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Abstract

Regulatory T (Tyeg) cells are essential for immune tolerancel but also drive immunosuppression in
the tumour microenvironment (TME)2. Therapeutic targeting of Tyeq cells in cancer requires the
identification of context-specific mechanisms for Tyeq cell function. Here we demonstrate that
inhibition of sterol regulatory element-binding protein (SREBP)-dependent lipid synthesis and
metabolic signalling in Tyeq cells unleashes effective antitumour immune responses without
autoimmune toxicity. SREBP activity is upregulated in intratumoural Tyeg cells, and Teq cell-
specific deletion of SCAP, an obligatory factor for SREBP activity, inhibits tumour growth and
boosts anti-PD-1 immunotherapy, associated with uncontrolled IFN-y production and impaired
function of intratumoural Tyeq cells. Mechanistically, SCAP/SREBP signalling coordinates lipid
synthetic programs and inhibitory receptor signalling in Tyeq cells. First, ge novo fatty acid
synthesis mediated by fatty acid synthase (FASN) contributes to functional maturation of Tieq
cells, and loss of FASN in Tgq cells inhibits tumour growth. Second, Tyeq cells show enhanced
Pdcd1 expression in tumours in a process dependent on SREBP activity that further signals to
mevalonate metabolism-driven protein geranylgeranylation, and blocking PD-1 or SREBP
signaling results in dysregulated PI3K activation in intratumoural Tyeg cells. Our findings establish
that metabolic reprogramming enforces Tyeq cell functional specialization in tumours, pointing to
new avenues to target Tyeq cells for cancer therapy.

Emerging studies reveal the critical roles of immunometabolism in regulating cell state and
fate34, but context-dependent metabolic effects /77 vivo are underexplored. In particular, how
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Treg cells rewire metabolic programs to enforce functional adaptation in tumours remains
unclear, despite the identification of metabolic pathways supporting Tyeg cell function under
homeostasis*°. To explore the molecular basis for Treg cell functional adaptation in tumours,
we performed transcriptome analysis of Tyeq cells isolated from tumour and peripheral
tissues after challenging wild-type (WT) mice with B16 melanoma cells. Gene set
enrichment analysis (GSEA) using curated metabolic pathways (Supplementary Table 1)
revealed that lipid metabolism-related pathways were among the top enriched pathways in
intratumoural Tyeq cells compared to those from peripheral lymph nodes (PLNs) (Fig. 1a). In
particular, gene targets for transcription factors SREBPs, which promote de novo synthesis
of lipids including fatty acids and cholesterol (Extended Data Fig. 1a)®, were the most
enriched gene signature (Fig. 1a and Extended Data Fig. 1b). Ingenuity pathway analysis
also revealed that SREBP1 (encoded by Srebfl) and SREBP2 (Srebf2) were among the top
enriched upstream transcriptional regulators in intratumoural Tyeq cells (Extended Data Fig.
1c). Such enrichment was further validated in public single-cell RNA sequencing (SCRNA-
seq) datasets of mouse melanoma models’:8 (Extended Data Fig. 1d, e) and human patients
with breast cancer® (Extended Data Fig. 1f) or head and neck squamous cell carcinomal®
(Extended Data Fig. 1g), indicating upregulation of the SREBP gene signature in Tyeq cells
from the TME.

We next explored whether SREBP signalling in Tyeq cells is affected by other inflammatory
signals. We first analyzed a public transcriptome dataset of activated Tyeg (aTreg) Cells in an
acute inflammation model!!, and found that SREBP gene targets were not enriched in aTreg
cells compared to resting Tyeq (r'Tyeg) Cells (Extended Data Fig. 1h). scRNA-seq analysis of
Treg cells from the CNS of experimental autoimmune encephalomyelitis (EAE) mice also
did not show increased SREBP gene targets (Extended Data Fig. 1i, j). By contrast, although
glucose metabolism supports Tyeq cell proliferation and survival in tumours2, intratumoural
Treg cells did not increase glucose uptake compared with splenic counterparts (Extended
Data Fig. 1k). Instead, glucose uptake was upregulated in Teq cells from EAE mice
(Extended Data Fig. 11). These results reveal context-specific adaptation of SREBP signature
in Treg cells from the TME.

To determine the functional importance of SREBP signalling in Tyeq cells, we crossed mice
with /oxP-flanked Scap alleles with Foxp3YFP-Cre mice (Foxp*reScadM) to delete Scap
specifically in Tyeq cells (Extended Data Fig. 1m). Deletion of SCAP inhibited expression of
SREBP gene targets in intratumoural Tyeq cells (Extended Data Fig. 1n). We next challenged
Foxp3~e ScapV/fl mice with models of MC38 colon adenocarcinoma and B16 melanoma.
While MC38 colon adenocarcinoma had progressive growth in control mice,
Foxp*reScapl/fl mice showed a rapid and complete clearance of tumour cells (Fig. 1b).
Additionally, the growth of B16 melanoma was significantly reduced in Foxp3©"eScapf/fl
mice (Fig. 1c). To explore the potential of targeting SCAP/SREBP signalling for the
treatment of established tumours, we generated Foxp3°FP-Cre-ERT2 5earflifl Rosa 26YFP mice
to acutely delete Scapin Tyeq cells upon tamoxifen treatment!3.14 when the tumour started to
appear or was fully established. Under both treatment regimens, tumour growth was reduced
in Foxp3CFP-Cre-ERT2 5oanflifl Rosa26YFP mice (Fig. 1d, e), while no difference in tumour
growth was found without tamoxifen treatment (Extended Data Fig. 10). We next explored
the combinatorial effect of Tyeq cell-specific SCAP deletion with anti-PD-1 immunotherapy.
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While B16 melanoma growth was largely refractory to anti-PD-1 therapy®, deletion of
SCAP in Tygq cells sensitized the mice to anti-PD-1 therapy (Fig. 1f). These results from
various models indicate that targeting SCAP/SREBP signalling in Tyeq cells unleashes potent
antitumour effects.

Treg cells are essential in maintaining immune homeostasist. Compared to control mice,
Foxp3~re ScapVf mice had normal cellularity and effector/memory population
(CD44"CD62L10) of Foxp3~CD4* and CD8* T cells in the spleen and PLNs (Extended Data
Fig. 2a, b), as well as inflammatory cytokine production (Extended Data Fig. 2c, d).
Accordingly, Foxp3°e ScapV/fl mice did not show histological abnormality in multiple
organs examined, except for minor inflammation in the pancreas (Extended Data Fig. 2e).
Also, serum anti-nuclear and anti-dsDNA antibodies were not elevated (Extended Data Fig.
2f, g), and life span was normal (Extended Data Fig. 2h). Thus, SCAP activity is largely
dispensable for supporting Teq cell function in maintaining self-tolerance under steady state.

Moreover, upon induction of EAE disease, Foxp3"ScapV/fl mice had no alterations in
disease scores (Extended Data Fig. 3a), CNS inflammation (Extended Data Fig. 3b), or T
cell infiltration and cytokine production (Extended Data Fig. 3c, d). Additionally, we
generated female Foxp3C e/PTR Scapfifl or control mosaic mice to target the Foxp3gene that
resides in the X-chromosome, with acute depletion of DTR-expressing Tyeq cells with DT
driving the activation of the remaining SCAP-deficient or control Teq cells to enforce
immunosuppression!8:17_ In this model of acute inflammation, FoxpCTe/PTR Scadfl/fl mice
showed normal cellularity, activation and cytokine production of Foxp3~-CD4* and CD8* T
cells (Extended Data Fig. 3e-h), suggesting the normal suppressive function of SCAP-
deficient Tyeq cells. Altogether, loss of SCAP/SREBP signalling in Tyeq cells suppresses
tumour growth without discernable autoimmune or inflammatory consequences.

To determine the effects of SCAP-deficient Teq cells at shaping the TME, we used sSCRNA-
seq to unbiasedly profile CD45* immune cells in B16 tumour-bearing mice (Fig. 2a).
Compared with control mice, there were increased proportions of total and effector/memory-
phenotype CD8* T cells and total Foxp3-CD4* T cells in the TME from Foxp3°e Scapfi/f
mice (Fig. 2b), which was verified by flow cytometry analysis (Extended Data Fig. 4a, b),
including the increased numbers of CD8" T cells with effector (CD44MCD62L!°; Tf) and
central memory (CD44NCD62LN: T.,,,) but not exhaustion (Tim3*PD-1*; Tey) phenotypes
(Extended Data Fig. 4c—€). There was also an increase in the frequency of TNF-a* (and
trending increase in IFN-y*) CD8" and Foxp3~CD4™" T cells from tumours but not PLNs
(Extended Data Fig. 4f, g). The ratio of CD8" T cells versus T cells, a critical prognostic
factor for cancer?, was also increased in Foxp3C™Scap/f tumours (Fig. 2¢). Moreover,
while MC38 colon adenocarcinoma was rejected in Foxp3C" ScapVf mice (Fig. 1b),
depletion of CD8* T cells partially restored tumour growth (Extended Data Fig. 4h),
indicating the partial dependence on CD8* T cell responses for these effects.

Further, scRNA-seq analysis identified a reduced proportion of Teg cells in tumours from
Foxp3©'e Scap™ mice (Fig. 2b). Flow cytometry analysis also revealed a reduced Tegq cell
frequency in tumours but not PLNs from Foxp"€ Scap’!/fl mice (Extended Data Fig. 5a),

whereas the number of intratumoural Tyeq cell was not reduced (Extended Data Fig. 5a),
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likely because of the increase in total tumour-infiltrating lymphocytes (Extended Data Fig.
5b). In contrast to tumours, there were no changes in Tyeq cell accumulation under steady
state (Extended Data Fig. 5¢). We next examined the effects of SCAP deficiency on Teq cell
state. Consistent with the requirement of SCAP-mediated cholesterol biosynthesis for CD8*
T cell proliferation upon acute antigen stimulation8, SCAP-deficient Treg cells had
defective proliferation /n vitro, which was partially reversed by cholesterol supplementation
(Extended Data Fig. 5d). However, Treq cells in tumours or PLNs from Foxp3°"e Scapfif
mice did not exhibit altered BrdU incorporation (Extended Data Fig. 5¢), and SCAP-
deficient peripheral Tyeq cells also had normal lymphopenia-induced proliferation (Extended
Data Fig. 5f) and IL-2/anti-IL-2 complex-induced expansion!®-20 (Extended Data Fig. 5g).
Additionally, expression of CTLA4, which is closely associated with metabolism-driven
proliferation?l, was not altered by SCAP deficiency (Extended Data Fig. 5h, i). Therefore,
SCAP function is largely dispensable for Tyeq cell proliferation under homeostasis and in the
TME, highlighting a context-specific proliferative requirement as observed in CD8* T
cells!®. Next, we examined Treg cell apoptosis and found that SCAP-deficient Tyeq cells had
increased staining of active caspase-3 in tumours but not PLNs (Extended Data Fig. 5j). The
elevated cell death due to SCAP deficiency was also observed in a cell-intrinsic system of
female Foxp3°"®/* Scap/M mosaic mice that contained Scap-deficient and -sufficient Tieg
cells!®, associated with reduced frequency and trending numerical reduction of
intratumoural Tyeq cells (Extended Data Fig. 5k-m). However, expression of CD36, which
mediates lipid uptake for intratumoural Tyeq cell survival?2, as well as neutral lipid uptake,
were unaffected by SCAP deficiency (Extended Data Fig. 5n, 0). Control and SCAP-
deficient Teq cells also showed comparable mitochondrial profiles, including mitochondrial
mass, membrane potential, and reactive oxygen species production (Extended Data Fig. 5p).
Thus, SCAP is dispensable for lipid uptake or mitochondrial fitness but contributes to
intratumoural Tyeq cell survival.

We next examined the possible involvement of SCAP for the differentiation of Tyeq cells
from quiescent rTreq (CD441°CD62LM) into aTyeq (CD44MCD62L'°) population':?3, and the
maintenance of Foxp3 expression?, both of which are shaped by inflammatory conditions.
Under steady state, aTyeq cell accumulation was unchanged in the absence of SCAP
(Extended Data Fig. 5q). Also, intratumoural SCAP-deficient Tyq cells contained a normal
percentage and number of the aTeq cell subset (Extended Data Fig. 5r). Moreover, Foxp3
expression was comparable in control and SCAP-deficient intratumoural Tyeg cells
(Extended Data Fig. 6a, b), as well as in Tyeg cells upon transfer into Rag1'~ mice?*
(Extended Data Fig. 6¢). These results indicate a dispensable role of SCAP for aT g cell
accumulation and Foxp3 expression.

Intratumoural Teq cells can become fragile, a unique cellular state marked by retention of
Foxp3 expression but aberrant IFN-y production?26. While IFN-y-expressing Tyeg cells
were unaltered by SCAP deficiency at steady state (Extended Data Fig. 6d), there was an
increased frequency of IFN-y* Treq cells in tumours but not PLNs from Foxp3©" Scap™/f
mice than controls (Fig. 2d). ScRNA-seq analysis also revealed that macrophages in tumours
from Foxp3°e ScapV™ mice had elevated expression of IFN- +y -inducible imunomodulatory
genes B2m, H2-Aaand Cd274*7 (Extended Data Fig. 6e). Moreover, the growth of both B16
melanoma and MC38 colon adenocarcinoma was substantially inhibited in female
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Foxp3e* Scap/fl mosaic mice (Fig. 2e, f), in line with the dominant effect of fragile Treg
cells at reshaping the TME25:26, Furthermore, in the aforementioned tamoxifen-inducible
system (Fig. 1d), both SCAP-deficient and -sufficient Tyeq cells showed a trending increase
of IFN-y™* Treg cell frequency in tumours but not PLNs from

Foxp3PFP-Cre-ERT2 oarflifl 2052267 FP mice (Extended Data Fig. 6f), associated with
significantly increased frequencies of IFN-y* and TNF-a* CD8" and Foxp3~CD4* T cells
(Extended Data Fig. 6g, h). Altogether, SCAP/SREBP signalling is critical for maintaining
the functional integrity of Teg cells in the TME.

In transcriptome analysis of tumour-infiltrating Tyeq cells from control and Foxp3°"e Scap/fl
mice, GSEA revealed that the hallmark pathways of cholesterol homeostasis and fatty acid
metabolism were among the top-ranking downregulated gene sets in SCAP-deficient Teg
cells (Fig. 3a, b), along with reduced expression of Amgcrand Fasn (Extended Data Fig. 1n)
that encode HMG-CoA reductase and fatty acid synthase to drive mevalonate and fatty acid
biosynthesis pathways, respectively8. While Treg cell-specific deletion of Hmgcrleads to a
Scurfy-like autoimmune phenotype?8, partial loss of Hmgcrexpression, as observed in Treg
cells from FoxpreScapV or Foxp3©re HmgerM mice (Extended Data Fig. 7a, b), did not
alter immune homeostasis (Extended Data Fig. 7c). Moreover, Tyq cell-specific deletion of
FASN (Foxp3©re FasifVfl; Extended Data Fig. 7d) did not alter cellularity of Foxp3* Tyeq or
conventional T cells (Extended Data Fig. 7e, f), or the activation state and cytokine
production (Extended Data Fig. 7g—i). These results indicate a dispensable role of fatty acid
synthesis for Tyeq cell-mediated immune homeostasis.

However, deletion of FASN in Ty cells inhibited the growth of MC38 and B16 tumors (Fig.
3c, d). Similar as the observations of SCAP deletion, these effects were restricted to the
TME, as EAE disease score (Extended Data Fig. 7j) and CNS inflammation (Extended Data
Fig. 7k) were comparable between control and Foxp3C"eFasiVfl mice. Similarly, the
proportion of CD8" T cells producing TNF-a, although not IFN-y, was increased in
Foxp*e Fasrf mice in tumours specifically (Extended Data Fig. 8a), which was not
observed in Foxp3-CD4* T cells (Extended Data Fig. 8b). However, unlike Foxp3°e Scaplf
mice, tumours isolated from Foxp3C" FasrV/fl mice showed largely normal cellularity and
activation state of CD8* and Foxp3-CD4* T cells (Extended Data Fig. 8c—f). Also, FASN
deletion did not alter the accumulation of intratumoural Tyeq cells, the ratio of CD8* T cells
Versus Tyeq Cells, or Tyeg cell IFN-y production (Extended Data Fig. 8g—i).

To profile the functional state of FASN-deficient Tygq cells in tumours, we performed
transcriptome analysis of intratumoural Tyeq cells and found that fatty acid metabolism
pathway was downregulated in FASN-deficient Tyeq cells (Extended Data Fig. 8j). Of note,
Treg cell-specific TCR-dependent gene signature?® was also downregulated (Extended Data
Fig. 8k). We hypothesized that FASN signalling contributes to TCR-dependent Tgq cell
activation and/or functional maturation29-30. Indeed, while freshly-isolated FASN-deficient
Treg cells had normal suppressive function /n vitro (Extended Data Fig. 8l), following TCR
stimulation??, FASN-deficient Tyeq cells had reduced function (Fig. 3e). To link FASN with
fatty acid synthesis, we added exogenous palmitate, an enzymatic product of FASN, to
FASN-deficient Tyeq cells and found that palmitate restored their suppressive function (Fig.
3e). Additionally, despite normal TCR-induced proliferation (Extended Data Fig. 8m),
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FASN deletion impaired TCR-dependent upregulation of Tyeq cell activation/maturation
markers including GITR and CD4430 (Extended Data Fig. 8n). GITR and CD44 were also
reduced on FASN-deficient Tygq cells in tumours, not PLNs (Extended Data Fig. 80). These
data collectively indicate that FASN signalling contributes to TCR-induced functional
maturation of Ty cells.

We next explored additional mechanisms that may act downstream of SCAP/SREBP
activation. Our scRNA-seq analysis revealed that intratumoural SCAP-deficient Tyeq cells
had reduced expression of Pdcdl (encoding PD-1) (Extended Data Fig. 9a). Flow cytometry
analysis also showed that PD-1 expression was substantially reduced on SCAP-deficient Tieq
cells in tumours, not in PLNs (Fig. 3f). In contrast, SCAP-deficient Tyeq cells had normal
expression of the Tyeq cell signature molecules, CTLA4, ICOS, CD69, CD25, Nrp-1, CD39
and CD73 (Fig. 3f and Extended Data Fig. 9b). Additionally, PD-1 expression on Tyeg cells
was unaltered in the spleen or non-lymphoid organs from Foxp3©"e Scap™/f mice under
steady state (Extended Data Fig. 9¢). Thus, SCAP/SREBP signalling is required for PD-1
expression on Teq cells in tumours, but not in the peripheral lymphoid and non-lymphoid
tissues. PD-1 has been shown to dampen PI3K signalling®L, and PI3K activation is
associated with elevated IFN-y production by Tyeq cells?425, Consistent with a previous
reportZ2, anti-PD-1 treatment increased IFN-y expression in Treg cells (Extended Data Fig.
9d). Importantly, following anti-PD-1 treatment, Tyeq cells upregulated p-AKT and p-S6
levels in tumours, but not PLNs (Fig. 3g, h). Moreover, Ty cells deficient in SCAP also
showed increased p-AKT and p-S6 levels in tumours, further supporting a role for SCAP
and PD-1 signalling in shaping PI3K activity in intratumoural Tyeq cells (Fig. 3i, j).
Collectively, these results suggest that SCAP/SREBP and PD-1 repress IFN-y expression
and PI3K signalling in intratumoural Tyeq cells.

To determine the effects of the TME and other contexts on PD-1 expression on Ty cells, we
examined PD-1 regulation in different models. PD-1 expression was induced on
intratumoural Tyeq cells as compared to those in the spleen (Fig. 4a). Additionally, Pdcdl
MRNA expression was upregulated in tumour-infiltrating Tyeq cells as compared to
peripheral Tyeq cells in public sScRNA-seq datasets of mouse melanoma models’8 (Extended
Data Fig. 9e, f) and human patients with HNSCC19 (Fig. 4b) or breast cancer® (Extended
Data Fig. 99). However, induction of PD-1 expression on Teq cells was not observed in the
EAE model (Fig. 4a), suggesting context-selective regulation. In contrast, expression of
CTLA4 and ICOS was upregulated in Tyeq cells from both tumours and EAE (Extended
Data Fig. 9h, i). Next, we determined how PD-1 expression is regulated at the molecular
level by SREBP signalling. Consistent with the aforementioned surface protein regulation
(Fig. 3f), Pdacd1 but not /cos mRNA expression in SCAP-deficient Tyeq cells was reduced in
tumours, while no difference was observed in PLNs (Fig. 4c), indicating a role of SREBP
signalling in Pdcd expression in intratumoural Tyeq cells.

To determine the upstream signals that regulate PD-1 expression, we performed
transcriptome analysis of PD-1" and PD-1!° T4 cells isolated from the TME. Tyeq cell-
specific TCR-dependent gene signature2® was modestly enriched in PD-1M cells (Extended
Data Fig. 9j). Addition, PD-1Ni Treg cells had higher expression of Nur77-GFP, a specific
reporter for TCR signalling? (Fig. 4d). Moreover, PD-1 expression was upregulated on Tyeg
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cells in response to /n vitro TCR stimulation (Extended Data Fig. 9K), indicating TCR-
dependent induction of PD-1 expression. TCR stimulation also upregulated expression of
SREBP gene targets (Extended Data Fig. 91, m). Importantly, deletion of SCAP in T cells
impaired TCR-induced expression of surface PD-1 (Fig. 4e) and Pdcdl mRNA /in vitro
(Extended Data Fig. 9n). Thus, SCAP/SREBP signalling links TCR stimulation to PD-1
expression on Teq cells.

SREBPs regulate the expression of enzymes for both fatty acid synthesis and mevalonate
metabolism®. Of note, fatty acid synthesis is dispensable for PD-1 expression, as PD-1 levels
were unperturbed on intratumoural FASN-deficient Tyeq cells (Extended Data Fig. 10a). We
therefore tested the involvement of mevalonate metabolism, which contributes to synthesis
of cholesterol and isoprenoids8-33. SCAP-deficient Treg cells had reduced incorporation of
[13C,]acetate-derived carbons into cholesterol as determined by metabolomic tracing
analysis (Fig. 4f). Treatment with simvastatin that targets HMGCR, a rate-limiting enzyme
in mevalonate metabolism, inhibited PD-1 expression on TCR-stimulated Tyeq cells (Fig.
4g). Additionally, HMGCR-deficient Tyeq cells had defective PD-1 expression on TCR
stimulation (Extended Data Fig. 10b). However, cholesterol supplementation to SCAP-
deficient Teq cells, which partially rectified the proliferative defect (Extended Data Fig. 5d)
as well as upregulation of CTLA4 (Extended Data Fig. 10c), did not affect PD-1 expression
(Extended Data Fig. 10d). These results reveal the importance of cholesterol-independent
mevalonate metabolism for PD-1 regulation in Tyeq cells.

In addition to cholesterol, the mevalonate pathway generates the isoprenoids
farnesylpyrophosphate (FPP) and geranygeranylpyrophosphate (GGPP)33, lipid molecules
that mediate protein post-translational modifications of farnesylation and
geranylgeranylation via the enzymatic activities of farnesyltransferase (catalytic subunit
encoded by Fntb) and geranylgeranyltransferase type | (catalytic subunit encoded by
Pggtlb), respectively. Therefore, we tested the effects of FPP and GGPP on PD-1 regulation.
As expected, mevalonate, the metabolite directly downstream of HMGCR, rescued PD-1
expression on simvastatin-treated Tyeq cells (Fig. 4h). Importantly, GGPP treatment also
restored PD-1 expression on cells, while FPP showed only a minor rescue effect (Fig. 4h).
Additionally, mevalonate or GGPP treatment also largely rescued Pdcdl mRNA expression
in simvastatin-treated Tyeq cells (Extended Data Fig. 10e). These results suggest a possible
role of GGPP-dependent protein geranylgeranylation in promoting PD-1 expression on Tyeg
cells. In support of this notion, treatment with the geranylgeranyltransferase type | inhibitor
GGTI (GGTI-2147)33 strongly inhibited TCR-induced PD-1 expression on Tyeq cells, while
the farnesyltransferase inhibitor FT1 (FTI-277)33 showed a small effect (Extended Data Fig.
10f). Moreover, Tyeq cells deficient in Pggt1b (Extended Data Fig. 10g), but not Frtb
(Extended Data Fig. 10h), had reduced TCR-induced PD-1 expression /n vitro, thereby
validating the results from the pharmacological inhibitors. Protein geranylgeranylation
promotes Rac signalling and activity of AP-1 transcription factors in Teg cells34, the latter
of which is implicated in PD-1 regulation3°. Indeed, PD-1 induction upon TCR stimulation
was impaired on Tpeq cells deficient in Racl and Rac2 (Extended Data Fig. 10i), or upon
treatment with AP-1 inhibitors (Extended Data Fig. 10j). Collectively, these data reveal
metabolic dependence of PD-1 expression on Tgq cells through a signalling axis composed
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of SCAP/SREBP, mevalonate metabolism, protein geranylgeranylation and downstream Rac
signalling.

Treg cells accumulate into tumours and hinder effective antitumour immune responses, and
represent a promising target for cancer immunotherapy?. However, given the overall
importance of Tygq cells in maintaining immune homeostasis and tissue integrity?,
therapeutic targeting of Tyeq cells shows limited efficacy or leads to autoimmunity. Emerging
studies uncover context-specific functional reprogramming of Tieq cells in tissues, including
the identification of surface receptors involved in this process2225, Recent studies also reveal
that intratumoural Tyeq cells actively maintain functional integrity to prevent fragility in the
TME?2%26, However, whether and how Tieq cell functional fitness can be shaped by
intracellular metabolic networks in the TME remain largely unknown. By combining
unbiased systems approaches and comprehensive genetic tools, we demonstrate that
intratumoural Teq cells actively rewire SREBP-dependent de novo lipid biosynthesis, which
acts to maintain Tyeq cell state and function in the TME. Mechanistically, SREBPs
coordinate FASN-dependent fatty acid synthesis and mevalonate metabolism-dependent
induction of Pdcdl expression (Extended Data Fig. 10K).

While co-inhibitory receptors, including PD-1, have been implicated in Tyeq cell functional
fitness13:31:36  the regulation of their expression and functional importance in intratumoural
Treg cells remain poorly understood. Here we reveal tumour-selective induction of PD-1
expression on Tyeq cells and define metabolic dependence of PD-1 expression on
intratumoural Tyeq cells through a novel metabolic signalling axis comprised of SCAP/
SREBP, mevalonate metabolism, and protein geranylgeranylation, which further links to Rac
signalling. We further show that SCAP/SREBP signalling and PD-1 function in intratumour
Treg cells are important for proper control of PI3K signalling and IFN-y production, which
are detrimental to Teq cell suppressive function4, including in the TME?%25, Our results
also indicate that PD-1 and FASN play discrete effects in Tyeq cell functional fitness, with
FASN contributing to TCR-induced Tygq cell functional maturation but not IFN-y
production. From a therapeutic point of view, future studies are warranted to determine the
extent to which Teq cells in the TME are sensitive to inhibition of SREBP and lipid
metabolism relative to other cells37:38, Collectively, our results establish metabolic rewiring
of intratumoural Tyeq cells to enforce functional specialization in the TME and reveal new
cellular and molecular targets for cancer immunotherapy.

METHODS

Mice

Rag1-, Scap| Fasr| RaciVM Rac2~, Nur77-GFP, Foxp3P™R, FoxpRFP Rosa26YFP
reporter (a /oxP-site-flanked STOP cassette followed by the YFP-encoding sequence was
inserted into the RosaZ6 locus), and C57BL/6 mice were purchased from the Jackson
Laboratory. Foxp3YFP-Cre and Foxp3CFP-Cre-ERTZ mjce were from A. Rudensky14:39, Fngpfi/fl
and Pggt16VM mice were from M. Bergo*?41. HmgcrV mice were as described
previously#2. All genetic models were on the C57BL/6 background. Both male and female
mice were used for analysis and quantification. Foxp3°e Scapfl, Foxp3re Fasnifl and
Foxp3~re Hmger™ mice were used at 7-18 weeks old, unless otherwise noted, with age- and
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sex-matched Foxp3CTe-containing mice as controls. Foxp3e HmgerVf Foxp3Cre Fnepfif,
Foxp3Fre pggt1VT and Rac1f Rac2-"- mice were used at less than 3 weeks old due to
systemic inflammation, with age- and sex-matched Foxp3C"-containing mice as controls. In
selective experiments, bone marrow chimeras were generated by transferring 5x10° T cell-
depleted bone marrow cells into sublethally irradiated (5 Gy) RagZ”~ mice, to expand the
cohort of mice for the desired genotypes. Foxp3™®/PTR mosaic mice were treated with DT
(50 ug/kg) 7.p. three times per week, for a total of four injections. The mice were euthanized,
and tissues were harvested for flow cytometry analysis eleven days following the first DT
treatment6.17_ All mice were kept in a specific pathogen-free facility in the Animal
Resource Center at St. Jude Children’s Research Hospital. Animal protocols were approved
by the Institutional Animal Care and Use Committee of St. Jude Children’s Research
Hospital.

Flow cytometry

For surface marker analysis, cells were stained in PBS containing 2% (w/v) BSA and the
appropriate antibodies. Surface proteins were stained for 20 min on ice. Intracellular staining
was performed with the Foxp3/transcription factor staining buffer set, according to the
manufacturer’s instructions (eBioscience). For intracellular cytokine staining, cells were
stimulated for 4 h with PMA plus ionomycin in the presence of monensin before being
stained according to the manufacturer’s instructions using the Cytofix/Cytoperm™ fixation/
permeabilization kit (BD Biosciences). Active caspase-3 staining was performed using
instructions and reagents from the Active Caspase-3 Apoptosis Kit (BD Biosciences). BrdU
staining (pulsed for 18 h) was performed using instructions and reagents from the APC
BrdU Flow Kit (BD Biosciences). 7AAD (Sigma) or fixable viability dye (eBioscience) was
used for dead-cell exclusion. The following fluorescent conjugate-labelled antibodies were
used: anti-CD4 (RM4-5), anti-CD8a. (53-6.7), anti-TCRp (H57-597) (all from Tonbo
Biosciences); anti-CD25 (PC61.5), anti-CD44 (1M7), anti-CD62L (MEL-14), anti-CD45.2
(104), anti-1COS (C398.4A), anti-PD-1 (J43), anti-CD36 (CRF D-2712) (all from BD
Biosciences); anti-Foxp3 (FIK-16s), anti-IFN-y (XMG1.2), anti-IL-4 (11B11), anti-1L-17
(17B7), anti-GITR (DTA-1), anti-TIM3 (RMT3-23) (all from eBioscience); anti-CD69
(H1.2F3), anti-CD39 (Duha59), anti-CD73 (TY/11.8), anti-Nrp-1 (3E12), anti-TNF-a
(MP6-XT22) and anti-CTLA4 (UC10-4B9) (all from BioLegend). To monitor cell division,
lymphocytes were labelled with CellTrace™ Violet (Life Technologies). For detection of
phosphorylated signalling proteins, lymphocytes were rested in a complete medium for 1 h,
and then fixed with Phosflow Lyse/Fix buffer, followed by permeabilization with Phosflow
Perm buffer 111 (BD Biosciences) and staining with antibodies to S6 phosphorylated at Ser
235 and Ser 236 (D57.2.2E) and AKT phosphorylated at Thr 308 (D25E6) (all from Cell
Signaling Technology). To measure fatty acid uptake, intratumoural Tyeq cells were
resuspended in HBSS containing 5 mg/ml BODIPY FL C12 (Life Technologies) at a final
concentration of 0.5 uM and incubated in the dark for 30 min at 37 °C. Cells were then
washed twice with PBS to remove staining solution, followed by standard surface staining.
For mitochondrial staining, lymphocytes were incubated for 30 min at 37 °C with 10 nM
MitoTracker Deep Red (Life Technologies), 20 nM TMRM (ImmunoChemistry
Technologies) or 5 uM MitoSOX Red (Life Technologies) after staining surface markers?*3.
Flow cytometry data were acquired on a LSRII or LSR Fortessa (BD Biosciences) and
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analyzed using Flowjo software (Tree Star). TCRB* was used to define CD4* and CD8* T
cells throughout this study.

Tumour model and tumour-infiltrating lymphocyte isolation

MC38 colon adenocarcinoma cells were maintained in the laboratory and cultured in RPMI
1640 medium supplemented with 10% (vol/vol) fetal bovine serum (FBS) and 1% (vol/vol)
penicillin-streptomycin. B16-F10 melanoma cells were maintained in the laboratory and
cultured in DMEM (Dulbecco’s modified essential medium) supplemented with 10% (vol/
vol) FBS and 1% (vol/vol) penicillin-streptomycin. Mice were injected subcutaneously with
5x10° MC38 colon adenocarcinoma cells or 2x10° B16-F10 melanoma cells in the right
flank*3, Tumours were measured regularly with digital calipers and tumour volumes were
calculated by the formula: Length x Width x [(Length x Width)%-] x wt/6. Tamoxifen was
injected /p. daily as indicated. Anti-PD-1 (200 pg; clone 29F.1A12) or rat 1gG2a isotype
control antibodies (200 pg; clone 2A3) were injected 7p. four times in 100 pl PBS on days 7,
10, 13 and 16 after tumour cell injection. Anti-CD8a antibodies (200 ug; clone YTS169.4)
were injected in 100 ul PBS on days -1, 2, 5, 8, 11. To prepare tumour-infiltrating
lymphocytes (TILs)*3, tumour was excised, minced and digested with 1 mg/ml Collagenase
IV (Roche) + 200 U/ml DNase | (Sigma) for 1 h at 37 °C. TILs were isolated by density-
gradient centrifugation over Percoll (Life Technologies).

EAE induction

Mice were immunized subcutaneously at four injection sites with a total of 200 pl of
emulsified incomplete Freund’s adjuvant supplemented with 1 mg Mycobacterium
tuberculosis strain H37Ra (Difco) (complete Freund’s adjuvant; CFA) and 200 ug myelin
oligodendrocyte glycoprotein (amino acids 35-55; MOGg3s_55), and received 7.p. injections
of 200 ng pertussis toxin (PTX; List Biological Laboratories) at the time of immunization
and 48 h later4. Mice were observed daily for clinical signs and scored as follows: 0, no
overt signs of disease; 1, limp tail; 2, limp tail plus hindlimb weakness; 3, total hindlimb
paralysis; 4, hindlimb paralysis plus 75% of body paralysis (forelimb paralysis/weakness); 5,
moribund.

Cell purification and culture

Unless otherwise noted, lymphocytes were isolated from spleen and PLNs (including
axillary, inguinal and cervical lymph nodes; the same number of PLNs were collected from
each mouse) and Tgq cells (CD4*Foxp3-YFP*) were sorted on a MoFlow (Beckman-
Coulter) or Reflection (i-Cyt). Sorted cells were cultured in plates coated with anti-CD3
(2C11, 10 pg/ml) and anti-CD28 (37.51, 10 pg/ml; both from Bio X cell) for the indicated
times in Click’s medium (Irvine Scientific) supplemented with p-mercaptoethanol, 10%
(v/v) FBS, 1% (v/v) penicillin-streptomycin and IL-2 (200 U/ml). In selective experiments,
GGTI-2147 (5 uM) (Calbiochem), FT1-277 (10 uM) (Tocris), cholesterol (4.5 pg/ml)
(Sigma), simvastatin (2 uM) (Cayman Chemicals), Sr11302 (Tocris), T-5224 (Cayman
Chemicals) and BSA-palmitate saturated fatty acid complex (100 pM) (Cayman Chemicals)
were added to the culture. Tyeq cells were pre-treated with inhibitors for 1 h and then
stimulated with 10 ug/ml anti-CD3/28 antibodies plus 200 U/ml IL-2 in the presence of
inhibitors. Mevalonate (500 pM) (Sigma), FPP (50 pM) (Sigma), and GGPP (5 pM) (Sigma)
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were added to the culture. Cells were harvested for flow cytometry analysis at different time
points as indicated in figure legends. /n vitro Tyeq cell suppression assays were performed as
described>. Briefly, freshly-sorted naive CD4* T cells (Ty; CD4*CD62L*CD441°CD257;
5x10%) and Treg cells (at different ratios with Ty cells) were cultured in 96-well plates along
with anti-CD3 antibody and irradiated splenocytes for 72 h, followed by thymidine
incorporation assays. For Tyeq cell suppression assays using previously activated Tgq cells,
Treg cells were activated with anti-CD3/CD28 antibodies plus IL-2 for 3 days in the absence
or presence of BSA-palmitate-saturated fatty acid complex. Viable Tyeq cells were purified
using Ficoll and incubated with freshly-isolated Ty cells for additional analysis as described
earlier.

Tissue were fixed by 10% (vol/vol) neutral buffered formalin solution, embedded in paraffin,
sectioned and stained with hematoxylin and eosin, and the clinical signs of autoimmune
diseases and EAE were analyzed by an experienced pathologist (P. Vogel)*4.

Treg cell in vivo transfer and expansion

For adoptive transfer, Tyeq cells from Foxp3CeScap*™ mice and Foxp3©re ScapM mice were
transferred to RagZ-'~ mice?4. Fourteen days after the transfer, recipients were euthanized
for the analysis of transferred cells. To prepare IL-2/anti-1L-2 complex920, 2 ng
recombinant mouse IL-2 (Peprotech) and 10 ug anti-1L-2 (JES6-1) were mixed in 200 pl
PBS and incubated at 37 °C for 30 min. Mice received /p. injection of IL-2/anti-IL-2
complex on days 0, 1 and 2, and were analyzed on day 5.

RNA isolation and real-time PCR

RNA was isolated using the RNeasy Micro Kit (Qiagen 74004) following the manufacturer’s
instructions. RNA was converted to cDNA using the High Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific 4368813) according to manufacturer’s
instructions. Real-time PCR was performed on the QuantStudio 7 Flex System (Applied
Biosystems) using the following probes: Actb (Mm 00697939), Pdcd? (Mm 00435532),
Ctla4 (Mm 00486849), /cos (Mm 00497600) and Fasn (Mm01253304) (all from Thermo
Fisher Scientific). The primers for SYBR Green master mix were Hmgcr (forward: 5’-
AGCTTGCCCGAATTGTATGTG-3’, reverse: 5’-TCTGTTGTGAACCATGTGACTTC-3"),
Scap (forward: 5’- TCCAAACACCGGACCGC-3’, reverse: 5°-
AGGGTCATCCTCGGCTAAGT

-3"), and Actb (forward: 5’-GACAGGATGCAGAAGGAGATTACTG-3’, reverse: 5°-
GCTGATCCACATCTGCTGGAA-3).

Serum autoantibody measurement

Anti-dsDNA antibodies and anti-nuclear antigens (ANA) antibodies were measured with
kits from Alpha Diagnostic International (5110 and 5210, respectively).
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Gene expression profiling, gene set enrichment analysis (GSEA) and Ingenuity pathway

analysis (IPA)
Microarray analyses (Affymetrix Mouse Clariom S Assay) of total RNA collected in
individual batches from the following Tyeq cell samples were performed: (a) Treg cells from
tumours or PLNs of FoxpXreScap*!* or */fl (n= 4 biological replicates) or Foxp3Ce Scap/f
(n= 3 biological replicates) mice bearing B16 melanoma; (b) Tyeg cells from tumours of
FoxpLreFasnt!* o +1fl or Foxp3Cre Fasrfl mice bearing B16 melanoma (7= 3-4 biological
replicates each group); (c) PD-1" or PD-1!° (top and bottom 10%) Treg cells from tumours
of Foxp3RFP mice bearing MC38 colon adenocarcinoma (7= 4 biological replicates each
group); and (d) Tyeg cells (from Foxp3~¢ mice) stimulated with anti-CD3/28 antibodies for
0 hand 8h (n=5 biological replicates per time point). For microarray analyses*3, the
expression signals were summarized using the robust multi-array average algorithm
(Affymetrix Expression Console v1.1), followed by differential expression (DE) analysis
performed using R package limma v.3.34.9. All the plots were generated using R package
ggplot2 v.2.2.1. The Benjamini-Hochberg method was used to estimate the false discovery
rate (FDR) as described?l, DE genes were defined by [log, fold change (FC)| > 0.5; P<
0.05. GSEA was performed as described6 using the “Hallmark” database or cell
metabolism-related pathways curated from the KEGG and Reactome databases
(Supplementary Table 1). For GSEA using manually curated gene signatures from public
datasets, a public microarray dataset (GSE61077)2° was used for generating the “Treg cell-
specific TCR gene signature” (genes downregulated in TCRa-deficient aTyeq cells compared
to TCRa-sufficient aTeq cells) (< 5% FDR). The “direct SREBP targets” was derived from
a public dataset*’ [genes upregulated in SREBP-1a- or SREBP-2-transgenic mice but
downregulated in the absence of SCAP (SREBP cleavage-activating protein)]. DE genes
generated by comparing Foxp3-YFP* T4 cells from tumours versus PLNs of Foxp3~e Scap
*1+or +/fl mice were used for IPA of upstream transcriptional regulators24. The top 15
upstream transcriptional regulators were plotted with their activation z-score and Pvalue
indicated.

Single-cell RNA sequencing (scRNA-seq) and data analysis

Library preparation—Foxp3eScap*!* o +fl and Foxp3Cre Scap!fl mice were challenged
with B16 melanoma, and CD45.2* TILs were sorted on a Reflection cell sorter (iCyt) (n=2
biological replicates each group). Foxp3-YFP* T4 cells were isolated from the spleen and
CNS (spinal cord and brain) of Foxp3°¢ mice at the peak of EAE (day 15) after MOG
immunization (n= 1 each group). The cells were counted and examined for viability using a
Luna Dual Florescence Cell Counter (Logos Biosystems). All samples were spun down at
2,000 rpm for 5 min. The supernatant was removed, and cells were resuspended in 100 pl of
1x PBS (Thermo Fisher Scientific) + 0.04% BSA (Amresco). The cells were then counted
and examined for viability using a Luna Dual Florescence Cell Counter (Logos Biosystems).
Cell counts were approximately 1x108 cells/ml and viability was above 98%. Single-cell
suspensions were loaded onto the Chromium Controller according to their respective cell
counts to generate 8,000 single-cell gel beads in emulsion per sample. Each sample was
loaded into a separate channel. Libraries were prepared using the Chromium Next GEM
Single Cell 3" v.3.1 Library and Gel Bead Kit (10X Genomics). The cDNA content of each
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sample after cDNA amplification of 12 cycles was quantified and quality-checked using a
High-Sensitivity DNA chip with a 2100 Bioanalyzer (Agilent Technologies) to determine
the number of PCR amplification cycles to yield a sufficient library for sequencing. After
library quantification and quality-checking using DNA 1000 chip (Agilent Technologies),
samples were diluted to 3.5 nM for loading onto the HiSeq 4000 (Illumina) with a 2 x 75-bp
paired-end kit using the following read length: 26-bp read 1, 8-bp i7 index, and 98-bp read
2. An average of 4x108 reads per sample were obtained (approximately 8x10* reads per
cell).

Alignment, barcode assignment and unique molecular identifier (UMI)
counting—The Cell Ranger 1.3 Single-Cell software suite (L0X Genomics) was
implemented to process the raw sequencing data from the Illumina HiSeq run®3. This
pipeline performed demultiplexing, alignment (using the mouse genome mmZ10 from
ENSEMBL GRCm38) and barcode processing to generate gene—cell matrices. Seurat R
package (v3.1.2)*8 was used for downstream analysis. Specifically, data from CD45* TIL
samples, isolated from Foxp3CreScap*!* O +fl and Foxp3Cre Scapf mice (n= 2 per
genotype), were combined into one dataset for consistent filtering. Cells with low unique
molecular identifier (UMI) counts (potentially dead cells with broken membranes) or high
UMI counts (potentially two or more cells in a single droplet) were filtered. Cells with high
percent (> 8.37%) of mitochondrial reads were also removed. Residual CD45~ contaminants
introduced by cell sorting were further removed, together with B cells. A total of 30,679
cells (FoxpFreScap*!* or +/fl mice, 14,558; Foxp3reScap/f mice, 16,121) were captured,
with an average of 2,411 mRNA molecules (UMls, median: 6,488; range: 500-246,680). For
Treg cell data from the EAE mouse model, cells with a high percentage (> 8%) of
mitochondrial reads were removed. A total of 6,669 cells (CNS, 2,736; spleen, 3,933) were
captured, with an average of 1,643 mRNA molecules (UMIs, median: 4,042; range: 2,022—
29,517). We normalized the expression level of each gene to 100,000 UMIs per cell and log-
transformed them by adding 1 to the expression matrix.

Data visualization—To identify different clusters in TILs, data were further analyzed
using Seurat and visualized by UMAP [Uniform Manifold Approximation and Projection?],
which partitioned cells into 22 unsupervised clusters based on their transcriptomes using
resolution = 0.5 in FindClusters function. Fourteen immune cell types were further identified
based on prior knowledge and markers highly expressed in each unsupervised cluster. For
data from EAE mouse model, Tyeq cells from the CNS and spleen were visualized by
UMAP. The activity of SREBP signalling was calculated by the average expression of all of
the target genes in the gene set and color-coded (from low to high, blue-red) on the UMAP
visualization. Curated violin plots that represent the expression level of genes were
generated by VInPlot function in Seurat R package.

Metabolomic tracing studies

Cell sample collection—T,gq cells were stimulated with anti-CD3/28 antibodies plus
IL-2 in the presence of 2 mM [13C,]-sodium acetate for 2 days. Cells were then collected by
a brief centrifugation, washed once with ice-cold saline, centrifuged again and then the tubes
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with the cell pellets were flash-frozen in liquid nitrogen. The cell pellets were stored at —80
°C until the extraction of metabolites.

Extraction of hydrophilic metabolites and lipids—To extract hydrophilic molecules,
an adapted three-phase solvent system was utilized to separate hydrophilic metabolites from
lipids, protein and nucleic acids®0. Briefly, the cell pellets were resuspended in 0.2 ml of ice-
cold saline and then 1 ml of chloroform/methanol (2:1, v/v) was added. Next, the mixture
was homogenized using a Bead Ruptor Elite (OMNI international, Kennesaw GA, USA) for
30 sec at 8 m/s, and the homogenate was centrifuged for 15 min at 21,000 g at 4 °C. After
centrifugation, the upper aqueous phases were transferred into new tubes, froze on dry-ice
and then dried by lyophilization. The lower organic phases were transferred into new tubes
and then dried under a stream of nitrogen at room temperature.

LC-MS analysis of isotopic labelling—A Vanquish Horizon UHPLC (Thermo
Scientific) was used for the LC separations, using a linear gradient condition (0-1 min 50%
B; 1-5.5 min 50 to 99% B; 5.5-8 min 99% B; 8-8.5 min 99 to 50% B; 8.5-10 min 50% B),
mobile phase A [water/acetonitrile (6:4, v/v)], and mobile phase B [isopropanol/acetonitrile
(9:1, viv)]; both A and B contained 10 mM ammonium acetate. The column used was a
Thermo Scientific Accucore C30 (2.1x50 mm, 2.6 pm) operated at 40 °C. The flow rate was
250 pl/min and the injection volume was 10 pl. All LC/MS solvents and reagents were the
highest purity available (water, acetonitrile, isopropanol, ammonium acetate) purchased
from Thermo Fisher Scientific. An authentic cholesterol standard was purchased from
Sigma-Aldrich. A Thermo Scientific Q Exactive hybrid quadrupole-Orbitrap mass
spectrometer (QE-MS) equipped with an APCI probe was employed as detector. The QE-
MS was operated in the positive mode, using a targeted selected ion monitoring method (t-
SIM/dd-MS?2). The mass spectrometer was operated at a resolution of 140,000 (FWHM, at
m/z 200); AGC targeted 2x10°; max injection time 100 msec; loop count 2; and isolation
width 0.5 m/z. For the dd-MS? conditions, a resolution of 17,500 was used with AGC
targeted 1x10°, max injection time 50 msec, loop count 2, MS? isolation width 0.5 m/z,
NCE 35. The APCI source operating conditions were: sheath gas flow 15, auxiliary gas flow
20, sweep gas 1, discharge current 10 pA, capillary temperature 325 °C, S-lenses RF level
65, vaporizer temperature 325 °C. The ions targeted for cholesterol analysis (parent/
daughters m/z) were 369.3514/215.1792/175.1481. The data were tabulated as the peak area
from each LC/MS chromatography, extracted from the tSIM parent mass (at < 5 ppm mass
tolerance). For all the LC-MS analyses indicate above [with the exception of the targeted
selected ion monitoring methods (t-SIM/dd-MS2)], wide-range of MS? spectra scans (Full-
MS) were also acquired during the entire duration of each chromatography. The Full-MS
data were acquired at a resolution of 140,000 (FWHM, at m/z 200), using an AGC target of
1x10%, a max injection time of 80 msec and a scan range from 100 to 1,000 m/z. From the
actual m/z values of every targeted molecule, exact masses were calculated for every
potential labelling proceeding from [13C,]-sodium acetate, and then every potentially
labelled m/z was searched in the Full-MS data, at the retention times of their corresponding
unlabeled molecules. The data from each potentially labelled-molecule were tabulated as the
peak areas extracted from the Full-MS parent masses (at <100 ppm mass tolerance). True
labelling was assessed in the [13C,]-sodium acetate treated samples after carefully
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determining that the peak areas of every potential labelled-m/z was significantly increased
when compared to the cold-acetate treated samples. The total contribution of carbon was
calculated using the following equation after subtracting naturally occurring isotopes®?:

i = oixm/(nXi = om;) where nis the number of C atoms in the metabolite, /represents the
different mass-isotopomers, and m refers to the abundance of a certain mass.

Statistical analysis for biological experiments

For experimental data, we tested the normal distribution, and Prism 6 software (GraphPad)
was used to analyze biological experiment (non-omics) data by performing two-tailed
unpaired Student’s #test. When multiple groups were compared, one-way ANOVA with the
Tukey’s test was performed. Two-way ANOVA was performed for comparing tumour
growth curves and EAE disease development curves. Pvalue of less than 0.05 was
considered significant. Data are presented as mean £ s.e.m.
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Extended Data Figure 1. Different metabolic states of Tyeg cells in tumours and inflammatory
contexts.

(a) Diagram of de novo lipid synthesis biochemical pathways. (b) Enrichment plots of
SREBP gene targets in intratumoural versus PLN-derived Tyeq cells from B16 melanoma-
bearing Foxp3“" mice. (c) Top 15 upstream transcriptional regulators enriched in
intratumoural Tyeq cells as compared to PLN Tpegq cells from B16 melanoma-bearing
Foxp3~e mice, analyzed by Ingenuity pathway analysis. (d, e) Enrichment of SREBP gene
targets in intratumoural and PLN Tpeq cells from public mouse B16 melanoma scRNA-seq
datasets’ 8. (f, g) Enrichment of SREBP gene targets in intratumoural Treg cells from human
patients with breast cancer? (f) and HNSCC0 (g). (h) Enrichment plots of SREBP gene
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targets from the public dataset!! of in vivo activated Treg (@Treg) cOMpared to resting Tyeg
(rTreg) cells in the acute inflammation model. (i, j) Treq cells were isolated from spleen and
CNS of MOG-induced Foxp3RFP EAE mice for scRNA-seq analysis. (i) Unsupervised
clustering of cells in the spleen and CNS was analyzed by UMAP, with the splenic and CNS
cells annotated with different colors (left), and the expression of SREBP gene targets
visualized on the UMAP plot (right). (j) Comparison of SREBP gene targets between
splenic and CNS Tygq cells on the UMAP plot. () Relative (values in splenic samples were
set to 1) uptake of a fluorescent glucose analog, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino)-2-deoxyglucose (2-NBDG), in splenic and intratumoural Tyq cells from MC38
tumour-bearing mice on day 21 after tumour inoculation (n7= 17). (I) Relative (values in
splenic samples were set to 1) 2-NBDG expression (/7= 14) in Tyq cells from the spleen and
spinal cord of MOG-induced EAE mice on day 16 after MOG immunization. (m) Scap
MRNA expression was examined in Treg, Naive CD4*, and CD8™ T cells from Foxp3 e Scap
*fl and Foxp3©re ScapV™ mice under steady state (7= 5 samples per genotype). (n) Heat
map of SREBP gene target expression normalized by row (z-score) in the tumour-infiltrating
Treg cells from B16 melanoma-bearing mice on day 19 after tumour inoculation (/7= 4,
FoxpLreScapt!* of I mice; n= 3, Foxp£eScapV/™ mice). (0) Foxp3PFP-Cre-ERT2 504

*M Rosa26YFP and FoxpCFP-Cre-ERT2 5earfiifl posa26YFP mice were injected with MC38
cells without tamoxifen treatment (/7= 6 mice per genotype). Tumour growth was measured.
***P< 0.001, NS, not significant. Two-tailed unpaired Student’s #test (k—m) or two-way
ANOVA (0). Data are mean + s.e.m. in d—g, j—-m, 0. Data are representative of two (0), or
compiled from two (k, 1) independent experiments.
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Extended Data Figure 2. SCAP is dispensable for Tygg cells to maintain immune homeostasis
under steady state.

(a—d) Analyses of FoxpXreScap*!* or *Ifl (FoxpLreScap*!* or Foxp3C™ Scap*M mice that
were phenotypically indistinguishable) and Foxp3©eScap’/fl mice (12—18 weeks) under

steady state (/7= 4 mice per genotype). (a) Cellularity of Foxp3-CD4* and CD8* T

cellsin

spleen and PLNs. (b) Flow cytometry analysis of the expression of CD62L and CD44 (left)
and quantification of the frequency of CD44NMCD62L'° cells (right) in Foxp3-CD4* (upper)

or CD8* T cells (lower) from spleen and PLNs. (c) Flow cytometry analysis of the
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expression of IFN-vy, IL-4 and I1L-17 (left), and quantification of frequencies of IFN-y*,
IL-4* and IL-177 cells (right) in Foxp3-CD4* T cells from spleen and PLNs. (d) Flow
cytometry analysis of the expression of IFN-y (left), and quantification of frequency of IFN-
v* cells (right) in CD8* T cells from spleen and PLNs. (€) Hematoxylin and eosin staining
of spleen, PLNs, colon, pancreas, lung, liver, and skin from age-matched Foxp3C"Scap
*+or+/fl and Foxp3Cre Scapf mice (28-35 weeks). (f, g) Quantification of anti-nuclear
antibodies (ANAS) (f) and anti-dsDNA antibodies (g) in the serum of FoxpXreScap*f and
Foxp3Fre ScapVfl mice (> 3 months old) (7= 23, Foxp3TeScap *f mice; n= 20,
Foxp3reScapV mice). (h) Survival curve of Foxp3CeScapt!* o+l (n=17) and
FoxpFreScapVf mice (n= 27). **P< 0.01, NS, not significant. Two-tailed unpaired
Student’s #test (a—d, f, g). Data are mean + s.e.m. Data are compiled from two (a—d)
independent experiments.
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Extended Data Figure 3. SCAP is dispensable for Tygg cell function in autoimmune and acute
inflammation.

(a) FoxpFreScap*!™ o+l (n=13) and FoxpFeScapV (n= 14) mice were immunized
with MOG and EAE disease score was measured every day for 20 days. 0, no overt signs of
disease; 1, limp tail; 2, limp tail plus hindlimb weakness; 3, total hindlimb paralysis; 4,
hindlimb paralysis plus 75% of body paralysis (forelimb paralysis/weakness); 5, moribund.
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(b) Mice as in (a) were sacrificed in the recovery phase (day 22-25) of EAE for histological
analysis of clinical disease. Hematoxylin and eosin staining of the spinal cord (left) and the
histological scores of the indicated regions of the brain and spinal cord (right) (7= 9,
FoxpLreScapt!* o Ml mice; n= 10, Foxp3©eScap™M mice). (c, d) FoxpLreScapt!* or +/
and FoxpXreScap/f mice were immunized with MOG to induce EAE (7= 5 mice per
genotype) and sacrificed on day 16 for analysis. (c) Cellularity of Foxp3=CD4* (upper) and
CD8™ (lower) T cells in PLNSs, spleen and spinal cord. (d) Quantification of percentages
(left) and numbers (right) of IFN-y* (upper) and IL-17* (lower) Foxp3-CD4* T cells from
PLNs, spleen and spinal cord. (e-h) Foxp3Ce/DTR Scapt!+ or +/fl and Foxp3Cre/DTR Seafiffl
mosaic mice were treated with diphtheria toxin (DT) (e, upper, for experimental design; n=
6 mice per genotype) and sacrificed 3 days after the final DT injection. (e) Quantification of
cellularity of Foxp3-CD4* (lower left) and CD8* T cells (lower right). (f) Quantification of
the frequency of CD44NCD62L!° cells in Foxp3-CD4* (upper) and CD8* (lower) T cells
from spleen and PLNSs. (g) Quantification of frequencies of IFN-y™* (left), IL-4* (middle)
and IL-177 (right) cells in Foxp3=CD4* T cells from spleen and PLNSs. (h) Quantification of
frequency of IFN-y* cells in CD8* T cells from spleen and PLNs. NS, not significant. Two-
tailed unpaired Student’s #test (b—h) or two-way ANOVA (a). Data are mean + s.e.m. in a—
h. Data are compiled from three (a) or two (b, e-h) independent experiments.
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Extended Data Figure 4. SCAP/SREBP signalling maintains Tyeq cell functional state in the
TME.

(a—d) Foxp3FreScapt!* o +fl (n=11) and Foxp3CeScapf (n= 14) mice were inoculated
with B16 cells. Cellularity of CD8* T cells (gated as CD8a.*TCRB™) (a) and Foxp3-CD4* T
cells (b) in PLNs (left) and tumours (right; normalized to tumour weight to account for
differences in tumour size between the genetic models) on day 19. (c, d) Quantification of
numbers of CD44MNCD62L!0 (Tey,) cells (c) and CD44NCD62LN (T, cells (d) in CD8* T
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cells from tumours. () Foxp3LeScapt!* O+l (n=12) and Foxp3FreScapVf (n= 14) mice
were inoculated with B16 cells. Quantification of number of Tim3*PD-1* (Tey) cells in
CD8* T cells from tumours. (f, g) FoxpXreScap*!* or +/fl (n=11) and FoxpreScap (n=
14) mice were inoculated with B16 cells. Flow cytometry analysis of the expression of TNF-
a and IFN-y (left), and relative frequency of TNF-a* cells (middle) and IFN-y™ cells (right)
in CD8* T cells () and Foxp3~CD4* T cells (g) from PLNs and tumours. (h) Foxp3£"Scap
*1+or+/fl and Foxp3Cre Scap™/f! mice were inoculated with MC38 cells on day 0 and treated
with anti-CD8 on days 1, 2, 5, 8 and 11. Tumour growth was measured (/7= 6 mice per
genotype). *P< 0.05, **P< 0.01, ***P< 0.001, NS, not significant. Two-tailed unpaired
Student’s #test (a—g) or two-way ANOVA (h). Data are mean + s.e.m. in a—h. Data are
representative of two (h), or compiled from two (a—g) independent experiments.
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Extended Data Figure 5. Scap-deficient Tyeq cellular state in tumours and homeostasis.
(a) Foxp3FreScapt! o+l and Foxp3C e Scap™/M mice were inoculated with B16 melanoma

cells and sacrificed on day 19. Flow cytometry analysis (left panel) and quantification of
frequency (second panel) and number (third panel shows raw values of cell number; right
panel shows cell number normalized to tumour weight) of Foxp3*CD4* T cells in PLNs and
tumours (7= 11, FoxpLreScapt’* o M mice: n= 14, FoxpScap™f mice). (b)
Quantification of number of CD45.2* cells from B16 melanoma-bearing Foxp3°"¢Scap
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*+or +/fl control (7= 11) and Foxp3CeScapVf (n= 14) mice. (c) Quantification of
frequency (left) and number (right) of Foxp3*CD4* Treg cells in spleen, lung, fat tissue and
skin in FoxpXreScapt!* o */fl control and FoxpCreScap™/f mice under steady state (7= 6
mice per genotype). (d) Foxp3-YFP*CD4" cells were sorted from Foxp3C e Scap*’f and
Foxp3°e ScapV mice, labelled with CellTrace Violet (CTV), and cultured with anti-
CD3/28 antibodies plus IL-2 for 3 days. Tyeq cells were pre-treated with cholesterol for 1 h
or vehicle before activation (/7= 6 per group). Relative frequency of CTV!° cells. (e)
FoxpFreScap*!* of +fl control (7= 11) and FoxpFreScapVf (n= 13) mice were inoculated
with B16 cells. Relative frequency of BrdU* cells among Foxp3*CD4" T cells from PLNs
and tumours. (f) Treg cells from Foxp3°"Scap** O +/M control and Foxp3©"e ScapV™ mice
were labelled with CTV and transferred into RagZ~/~ mice. Mice were sacrificed on day 10
for analysis. Quantification of cellularity of Foxp3"CD4™ T q cells in spleen and PLNs (7=
7 mice per genotype). (g) Foxp3CeScapt!* ° +fl control and Foxp3CreScap/f mice received
£.p. injection of IL-2/anti-IL-2 complex daily on days 0-2 to induce Teq cell expansion1?,
and analyzed on day 5. Quantification of number of Foxp3*CD4" T cells in spleen and
PLNs (/7= 4 mice per genotype). (h) Treq cells from Foxp3CreScap’* " /M control and
Foxp3°e ScapV mice were transferred into RagZ~/~ recipients and analyzed as in (f).
Quantification of mean fluorescence intensity (MFI) of CTLA4 in Tyq cells (7= 7 mice per
genotype) from spleen and PLNs. (i) Relative MFI of CTLA4 in Tyeq cells from IL-2/anti-
IL-2 complex-treated Foxp3reScap*!* of +/fl control and Foxp3C™e Scagf mice (7= 4 mice
per genotype) as in (g). (j) Foxp3eScapt’* o +/fl and Foxp3Cre ScapV/f mice were
inoculated with B16 melanoma cells and sacrificed on day 19. Flow cytometry analysis (left)
and relative frequency (right) of active caspase-3* Treg cells from PLNs and tumours (7=
11, Foxp3re Scapt!* or +/fl control mice; 7= 13, Foxp3 e Scap™/M mice). (k-m) Female
Foxp3Lrel* Scap *fl control and FoxpCre/* ScapV/fl mosaic mice were challenged with B16
cells and sacrificed on day 14 (7= 15 mice per genotype). (k) Relative frequency of 7AAD*
cells in Foxp3*CDA4™ Tyeq cells from tumours. (1) Relative frequency of Foxp3*CD4" T g
cells from tumours. (M) Relative number of Foxp3*CD4* Treg cells from tumours. (n-p)
Foxp3Fre Scap*!* or +/fl control and Foxp3Te ScapV mice were inoculated with B16 cells
and sacrificed on day 19. CD36 expression (7= 8, Foxp* e Scap*!* ° */fl mice; n= 10,
Foxp*eScapVf mice) (n), uptake of BODIPY FL C12 (7= 5 mice per genotype) (o),
MitoTracker (7= 3, FoxpLeScap™ o *fl mice; n= 6, Foxp3LeScapVf mice) (p, left),
TMRM expression (17= 4, FoxpLeScap*!* o+ mice; n=6, Foxp3ceScarf mice) (p,
middle) and MitoSOX expression (7= 11, Foxp e Scapt’* o *fl mice; n= 14,

Foxp3©'e Scap™ mice) (p, right) in Tyeq cells. (q) Quantification of the frequency (left) and
number (right) of CD44MCD62L0 aT ¢4 cells among Foxp3*CD4* Treq cells from spleen
and PLNs under steady state (/7= 4 mice per genotype). (r) Quantification of frequency (left)
and number of aTeq cells in tumours (right; normalized to tumour weight) from
FoxpFreScap*!* of +fl control (7= 11) and FoxpFreScapV (n = 14) mice challenged with
B16 cells. * £<0.05, **P< 0.01, *** P< 0.001, NS, not significant. Two-tailed unpaired
Student’s #test (a—c, e-r) and one-way ANOVA (d). Data are mean + s.e.m. in a—r. Data are
representative of two (f; h; o; p, left, middle), or compiled from three (d, e, j) or two (a—c; g;
i; k—n; p, right; g; r) independent experiments. Values in control samples were set to 1 (d; e;
i; j; k=m; p, right).
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Extended Data Figure 6. Scap-deficient Teq functional integrity in tumours and homeostasis.
(a) Flow cytometry analysis (left) and quantification of the mean fluorescence intensity

(MFI) of Foxp3-YFP (right) in intratumoural Tyeq cells from B16 melanoma-bearing
Foxp*reScap*!* or +fl control (n=5) and Foxp3CeScapf (n=6) mice. (b) Flow
cytometry analysis (left) and quantification of the MFI (right) of Foxp3 protein in
intratumoural Tyeq cells from B16 melanoma-bearing Foxp3©'e Scap** o */Ml control (1= 5)
and FoxpFreScapf! (n= 6) mice. (c) Flow cytometry analysis (left) and quantification of
the MFI (right) of Foxp3 protein in Treq cells (from Foxp3C™eScap* control and

Foxp3re ScapVfl mice) transferred into RagZ~'~ recipients (7= 7 mice per genotype). (d)
Quantification of frequency of IFN-y™ cells in Foxp3*CD4" T cells in spleen and PLNs
from Foxp3EreScap*!* o *fl control and Foxpe Scapf mice under steady state (7= 4
mice per genotype). (e) Violin plots of gene expression in macrophages from scRNA-seq
analysis of tumour-infiltrating CD45™ cells in mice challenged with B16 melanoma cells (1
= 2 mice per genotype; see also Fig. 2a). (f-h) FoxpCFP-Cre-ERT2 5eantfl Rosa26YFP and
FoxpFFP-Cre-ERT2 5oafilfl 65226 FP mice were injected with MC38 colon adenocarcinoma
cells on day O, treated with tamoxifen daily on days 7-11 (n7= 6 mice per genotype), and
analyzed on day 21 after tumour injection. (f) Quantification of the frequencies of IFN-y*
cells among GFP*YFP~ and GFP*YFP™ T¢q cells from PLNs (left) and tumours (right). (g)
Quantification of frequencies of IFN-y* (left) and TNF-a™* (right) cells among CD8* T cells
in PLNs and tumours. (h) Quantification of frequencies of IFN-y* (left) and TNF-a* (right)
cells among Foxp3=CD4™" T cells in PLNs and tumours. *P < 0.05, NS, not significant. Two-
tailed unpaired Student’s #test (a—d, f—h). Data are mean + s.e.m. in a—h. Data are
representative of two (a—c), or compiled from two (d) independent experiments.
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Extended Data Figure 7. FASN is dispensable for Tygg cell function in steady state and
autoimmunity.

(a) HmgermRNA expression was examined in Treg cells from Foxp3©re Scap*/fl and
Foxp*eScapVf mice under steady state (7= 5 samples per genotype). (b) Hmgcr mRNA
expression was examined in Treq cells from Foxp3C Hmger™ (n= 4), Foxp® Hmgert!™
(n=6), and FoxpeHmgerTl (n= 4) mice under steady state. (c) Analyses of T cell
homeostasis in FoxpLreHmgert™* and Foxp3® Hmgert'™ mice (6-10 weeks; 7= 3 mice per
genotype). Quantification of the frequency of CD44MNCD62L!° cells in Foxp3-CD4* (left)
and CD8* T cells (right) from spleen and PLNSs. (d) Fasn mRNA expression was examined
in Treg, Naive CD4*, and CD8* T cells from Foxp3©'e Fasi*™ and Foxp3©re FasrV/fl mice
under steady state (1= 3 samples per genotype). (e—i) Analysis of spleen and PLNs from
Foxp3reFasnt!* o +fl control and FoxpCre Fasrf mice (8-12 weeks) under steady state (77
= 4 mice per genotype). Quantification of numbers of Foxp3*CD4* Treg cells (e) and Foxp3~
CD4™ (f, left) and CD8* (f, right) T cells. (g) Quantification of frequencies of
CD44hicD62L!° cells in Foxp3-CD4* (left) and CD8™ (right) T cells. (h) Quantification of
frequencies of IFN-y* (left), IL-4* (middle) and IL-17* (right) cells among Foxp3-CD4* T
cells. (i) Quantification of frequency of IFN-y* cells among CD8* T cells. (j) Foxp3°" Fasn
*hor+fl (n=5) and Foxp3CeFasr/T (n=6) mice were immunized with MOG and EAE
disease score was measured every day until day 24. (k) Mice as in (j) were sacrificed in the
recovery phase (day 24) of EAE for histological analysis of clinical disease. Hematoxylin
and eosin staining of the spinal cord (left) and the histological scores of the indicated regions
of the brain and spinal cord (right) (7= 5, Foxp3eFasn*!* o +/fl mice; n=6,

Foxp3Fre Fasrfl mice). ***P< 0.001, NS, not significant. Two-tailed unpaired Student’s
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test (a, c—i, k), one-way ANOVA (b), or two-way ANOVA (j). Data are mean £ s.e.m. in a—
k. Data are compiled from two (e—i) independent experiments.
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Extended Data Figure 8. Antitumour response of Foxpi%creFasnﬂ’fI mice.
(a, b) Foxp3Fre Fasnt!* o+l control (a, n=9; b, n=13) and FoxpXeFasnf (a, n=10; b,
n=16) bone marrow chimeras were inoculated with B16 cells and sacrificed on day 17 (a)
or days 17-19 (b). Relative frequencies of TNF-a* cells (left) and IFN-y* cells (right)
among CD8* T cells (a) and Foxp3~CD4* T cells (b). (c-h) Foxp3°TeFasnt!* o +/fl control
(n=9) and Foxp3°e Fasrf (n= 10) bone marrow chimeras were inoculated with B16 cells
and sacrificed on day 17. (c, d) Quantification of numbers of CD8* T cells (c) and Foxp3~
CD4* T cells (d) in PLNs (left) and tumours (right; normalized to tumour weight). (e, )
Quantification of frequency of CD44MCD62L!° cells in CD8* T cells (e) and Foxp3-CD4* T
cells (f). (g) Quantification of frequency (left) and number of Foxp3*CD4* T cells in PLNs
(middle) and tumours (right; normalized to tumour weight). (h) Quantification of CD8/T g
cell ratio. (i) Foxp3CreFasnt!* or +fl control (7= 13) and FoxpLreFasn/fl (n= 16) bone
marrow chimeras were inoculated with B16 cells and sacrificed on days 17-19. Relative
frequency of IFN-y* cells among Foxp3*CD4* Teq cells in PLNs and tumours. (j, k) GSEA
enrichment plots of fatty acid metabolism (j) and Teq cell-specific TCR gene signature
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(genes downregulated in TCRa-deficient aT e cells compared to TCRa-sufficient aTgg
cells) (k) in intratumoural Tyeq cells from B16 melanoma-bearing Foxp3©" Fasn*!* o +/fl and
Foxp3°"e Fasr/fl mice (7= 3 samples per genotype). (1) Treq cells from FoxpsCre Fasyfi
control and Foxp3CeFasn™/M mice were used for /n vitro suppression assays at multiple Treg
versus Ty (naive CD4* T cell) ratios. (m, n) Tyeq cells from control Foxpre Fasnt!™ and
Foxp3°e Fasrf mice were labelled with CellTrace Violet (CTV), and cultured with anti-
CD3/28 antibodies plus IL-2 for 3 days. Flow cytometry analysis for frequency of CTV!©
cells (m) and relative expression of GITR (n, left) and CD44 (n, right) (7= 6 per genotype).
(o) Relative expression of GITR (7= 16 per genotype) (o, left) and CD44 (n= 15 per
genotype) (0, right) on Tyeq cells in PLNs and tumours of B16 melanoma-bearing mice. *P <
0.05, **P < 0.01, NS, not significant. Two-tailed unpaired Student’s #test (a—i, I, n, 0). Data
are mean * s.e.m. in a—i, I, n, 0. Data are representative of four (m) or two (1), or compiled
from three (b, i) or two (a, c-h, n, 0) independent experiments. Values in control samples
were setto 1 (a, b, i, n, 0).
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Extended Data Figure 9. SCAP/SREBP signalling promotes Tygg cell PD-1 expression in the
TME and upon TCR stimulation.

() Violin plot of Pacdl expression in Tyeq cells from scRNA-seq analysis of tumour-
infiltrating CD45™ cells in mice challenged with B16 cells (7= 2 samples per genotype; see
also Fig. 2a). (b) Quantification of mean fluorescence intensity (MFI) of CTLA4, CD69,
CD25, Nrp-1, CD39 and CD73 on Foxp3"CD4* Tieq cells in PLNs and tumours from
Foxp3Fre Scap*!* or +/fl control (7= 5) and Foxp3C e Scap™/fl (n= 6) mice challenged with
B16 melanoma cells. (c) Quantification of PD-1 MFI in Foxp3*CD4* Treg cells in spleen,
lung, fat tissue and skin from Foxp3reScap*!* of +/fl and Foxp3Cre Scapf mice under
steady state (/7= 6 mice per genotype). (d) C57BL/6 mice were inoculated with MC38 cells
on day 0 and treated with either anti-PD-1 (/7= 8) or isotype control (n7= 10) antibody on
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days 7, 10, and 13. Mice were sacrificed on day 14, and frequency of IFN-y* cells in
Foxp3*CD4* T cells in PLNs and tumours were analyzed by flow cytometry and quantified.
(e—g) Violin enrichment plot of Pdcdl expression from public ScRNA-seq datasets from the
mouse model of B16 melanoma tumours’:8 (e, f) and human patients with breast cancer® (g).
(h, 1) Quantification of CTLA4 (h) and ICOS (i) MFls in Tyeq cells from spleen and tumours
in MC38 colon adenocarcinoma tumour-bearing mice (left panels; 7= 7) or from spleen and
spinal cord in MOG-induced EAE mice (right panels; /7= 5). (j) Enrichment plot of Tyeq
cell-specific TCR gene signature in transcriptome analysis of intratumoural PD-1" and
PD-1l0 Treg cells from MC38 tumour-bearing mice. (k) Flow cytometry analysis of PD-1
expression on Tyeq cells cultured in the presence of IL-2 with or without anti-CD3 or anti-
CD3/28 antibody stimulation for 3 days. Numbers in graphs indicate MFI. (I) Heat map of
SREBP gene target expression normalized by row (z-score) in transcriptome analysis of Teg
cells (from Foxp3~e mice) stimulated with anti-CD3/28 antibodies for 0 h and 8 h (7= 5 per
time point). (m) Enrichment plot of SREBP gene targets in transcriptome analysis of Tyeg
cells (from Foxp3~"¢ mice) stimulated with anti-CD3/28 antibodies for 0 h and 8 h. (n) Real-
time PCR analysis of PacaZ mRNA expression in Treg cells from Foxp3©'e Scap*!+ o +/Ml
control and Foxp3©™e Scapf mice (7= 3 samples per genotype) with or without anti-
CD3/28 stimulation for 72 h. *£< 0.05, **P< 0.01, ***P < 0.001, NS, not significant. Two-
tailed unpaired Student’s #test (b—d, h, i, n). Data are mean + s.e.m. in a—j, m, n. Data are
representative of two (d, h, i), or compiled from two (c) independent experiments.
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Extended Data Figure 10. Metabolic dependence of PD-1 expression on intratumoural Tygg cells

and model of metabolic adaptation.

(a) Flow cytometry analysis (left) and quantification of relative mean fluorescence intensity

(MFI) (right) of PD-1 on intratumoural Tyeg cells from B16 melanoma-bearing

FoxpLreFasnt!* o +1fl (n= 9) and Foxp3C e Fasifl (n = 10) mice on day 17. (b) Resting
Treg Cells were sorted from Foxp3©'e Hmger™ control and Foxp3©re Hmger™M mice under
steady state (/7= 4 samples per genotype), labelled with CellTrace Violet (CTV), and
cultured with anti-CD3/28 antibodies plus IL-2 for 3 days. Relative MFI of PD-1 on CTV'0
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cells. (c, d) Foxp3-YFP*CDA4* cells were sorted from Foxp3reScap™fl control and
Foxp*eScaplfl mice, labelled with CTV, and cultured with anti-CD3/28 antibodies plus
IL-2 for 3 days. Tyeq cells were pre-treated with cholesterol or vehicle for 1 h before
activation (/7= 6 samples per group). Flow cytometry analysis (left) and quantification of
relative MFI (right) of CTLA4 (c) and PD-1 (d) in CTV'® cells. (e) Foxp3-YFP*CD4* cells
were sorted from Foxp3©' mice, treated with vehicle or simvastatin (2 pM), and then
stimulated with anti-CD3/28 antibodies plus IL-2 for 18 h in the presence of mevalonate
(500 pM), FPP (50 uM), GGPP (5 uM) or DMSO for real-time PCR analysis of Pdcdl
MRNA expression (/7= 4). (f) Treg cells from Foxp3'® mice were labelled with CTV and
pre-treated with vehicle, FTI1-277 (FTI) (10 uM), or GGTI-2147 (GGTI) (5 uM) for 1 h and
then stimulated with anti-CD3/28 antibodies plus IL-2 for 72 h. Relative MFI of PD-1 on
CTVI0 cells (7= 8 per group). (g) Resting Treg cells were sorted from young (1-3 weeks)
FoxpXrepggt1bf control and Foxp3Cre Pggt16/f mice (n= 4 samples per genotype) under
steady state; young mice were used to limit the influence of systemic inflammation. Tyeg
cells were labelled with CTV and cultured with anti-CD3/28 antibodies plus IL-2 for 3 days.
Flow cytometry analysis (left) and relative MFI (right) of PD-1 on CTV® cells. (h) Resting
Treg cells were sorted from young (1-3 weeks) FoxpFe Fntb!* control (n=2) and
Foxp3©re Fntt' (n= 3) mice under steady state. Treq cells were labelled with CTV and
cultured with anti-CD3/28 antibodies plus IL-2 for 3 days. Flow cytometry analysis (left)
and relative MFI (right) of PD-1 on CTV!° cells. (i) Resting Treg cells were sorted from
Foxp3°'e control and Foxp3XTe RacIVf Rac2'~ mice (n= 4 mice per genotype) under steady
state, and cultured with anti-CD3/28 antibodies plus IL-2 for 3 days. Flow cytometry
analysis (left) and relative MFI (right) of PD-1. (j) Foxp3-YFP*CD4* cells were sorted from
Foxp3~® mice (n=5) and stimulated with anti-CD3/28 antibodies plus IL-2 for 3 days, in
the presence of vehicle control, simvastatin (2 mM), GGTI (5 mM), or two different AP-1
inhibitors [Sr11302 (30 mM) or T-5224 (120 mM)]. Flow cytometry analysis (upper) and
relative MFI of PD-1 (lower). (K) Schematic of SREBP-driven metabolic and functional
adaptation of Tyeq cells in the TME. SREBPs are activated in intratumoural Tyeg cells as a
key driver of Tyeq cell functional specialization in the TME, which leads to suppression of
effective antitumour immune responses and the reduced efficacy of immune checkpoint
therapy. Mechanistically, SREBP-dependent de novo fatty acid synthesis and PD-1
signalling in Tyeq cells enforce Tyeq cell suppressive function in tumours. Tyeq cells show
enhanced Pdcdl expression in tumours, and this upregulation is dependent on SREBP-
dependent mevalonate metabolism that further signals to Pggtlb-driven protein
geranylgeranylation. PD-1 induction is required to repress overt IFN-y production by Tieq
cells in response to TCR activation in the TME, suggesting that SREBP signalling supports
intratumoural Tyeq cell functional fitness, in part, by preventing Teq cell fragility. Therefore,
SREBP-dependent metabolic reprogramming enforces Tyeq cell functional specialization in
tumours by coordinating lipid synthesis and inhibitory receptor signalling pathways. *P <
0.05, **P<0.01, ***P< 0.001, NS, not significant. Two-tailed unpaired Student’s #test (a,
b, g-i) or one-way ANOVA (c-f, j). Data are mean + s.e.m. in a—j. Data are compiled from
three (b—d, f, g) or two (a, e, h—j) independent experiments. Values in control samples were
setto 1 (a—d, fj).
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Figure 1. Trgg cells upregulate SREBP signalling and require SCAP/SREBP activity for their
functional adaptation in tumours.

() List of the enriched cell metabolism-related pathways in intratumoural Tyeq cells
compared to those from PLNs (/7= 4 per group) from B16 melanoma tumour-bearing mice.
(b, ©) FoxpFreScap*!* or +fl (n=6) and Foxp3CeScapf (n=5) mice were inoculated with
MC38 cells (b) or B16 cells (c), and tumour growth was measured. (d, €)
FoxpFFP-Cre-ERT2 5oanifl Rosa26YFP (d, n=6; e, n=6) and

FoxpFFP-Cre-ERT2 5oaflifl 52 26YFP (d, n=6; e, n=7) mice were injected with MC38
cells on day 0 and treated with tamoxifen on days 7-11 (d, left) or days 21-25 (e, left).
Tumour growth (right) was measured. (f) FoxpXeScapt™ and FoxpreScagf mice were
inoculated with B16 cells on day 0 and treated with either anti-PD-1 or isotype control
antibody on days 7, 10, 13, and 16 (left). Tumour growth (right) was measured (7= 7,
Foxp3Fre ScaptM + isotype; n= 6, Foxp3eScap™ + anti-PD-1; n=5, Foxp3‘eScapifl +
isotype; n=5, Foxp3eScap/fl + anti-PD-1). *P < 0.05, ***P< 0.001. Two-way ANOVA
(b—f). Data are mean * s.e.m. in b—f. Data are representative of five (c) or two (b, d, €)
independent experiments.
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Figure 2. SREBPs maintain Tyeq cell functional fitness in the TME.

(a, b) Foxp3FreScap*!* o *fl and FoxpFre Scapf mice (7= 2 mice per genotype) were
inoculated with B16 cells and CD45* tumour-infiltrating lymphocytes (TILs) were isolated
on day 19, followed by scRNA-seq analysis. (a) UMAP embeddings of merged scRNA-seq
showing distribution of CD45* TILs (left) and immune cell subsets (right). (b) Proportions
of immune cell subsets of SCRNA-seq. (c) Foxp3CeScapt’* o +/fl (n=18) and
Foxp*reScaplfl (n= 23) mice were inoculated with B16 cells and sacrificed on day 19 for
the quantification of CD8/T g cell ratio in PLNs and tumours. (d) Foxp3°"Scap*'* or +/fl
control (7= 11) and Foxp3eScapM (n= 14) mice were inoculated with B16 cells, and
flow cytometry analysis of IFN-y expression in Foxp3*CD4* T cells (left panel) and relative
frequency (right panel; values in control samples were set to 1) of IFN-y in Foxp3*CD4* T
cells from PLNs and tumours. () B16 cells were inoculated into FoxpCre/* Scapt!* or +/fl
and FoxpLre* ScapVfl hone marrow chimeras (/7= 4 mice per genotype). Tumour growth
was measured. (f) MC38 cells were inoculated into Foxp3C'®/* Scap*!* o +/fl and
FoxpLrel* Scapflfl mosaic mice (7= 7 mice per genotype). Tumour growth was measured.
**p<0.01, ***P< 0.001, NS, not significant. Two-tailed unpaired Student’s #test (c, d) or
two-way ANOVA (e, ). Data are mean % s.e.m. in c—f. Data are representative of two (e, f),
or compiled from four (c) or two (d) independent experiments.
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Figure 3. SREBPs orchestrate intratumoural Tyeq cell function through coordinating de novo
lipid synthesis and PD-1 expression.

(a, b) Enrichment plots showing downregulated cholesterol homeostasis (a) and fatty acid
metabolism (b) in intratumoural Teq cells from Foxp3©reScap*’* o+l (n = 4) mice versus
FoxpFreScapVf (n= 3) mice. (c, d) Foxp3CreFasnt* or+fl (¢, n=6; d, n=5) and
FoxpFreFasil (¢, n=7; d, n=5) mice were inoculated with MC38 (c) or B16 cells (d).
Tumour growth was measured. (e) Control and FASN-deficient Tyq cells were activated in
the presence or absence of palmitate, followed by /7 vitro suppression assay. Ty naive CD4*
T cells. (f) PD-1 (left) and ICOS (right) levels on Tyeq cells in PLNs and tumours from B16
melanoma-bearing Foxp3°e Scapt’* o +/fl (n=5) and FoxpFeScapV (n= 6) mice on day
19. (g, h) MC38 tumour-bearing mice were treated with anti-PD-1 or isotype control
antibody on days 7, 10, and 13 (n= 20 per group). Quantified p-AKT (g) and p-S6 (h) MFlIs
in Foxp3*CD4* T cells in PLNs and tumours on day 14. (i, j) Foxp3©eScap*!* o +/fl control
and Foxp3reScapV mice were inoculated with B16 cells. Quantified p-AKT (i) and p-S6
(J) MFls in intratumoural Tyeq cells in PLNs (7= 17 per genotype) and tumours (/7= 14,
FoxpFreScapt!* o Il mice; n= 15, Foxp3-e Scap™/fl mice) on day 14. *P< 0.05, **P<
0.01, ***P< 0.001, NS, not significant. Two-tailed unpaired Student’s #test (f—j) or one-
way ANOVA (e) or two-way ANOVA (c, d). Data are mean * s.e.m. in c—i. Data are
representative of three (d) or two (c, €, f), or compiled from two (g—j) independent
experiments. Values in control samples were set to 1 (g—j).
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Figure 4. Mevalonate metabolism-driven protein geranylgeranylation enforces Tygg cell PD-1
upregulation.

(a) PD-1 expression on Tygq cells from MC38 tumour-bearing mice (7= 7; day 21) or MOG-
induced EAE mice (7= 5; day 16). (b) Violin plot of Pdcdl expression in Tyeq cells from
scRNA-seq dataset of human patients with HNSCC. (c) Real-time PCR analysis of relative
Pdcd1 and /cos mRNA expression in Teg cells from B16 melanoma-bearing Foxp3~'¢ Scap
*+or +fl and Foxp3Cre Scapf mice (7= 4 samples per genotype). (d) Flow cytometry
analysis (left) and quantification (right) of Nur77-GFP expression in PD-1" and PD-1'0 T
cells in B16 melanoma (7= 4). (e) Relative PD-1 expression on Foxp3C"€Scap*!* o +/fl or
Foxp3©re Scap/™ T o4 cells (7= 6 samples per genotype) that were stimulated by anti-
CD3/28 antibodies plus IL-2 for 3 days. (f) Incorporation of 13C into cholesterol in control
and SCAP-deficient Tyeq cells (7= 3 samples per genotype) that were stimulated with anti-
CD3/28 antibodies plus IL-2 in the presence of [13C,]-sodium acetate for 2 days. (g)
Relative PD-1 expression on vehicle- or simvastatin-treated Teq cells that were stimulated
with anti-CD3/28 antibodies plus IL-2 for 3 days (7= 8). (h) Flow cytometry analysis (left)
and quantification (right) of relative PD-1 expression on vehicle- or simvastatin-treated
CellTrace Violet (CTV)° Treg cells that were stimulated with anti-CD3/28 antibodies plus
IL-2 for 3 days in the presence of mevalonate, FPP, GGPP, or DMSO (n=5). *P< 0.05, **P
<0.01, ***P<0.001, NS, not significant. Two-tailed unpaired Student’s £test (a, c—g) or
one-way ANOVA (h). Data are mean + s.e.m. in a—h. Data are representative of two (a), or
compiled from three (g) or two (e, h) independent experiments.
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