Figure S1B).

Flow cytometry

To assess the purity of expanded tTregs and Tconvs, T cells (5x10%) were washed in stain buffer (BD Biosciences) prior to fixation and
permeabilization using the FOXP3 transcription factor staining buffer set (Invitrogen) according to the manufacturer’s instructions.
Next, cells were stained using FOXP3-APC (Invitrogen), Helios-PE-Cy7, CTLA-4-PE-Dazzle594 and TNFR2-PE (BioLegend) mAbs
as indicated (Figure S1C). To assess SLC16A3 overexpression, Jurkat J16 cells were fixed using the intracellular fixation and per-
meabilization buffer set (Invitrogen) according to manufacturer’s instruction. Cells were stained using rabbit anti-SLC16A3 pAbs
(Sigma), followed by secondary anti-rabbit-APC pAbs (Invitrogen). LIVE/DEAD near-IR dead cell stain (Invitrogen) was used to
exclude dead cells. Flow cytometric analysis was performed on a BD FACS Canto Il, BD LSR Il or BD Fortessa cell analyzer with
FACSDiva software (version 8) (BD Biosciences). Data were analyzed using FlowJo software (version 10.8.1).

Lipidomics

tTregs and Tconvs were CD3/28- or CD3/TNFR2-stimulated or left unstimulated for 24 h in the presence of IL-2 (300 IU/mL) in a 6-well
plate (Corning; 2x10° cells per mL). Cells were washed three times in PBS and cell pellets were snap-frozen and stored at —80°C until
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further processing for untargeted or targeted lipidomics. Untargeted lipidomics was carried out as described elsewhere.®” Briefly,
lipids were extracted using methyl tert-butyl ether (MTBE; Honeywell Riedel-de Haén) from 2 to 3x 10° cells, depending on the num-
ber of cells available per biological replicate. After drying the organic extract under a gentle stream of nitrogen, lipids were dissolved
in 200 pL 50% 2-propanol and separated using reversed-phase chromatography (Kinetex C18 column, Phenomenex) employing a
Nexera series HPLC system (Shimadzu) to deliver a gradient of water:acetonitrile 80:20 (eluent A) and water:acetonitrile:2-propanol
1:9:90 (eluent B). Both eluents contained 5 mM ammonium formate and 0.05% formic acid. Lipid detection was accomplished using
a Sciex TripleTOF 6600 high resolution mass spectrometer (Sciex) and analysis took place in positive and negative electrospray ioni-
zation mode. The obtained mass spectra were analyzed using MS-DIAL v4.70.°¢ Lipids were identified based on database matching
of tandem mass spectra. All spectra were manually curated, and, for quality control purposes, lipid retention times were matched to
side chain length and double bond numbers. For PCA, data were log-transformed and Pareto scaling was performed. To evaluate
differences in lipids between Tconvs and tTregs, peak areas of detected lipid species were log+q transformed, followed by hierarchi-
cal clustering of the lipid classes based on FA moieties. Lipids within each cluster were statistically analyzed as indicated.

Comprehensive targeted lipidomics was carried out using the Sciex Lipidyzer platform*®*' operated with the shotgun lipidomics
assistant software.® In short, lipids were extracted using MTBE from 5 to 7 x 106 cells, depending on the number of cells available per
biological replicate, after addition of deuterated internal standards. Targeted lipidomics was carried out using a flow-injection assay
employing differential mobility spectrometry of lipid classes. Individual lipid species were quantified by monitoring characteristic
mass transitions in multiple reaction monitoring mode on a Sciex Qtrap 5500 mass spectrometer. Detailed descriptions of the method
and the quantification process have been described before.***! For data analysis, the protein concentration per sample was deter-
mined using a Pierce BCA protein assay kit (Thermo Scientific). Data were normalized to protein content, log4g-transformed and lipid
species containing more than 25% missing values, which derived from signals below the detection limit of the system, were excluded
from the analysis.

Transcriptomics

Acquisition of bulk RNA-seq data from tTregs and Tconvs restimulated for 24 h via CD3, CD3/28 or CD3/TNFR2 was previously
described®® and data are publicly accessible in the GEO database under accession code GSE138604. Qlucore Omics Explorer soft-
ware (version 3.8) was used to perform trimmed mean of M values (TMM) normalization. GRCh38.93.gtf was used as reference
genome for alignment. Genes were excluded from downstream expression analysis when there were less than 20 mapped reads
in at least 10 out of 18 samples. Genes with low overall variance due to the impact of noise were also excluded.

Principal component analysis (PCA) was used to visualize the data in two-dimensional space. Differential gene expression between
two sample groups was determined by a Student’s t-test with the Benjamini-Hochberg method for multiple testing correction and
considered significant at FDR<0.05. After Z score normalization, heat maps were created in GraphPad Prism (version 9.3.1).

Gene set enrichment analysis was performed with GSEA software (version 4.3.2) using gene sets from curated pathway databases
Reactome and KEGG as listed in the Molecular Signatures Database (MSigDB) (available at https://www.gsea-msigdb.org/gsea/
index.jsp). These gene sets were filtered for cell metabolism-related pathways as defined by Lim et al.”* Raw microarray data
from Lim et al.“? were analyzed using the NCBI web application GEO2R with standard settings and subsequently compared to tran-
scriptome data from the present study using GSEA. Mouse genes were converted to human orthologs before comparing log, fold
changes.

Upstream transcriptional regulator analysis was performed using Ingenuity Pathway Analysis (version 84978992, QIAGEN). Target
genes of upstream regulators were visualized in Cytoscape (version 3.9.1) using the STRING app (version 2.0.1). These gene sets
were filtered for cell metabolism-related pathways as defined by Lim et al.*”

Glucose and FA uptake assay

For glucose and FA uptake assays, T cells (5x10% were washed in DMEM without glucose, sodium pyruvate, L-glutamine, FCS and
phenol red (nutrient uptake medium, Gibco) and subsequently incubated with 6-NBDG (100 uM, Invitrogen) or BODIPY-C12 (0.5 uM,
Invitrogen) in nutrient uptake medium for 45 min at 37°C/5% CO,. Cells were washed once in nutrient uptake medium containing 2%
FCS prior to sample acquisition in stain buffer (BD Biosciences). DAPI (Stem Cell Technologies) was used to exclude dead cells. Flow
cytometric analysis was performed on a BD FACS Canto Il, BD LSR Il or BD Fortessa cell analyzer with FACSDiva software (version 8)
(BD Biosciences). Data were analyzed using FlowJo software (version 10.8.1).

13C stable-isotope tracing
3C isotope tracer experiments and analysis of polar metabolites by LC-MS were performed as described in detail before.*® For
[U-"3Cg]-glucose tracing, media consisted of DMEM without glucose, pyruvate and L-glutamine, supplemented with penicillin/strep-
tomycin, additional non-essential amino acids, 1 mM pyruvate, 2 mM L-glutamine (all from Gibco), 8% FCS (Serana) and 25 mM
[U-"3Cg]-glucose (Cambridge Isotopes). For [U-'3Cg]-lactate tracing, media consisted of DMEM without glucose, pyruvate and
L-glutamine, supplemented with penicillin/streptomycin, additional non-essential amino acids, 2 mM L-glutamine, 8% dialyzed
FCS (all from Gibco), 1 mM glucose (Sigma), and 20 mM [U-"3Cg]-L-lactate (Sigma-Aldrich).

tTregs and Tconvs were restimulated in presence of IL-2 (300 IU/mL), with or without agonistic mAbs against CD3/28 or CD3/
TNFR2 for 24 h. Cells were washed with ice-cold PBS and metabolites were extracted by adding 50 pL ice-cold MS lysis buffer
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(methanol/acetonitrile/ultrapure LC-MS grade water 2:2:1). Samples were shaken for 10 min, centrifuged for 15 min at 4°C and the
supernatant was stored at —80°C until LC-MS analysis. LC-MS analysis was performed on a Q-Exactive HF mass spectrometer
(Thermo Scientific) coupled to a Vanquish autosampler and pump (Thermo Scientific). Metabolites were separated using a Sequant
ZIC-pHILIC column (2.1 x 150 mm, 5 um, guard column 2.1 x 20 mm, 5 um; Merck) using a linear gradient of acetonitrile and 20 mM
(NH4)2COg3, 0.1% NH4OH in ULC/MS grade water (Biosolve) with a flow rate of 100 uL/min. The MS operated in polarity-switching
mode with spray voltages of 4.5 kV and —3.5 kV. Metabolites were identified based on exact mass within 5 ppm and further validated
in concordance with retention times of standards. Quantification was based on peak area using TraceFinder software (Thermo Sci-
entific). Peak areas were normalized based on total signal and isotopomer distributions were corrected for natural abundance of '3C
based on unlabeled control samples.

Glucose-derived '3C tracing in lipids was measured by NMR spectroscopy. Cell pellets were spun down at 750 xg for 5 min at 4°C
and cell pellets were washed with ice-cold PBS. Metabolites and lipids were extracted using a modified Bligh-Dyer extraction with
methanol/chloroform/water, 2:2:1.8 (v/v/v). The bottom hydrophobic phase containing lipids was collected and dried under a gentle
nitrogen gas flow. Extracts were then reconstituted in deuterated chloroform containing 0.03% (v/v) tetramethylsilane as NMR chem-
ical shift reference. All samples were measured on a 14 T Bruker Avance Neo NMR spectrometer (600 MHz for 'H) equipped with a
5 mm TCI cryoprobe (Bruker). Two NMR experiments were collected per sample: a 1D 'H and a 2D 'H-"3C Heteronuclear Single
Quantum Correlation (HSQC). For the latter, a modified pulse sequence® was used to enhance resolution in the "C dimension.
Peak annotations were performed using the COLMARmM web server database.'® The splitting of peak of methyl protons from lipid
moieties at ('H) 0.88 — (*3C) 14.14 ppm was used to calculate the '*C enrichment of the CH3-CH, group, which represents the pool FA
chains. The splitting of peaks at ("H) 3.94 — (*3C) 63.56 and ('H) 4.39 - (°C) 62.91 ppm were used to calculate the 'C enrichment in the
glycerol backbone of phospholipids while the peaks at ("H) 4.14 — ('3C) 62.11 and ('H) 4.29 — ('3C) 62.11 ppm were used to calculate
the '3C enrichment of glycerol backbone of TG. The integrals of these peaks were normalized based on the probabilistic quotients
normalization method.'®" Quotients for each sample were determined from the integration of the total areas of the corresponding 1D
'H spectra.

Mass isotopologue distribution (MID) of palmitate and cholesterol from cells cultured with the [U-'3Cg]-lactate tracing medium was
measured by GC-MS on the lipid extracts of Tconvs and tTregs as previously reported with some modifications.'% Cells were ex-
tracted as described above and the dried extracts were then reconstituted with 80 uL ethanol, 10 uL water and 10 pL aqueous NaOH
solution (10 M) (Sigma-Aldrich). The mixtures were flushed with nitrogen gas and then saponified for 1 h at 70°C. Next, 35 uLof 6 M
HCI (Sigma-Aldrich) were added, followed by extraction with MTBE and removal of water with sodium sulfate (Fluka). The extracts
containing free FA and sterols were dried under a gentle stream of nitrogen. FA were derivatized by adding 25uL N-tert-Butyldime-
thylsilyl-N-methyltrifluoroacetamide (MTBSTFA; Sigma-Aldrich) and incubating for 15 min at room temperature. Subsequently, ste-
rols were derivatized with 25 pL of a mixture of N-methyl-N-trimethylsilyl-trifluoroacetamide (MSTFA) containing 1% Chlorotrimethyl-
silane (ThermoFisher) and 10% N-trimethylsilyl-imidazole (Sigma-Aldrich) and incubation for 15 min at 50°C. Finally, 50 uL n-hexane
were added and all samples were analyzed using an Agilent 8890GC coupled to an Agilent 5977B MS equipped with an electron
ionization source. The liner temperature was set at 280°C, transfer line at 280°C, source at 230°C and quadrupole at 150°C. 1 pL
from each sample was injected and palmitate and cholesterol were separated on a VF-5ms column (Agilent; 30 m x 250 um x
0.25 pum) with helium as carrier gas at a flowrate of 1.0 mL/min. The following temperature gradient was used: 1.5 min at 50°C, linear
increase at 30 °C/min to 210°C, linear increase at 5 °C/min to 310°C, held for 4.0 min at 310°C.

The MID of palmitate and cholesterol were extracted from the intensities of the MS spectrum and corrected for natural **C abun-
dance using the IsoCorrector R package.'® The monoisotopic m/z of 313.3 was used for palmitate, and 368.3 for cholesterol. MIDs
of cholesterol and palmitate were used for isotopomer spectral analysis (ISA)'%* using the R software package FAMetA®" which
modeled the parameters S (or g(t)) and |, which represent the rate of synthesis of a specific FA from °C-acetyl-CoA and the fraction
of exogenous imported FA, respectively.

Neutral lipid staining by flow cytometry

T cells (5x10% were stimulated in T cell medium using anti-CD3 (0.1 pg/mL) combined with either anti-CD28 (0.2 ug/mL) or anti-
TNFR2 (2.5 pg/mL) or left unstimulated for 24-96 h in the presence of IL-2 (300 IU/mL). Restimulated T cells were washed twice
in stain buffer (BD Biosciences), followed by incubation with LIVE/DEAD near-IR dead cell stain for 10 min to discriminate between
live and dead cells. Cells were fixed using the intracellular fixation & permeabilization kit (Invitrogen) and washed twice in stain buffer.
Neutral lipids were stained using the HCS LipidTOX Deep Red neutral lipid stain (Invitrogen). for 1 h at RT. Cells were washed twice in
stain buffer (BD Biosciences) prior to sample acquisition. Flow cytometric analysis was performed on a BD FACS Canto I, BD LSR I
or BD Fortessa cell analyzer with FACSDiva software (version 8) (BD Biosciences). Data were analyzed using FlowJo software
(version 10.8.1).

T cell proliferation

To assess T cell proliferation, quiescent cells were washed once in PBS and labeled for 8 min with 5 uM CellTrace Violet or -Yellow
(Invitrogen) at 37°C/5%CO0.. Next, an equal volume of FCS was added for 5 min and cells were washed twice in IMDM supplemented
with 8% FCS and penicillin/streptomycin. CellTrace-labeled T cells were restimulated and cultured in T cell medium as indicated for
96 h at 37°C/5% CO.. In some cultures, varying concentrations of D-glucose (Merck), sodium L-lactate (Sigma) or C75 (Cayman
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Chemical) were added 1 h prior to and during restimulation cultures. After 96 h, cells were washed in stain buffer (BD Biosciences) and
incubated with LIVE/DEAD near-IR dead cell stain for 10 min prior to sample acquisition. Flow cytometric analysis was performed on
aBD FACS Canto Il, BD LSR Il or BD Fortessa cell analyzer with FACSDiva software (version 8) (BD Biosciences). Data were analyzed
using FlowJo software (version 10.8.1). The division index was determined using the proliferation modeling tool within FlowJo
software.

T cell transductions

Knockdown of FASN and SCD1 in tTregs was conducted through lentiviral transduction of shRNA constructs derived from the
MISSION shRNA library (Sigma-Aldrich) (shControl: SHC002; shFASN: TRCN0000003128; shSCD1: TRCN0000056613). Lentivi-
ruses were made by transfecting 7.5x10° HEK293T cells with a mixture of shRNA-targeting plasmids, psPAX2 and pMD2.G
(1:1:1 M ratio, 15 ng DNA) in OptiMEM (Invitrogen) containing 45 pg polyethylenimine (PEI). Transfection medium was removed after
24 h and replaced by DMEM (Gibco) supplemented with 8% FCS and penicillin/streptomycin. After 24 h of culture, lentiviruses were
harvested and used for transduction.

tTregs (1x10* cells/well) were stimulated for 48 h as described above prior to lentiviral transduction. Lentiviral supernatants were
0.45 um filtered and supplemented with IL-2 (300 IU/mL). T cells were spinoculated in 250 pL viral supernatant per well at 850x g for
90 min at 30°C and maintained for 96 h at 37°C/5%CO.. T cells were subsequently restimulated in 100 uL T cell medium using soluble
agonistic mAbs against CD3 (0.1 pg/mL) and CD28 (0.2 ug/mL) in the presence of IL-2 (300 IU/mL) and 0.5 ng/mL puromycin (Sigma).
After 48 h and 96 h of culture, 100 uL T cell medium was added to the culture to maintain a final concentration of 300 IU/mL IL-2 and
1.0 ng/mL puromycin. Prior to use in functional assays, cells were analyzed for viability using a CASY cell counter (OLS OMNI Life
Science).

SLC16A3 was introduced in tTregs by lentiviral transduction of a cDNA encoding human SLC16A3. The SLC16A3 cDNA construct
was generated by cloning an IRES-GFP fragment from the pMX-IRES-GFP vector (Addgene) into the pCDH-EF1 construct (a gift from
Kazuhiro Oka, Addgene) using Notl and Sall restriction sites, obtaining the pCDH-EF1-IRES-GFP construct that served as empty
vector control. Subsequently, the SLC16A3 cDNA was obtained from the human SLC16A3 VersaClone cDNA vector (R&D Systems)
using the BamHI and Xbal restriction sites, followed by ligation into the pCDH-EF1-IRES-GFP construct. All restriction enzymes (Notl-
HF, Sall-HF, BamHI-HF and Xbal) were obtained from New England Biolabs, and all vectors were sequence-verified.

Lentiviruses were made by transfecting 5x 10 HEK293T cells with a mixture of the pCDH1-EF1-SLC16A3-IRES-GFP or empty
vector control, psPAX2 and pMD2.G (1:1:1 M ratio, 21 ug DNA) in OptiMEM (Invitrogen) containing 63 pg polyethylenimine (PEI).
Transfection medium was removed after 24 h and replaced by Opti-MEM without phenol red (Gibco) supplemented with peni-
cillin/streptomycin (Gibco). Lentiviruses were harvested 48 h and 96 h post-transfection, pooled and 0.45 um filtered, and concen-
trated by sucrose gradient centrifugation as previously described.'*®

For transductions, tTregs were flow cytometrically sorted and expanded as described above. On day 7, tTregs (5x10%) were re-
stimulated in 100 pL T cell medium using soluble agonistic mAbs against CD3 (0.1 pg/mL) and TNFR2 (2.5 pg/mL) in the presence of
IL-2 (300 IU/mL). After 24 h, 150 pL concentrated viral supernatant was added per well and cells were centrifuged at 850 x g for 90 min
at 30°C. Medium was replenished with complete T cell medium supplemented with IL-2 (300 IU/mL) the next day and maintained until
day 14. On day 14, GFP* cells were flow cytometrically sorted on a BD FACSAria Il cell sorter with FACSDiva software (version 8) (BD
Biosciences), and used directly in a suppression assay.

Western blot

FASN and SCD1 knockdown (KD) were validated in HEK293T cells (Netherlands Cancer Institute, Amsterdam). Cells (>5x10° cells)
were washed once in PBS and cell pellets were snap frozen in liquid No. Lysates were prepared by resuspending the cell pellets in
radioimmunoprecipitation assay (RIPA) buffer (Thermo Scientific), supplemented with a protease inhibitor cocktail (Roche). Protein
concentrations were determined using BCA protein assay (Pierce) using an Infinite 200 PRO plate reader (Tecan). Gel electrophoresis
was performed using 25 pg of protein in NUPAGE LDS sample buffer (Invitrogen) on a 10% Bis-Tris NUPAGE gel (Invitrogen) in MES/
SDS buffer (Invitrogen) for 1 h at 200 V. Proteins were transferred onto a nitrocellulose membrane with a Trans-Blot Turbo system
(Bio-Rad) using nitrocellulose transfer packs (Bio-Rad) for 7 min at 1.3 A. Membranes washed three times in MilliQ water (Merck
MilliPore) and subsequently stained with Ponceau S. Blocking of the membranes was done in Tris-buffered saline/0.1% Tween
20 (TBS-T) supplemented with 10% Roche Western blocking reagent (Sigma) for 1 h at RT, followed by primary antibody staining
using mouse anti-GAPDH, rabbit anti-FASN, or rabbit anti-SCD1 (all from Cell Signaling Technology) overnight at 4°C in Immuno-
booster 1 solution (Takara). After six washing steps in TBS-T, membranes were simultaneously incubated with anti-mouse-IRDYE680
and anti-rabbit-IRDYE800 (both from LI-COR Biosciences) for 1 h at RT in Immunobooster 2 solution (Takara). Membranes were
washed four times in TBS-T, once in PBS and once in MilliQ water prior to analysis on an Odyssey CLx infrared imager (LI-COR Bio-
sciences). Fluorimetric analysis was performed using Image Studio software v5.5.4 (LI-COR Biosciences).

Suppression assay

The suppressive function of tTregs was assessed as previously described.*° In short, peripheral blood mononuclear cells (PBMC) ob-
tained from healthy donor buffy coats by Ficoll density gradient centrifugation were labeled with CellTrace Violet or -Yellow as
described above and co-cultured with tTregs in T cell medium in the presence of soluble agonistic mAbs against CD3 (0.05 pg/mL)
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for 96 h. Responder PBMC were allogeneic to the tTregs tested. After 96 h, cells were washed in stain buffer (BD Biosciences) and
incubated with LIVE/DEAD near-IR dead cell stain for 10 min prior to sample acquisition on a BD FACS Canto Il, BD LSR Il or BD For-
tessa cell analyzer with FACSDiva software (version 8) (BD Biosciences). The percentage of suppression was determined based on the
percentage of proliferating (CellTrace™) cells within the live (IR-Dye™) and single cell gate, and was calculated using the formula: 100-((%
proliferating responder cells in presence of tTregs - % background proliferation of responder cells)/(% proliferating responder cells in
absence of tTregs - % background proliferation of responder cells) x 100%).

Proteomics

tTregs and Tconvs were restimulated in presence of IL-2 (300 IU/mL), with or without agonistic mAbs against CD3/28 or CD3/TNFR2
for 24 h. Tconvs and tTregs were separated into two TMTpro 16plex Label Reagent Sets (Thermo Scientific), with Jurkat J16 cells
included in both sets as reference samples to allow for comparison. Cells were washed in ice-cold PBS and lysis, digestion and tan-
dem mass tag (TMT) labeling were performed as described.'® Lysis was performed using SDS lysis buffer (5% SDS, 100 mM Tris-
HCI pH 7.6) and 5 U of benzonase nuclease (Thermo Scientific) by 4 min incubation at 95°C. Protein concentration was determined
using Pierce BCA Gold protein assay (Thermo Scientific). 100 pg of protein of each sample was reduced with 5 mM TCEP. Reduced
disulfide bonds were alkylated using 15 mM iodoacetamide. Excess iodoacetamide was quenched using 10 mM DTT. Protein lysates
were precipitated using chloroform/methanol. Pellets were resolubilized in 40 mM HEPES pH 8.4 and digested using TPCK-treated
trypsin (1:12.5 enzyme:protein ratio) overnight at 37°C. Peptide concentration was determined using Pierce BCA Gold protein as-
say.Tconvs and tTregs were restimulated in presence of IL-2 (300 1U/mL), with or without agonistic mAbs against CD3/28 or CD3/
TNFR2 for 24 h. Tconvs and tTregs were separated into two TMTpro 16plex Label Reagent Sets (Thermo Scientific), with Jurkat
J16 cells included in both sets as reference samples to allow for comparison. Cells were washed in ice-cold PBS and lysis, digestion
and tandem mass tag (TMT) labeling were performed as described.'?® Lysis was performed using 5% SDS lysis buffer (100 mM Tris-
HCI pH 7.6) and 5 U of benzonase nuclease (Thermo Scientific) by 4 min incubation at 95°C. Protein concentration was determined
using Pierce BCA Gold protein assay (Thermo Scientific). 100 pg of protein of each sample was reduced with 5 mM TCEP. Reduced
disulfide bonds were alkylated using 15 mM iodoacetamide. Excess iodoacetamide was quenched using 10 mM DTT. Protein lysates
were precipitated using chloroform/methanol. Pellets were resolubilized in 40 mM HEPES pH 8.4 and digested using TPCK-treated
trypsin (1:12.5 enzyme:protein ratio) overnight at 37°C. Peptide concentration was determined using Pierce BCA Gold protein assay.

Peptides were labeled with TMTpro Label Reagents (Thermo Scientific) in a 1:4 ratio by mass (peptides:TMT reagents), for 1 h at
room temperature. Excess TMT reagent was quenched with 5 uL of 6% hydroxylamine for 15 min at room temperature. Samples
were pooled and lyophilized. The TMT sample set was dissolved in 1 mL of 10 mM ammonium bicarbonate and fractionated using
1cc C18 SPE cartridges (Oasis HLB, Waters) with 15%, 17.5%, 20%, 25% and 35% acetonitrile buffers in 10 mM ammonium bicar-
bonate pH 8.4. TMT-labeled peptides were dissolved in water/formic acid (100/0.1 v/v) and subsequently analyzed twice by on-line
C18 nanoHPLC MS/MS with a system containing an UltiMate3000 HPLC system and an Exploris480 mass spectrometer (Thermo Sci-
entific). Fractions were injected onto a cartridge precolumn (300 pm x 5 mm, C18 PepMap, 5 um, 100 A) and eluted via a homemade
analytical nano-HPLC column (50 cm X 75 um, Reprosil-Pur C18-AQ 1.9 um, 120 A (Dr Maisch, Ammerbuch, Germany)). The gradient
was run from 2% to 30% solvent B (20:80:0.1 water:acetonitrile:formic acid v/v) in 240 min. The nano-HPLC column was drawn to a tip
of 10 um and acted as electrospray needle of the MS source. The mass spectrometer was operated in data-dependent MS/MS mode
with 3 s cycle time, with HCD collision energy at 36 V and recording of the MS2 spectrum in the orbitrap, with a quadrupole isolation
width of 1.2 Da. In the master scan (MS1), resolution was 120,000, scan range 350-1200, and standard AGC target at maximum fill time
of 50 ms. Alock mass correction on the background ion m/z = 445.12 was used. Precursors were dynamically excluded after n = 1 with
an exclusion duration of 45 s, and with a precursor range of 20 ppm. Charge states 2-5 were included. For MS2 the first mass was set
to 110 Da, and the MS2 scan resolution was 45,000 at an AGC target of 200% at maximum fill time of 60 ms.

Raw data were converted to peak lists using Proteome Discoverer software (version 2.4, Thermo Scientific), and submitted to
UniProt (Homo sapiens, 20596 entries), using Mascot version 2.2.07 (www.matrixscience.com) for protein identification. Mascot
searches were performed with 10 ppm and 0.02 Da deviation for precursor and fragment mass, respectively, and the enzyme trypsin
was specified. Up to two missed cleavages were allowed. Methionine oxidation and acetyl on protein N terminus were set as fixed
modifications. Protein and peptide FDR were set to 1%. Normalization was done on the total peptide amount. Identification of differ-
entially expressed proteins with at least one unique peptide was performed using Proteome Discoverer. The CD28 costimulation
samples from one donor were excluded from the analysis for technical reasons.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism (version 10.2.3). Statistical analyses and data representation are
described in the figure legends. In case data did not follow a normal distribution, a logarithmic transformation of the data was per-
formed. A two-sided p < 0.05 was considered statistically significant.

ADDITIONAL RESOURCES

There are no additional resources related to the content of this study.
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