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The glutathione peroxidase Gpx4 prevents lipid
peroxidation and ferroptosis to sustain Treg cell
activation and suppression of antitumor immunity
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In brief

Actively maintaining cellular redox
homeostasis is crucial to sustain Treg
activation and function. Xu et al.
demonstrate that Gpx4 serves as a
metabolic checkpoint in protecting
activated Treg cells from uncontrolled
lipid peroxidation and ferroptosis.
Moreover, deletion of Gpx4 in Treg cells
impedes tumor immune evasion without
inducing overt autoimmunity.
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SUMMARY

T regulatory (Treg) cells are crucial to maintain immune tolerance and repress antitumor immunity, but the
mechanisms governing their cellular redox homeostasis remain elusive. We report that glutathione peroxi-
dase 4 (Gpx4) prevents Treg cells from lipid peroxidation and ferroptosis in regulating immune homeostasis
and antitumor immunity. Treg-specific deletion of Gpx4 impairs immune homeostasis without substantially
affecting survival of Treg cells at steady state. Loss of Gpx4 results in excessive accumulation of lipid perox-
ides and ferroptosis of Treg cells upon T cell receptor (TCR)/CD28 co-stimulation. Neutralization of lipid
peroxides and blockade of iron availability rescue ferroptosis of Gpx4-deficient Treg cells. Moreover,
Gpx4-deficient Treg cells elevate generation of mitochondrial superoxide and production of interleukin-1
(IL-1B) that facilitates T helper 17 (Ty17) responses. Furthermore, Treg-specific ablation of Gpx4 represses
tumor growth and concomitantly potentiates antitumor immunity. Our studies establish a crucial role for
Gpx4 in protecting activated Treg cells from lipid peroxidation and ferroptosis and offer a potential therapeu-

tic strategy to improve cancer treatment.

INTRODUCTION

T regulatory (Treg) cells expressing the lineage transcription fac-
tor Foxp3 play pivotal roles in regulating immune tolerance and
antitumor immune responses (Plitas and Rudensky, 2016).
Treg cells in the periphery are classified into thymus-derived
Treg (tTreg) cells and peripherally derived Treg (pTreg) cells
with different suppressive capacities and functional stabilities
(Josefowicz et al., 2012). Microenvironmental cues including an-
tigen and cytokine milieu drive Treg cell activation and differen-
tiation into various effector Treg subsets to repress distinct T cell
responses (Canli et al., 2016; Newton et al., 2016). Treg cells
obtain an ability to resist cell death induced by high oxidative
stress frequently existing in the tumor microenvironment (TME)
(Mougiakakos et al., 2009, 2011). Clinical evidence indicates
that elevated proportions of intratumoral Treg cells often corre-
late with poor prognosis and low survival rates in various cancer
patients (Nishikawa and Sakaguchi, 2014; Speiser et al., 2016).
Therapeutic suppression of Treg cell survival in the TME has
been emerging as an attractive strategy to potentiate antitumor
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immunity (Togashi et al., 2019). However, a recent study shows
that apoptotic Treg cells induced by high oxidative stress in the
TME exhibit enhanced immunosuppressive function and conse-
quently facilitate tumor growth (Maj et al., 2017). Thus, a better
understanding of regulatory mechanisms underpinning Treg
cell survival may benefit the development of novel strategies to
modulate Treg suppression of antitumor immunity.

Glutathione peroxidase 4 (Gpx4) is a selenoenzyme that re-
duces membrane phospholipid hydroperoxides to maintain
cellular redox homeostasis using glutathione (GSH) as a cofactor
(Seiler et al., 2008). Inactivation or depletion of Gpx4 in a variety
of cell types can induce ferroptosis (Yang et al., 2014; Yang and
Stockwell, 2008), which is a non-apoptotic form of cell death re-
sulting from accumulation of toxic lipid peroxides with a reliance
on ferrous iron (Stockwell et al., 2017). Neutralization of cellular
lipid peroxides and blockade of iron availability represent well-
established strategies to prevent ferroptotic cell death (Dixon
et al., 2012; Yang et al., 2014). Extensive studies have focused
on understanding the induction and regulation of ferroptosis in
cancer and neurodegeneration (Chen et al., 2015; Chu et al,,

Cell Reports 35, 109235, June 15, 2021 © 2021 The Author(s). 1

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:ky11@iu.edu
https://doi.org/10.1016/j.celrep.2021.109235
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2021.109235&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢ CellPress

OPEN ACCESS

2019; Doll et al., 2017; Gao et al., 2019; Hambright et al., 2017;
Kagan et al., 2017; Liu and Wang, 2019; Stockwell et al.,
2017), whereas little is known about the role of Gpx4 and ferrop-
tosis in regulating T cell homeostasis and immune responses
(Matsushita et al., 2015). Despite the notion that conventional
T cells lacking Gpx4 fail to maintain their homeostasis and mount
protective immunity against bacterial infection, Gpx4-deficient
Treg cells retain intact homeostatic survival and expansion (Mat-
sushita et al., 2015). Compared to resting Treg cells under steady
state, antigen-stimulated Treg cells markedly reprogram lipid
synthesis and fatty acid oxidation in support of their expansion
and function (Field et al., 2020; Michalek et al., 2011), which
potentially enhance generation of lipid peroxides. Whether
Gpx4 is required to regulate activation and accumulation of lipid
peroxides in Treg cells remains to be established.

In this study, we establish an intrinsic role for Gpx4 in prevent-
ing Treg cell lipid peroxidation and ferroptosis in immune
tolerance and antitumor immunity. We found that Gpx4 was
dispensable to maintain Treg cell homeostasis in lymphoid and
non-lymphoid tissues, whereas promoting suppression of T
helper 1 (Ty1) and Ty17 responses at steady state. In response
to T cell receptor (TCR) and co-stimulatory signals, Gpx4-defi-
cient Treg cells displayed aberrant accumulation of cellular lipid
peroxides and underwent ferroptosis. Moreover, loss of Gpx4
disrupted mitochondrial fitness of Treg cells and enhanced their
interleukin-1B (IL-1B) production, which promoted Ty17 re-
sponses. Furthermore, Treg-specific deletion of Gpx4 compro-
mised survival of intratumoral Treg cells and potentiated anti-
tumor immune responses leading to enhanced tumor
regression. Our results highlight that Treg cells need Gpx4 to
neutralize lipid peroxides and prevent ferroptosis to sustain
Treg cell activation and function in maintaining immune homeo-
stasis and restraining antitumor immunity.

RESULTS

Treg-specific deletion of Gpx4 promotes Ty17
responses

To define the physiological relevance of Gpx4 in Treg cells, we
crossed mice carrying loxP-flanked Gpx4 alleles (Gpx4™™ (Yoo
et al., 2012) with Foxp3YF"°" (Foxp3°©™) (Rubtsov et al., 2008)
mice (denoted hereafter as Foxp3°Gpx4™" mice) to specifically
delete Gpx4 in Treg cells. Quantitative PCR and western blot re-
sults showed that Gpx4 was efficiently deleted at both mRNA
and protein levels in Treg cells (Figures S1A and S1B). We next
examined whether Gpx4 deficiency affects Treg-dependent
maintenance of immune homeostasis. Compared to WT litter-
mates, Foxp3°Gpx4™" mice showed normal frequencies and
numbers of naive (CD62L"CD44') and effector/memory
(CD44"CD62L") populations in both CD4* and CD8* T cells (Fig-
ure 1A) as well as center memory (CD62LMCD44™) CD8* T cells
(Figure 1A). To characterize features of T cell responses, we
examined cytokine production by conventional CD4* and
CD8* T cells from WT and Foxp3°°Gpx4™" mice. The propor-
tions of interferon-y (IFN-y)- and IL-4-producing CD4" T cells
(Figure 1B) and IFN-y-producing CD8* T cells (Figure 1C) were
comparable between WT and Foxp3°Gpx4™" mice (approxi-
mately 8 weeks old). However, Foxp3°°Gpx4™™ mice showed
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a small but significant increase of IL-17-producing CD4*
T cells (Figure 1D). In line with the requirement of Treg cells for
maintaining immune homeostasis over a lifetime, Foxp3°™
Gpx4"™ mice at or above 6 months of age showed more pro-
found increase of IL-17-producing CD4* T cells (Figure 1E),
associated with elevated proportions of splenic neutrophils (Fig-
ure 1F), whereas retaining comparable proportions of IL-4- (Fig-
ure S1C) and IFN-y- (Figure S1D) producing CD4* T cells and
IFN-y-producing CD8* T cells (Figure S1E). Collectively, mice
with Treg-specific deletion of Gpx4 display an aberrant T17 dis-
order at steady state.

Gpx4 differentially regulates Treg cell homeostasis in
lymphoid and non-lymphoid tissues

Appropriate maintenance of Treg cell homeostasis is crucial to
maintain immune tolerance. We thus assessed the impact of
Gpx4 deficiency on Treg cells in lymphoid and non-lymphoid or-
gans. WT and Foxp3°°Gpx4™" mice had comparable propor-
tions and numbers of splenic Treg cells (Figure 2A), which
were apparently normal in Foxp3°"®Gpx4"" mice at or above
6 months of age (Figure S2A). Treg cells can be divided into
resting (CD62L"CD44"°) and effector (CD62L'°CD44") subsets,
which display differential localization and function at steady state
(Smigiel et al., 2014). Loss of Gpx4 did not substantially affect
proportions of the Treg subsets (Figure S2B), indicating that
Gpx4 is dispensable for splenic Treg cell homeostasis. We
next examined expression of key Treg markers on Gpx4-defi-
cient Treg cells. The expression of the Treg lineage transcription
factor Foxp3 (Figure 2B) and Treg effector molecules including
CTLA4 (Figure 2C), CD73, PD1, and NRP1 (Figures S2C-S2E)
was comparable between WT and Gpx4-deficient Treg cells.
Collectively, Gpx4 is dispensable to maintain Treg cell homeo-
stasis in lymphoid tissues.

Treg cells at barrier surfaces, including lung, liver, and colon,
are crucial to prevent unwanted T cell responses to harmless an-
tigens (Panduro et al., 2016). We found that Foxp3°Gpx4™™
mice had reduced frequencies of Treg cells in the liver and colon
(Figure 2D) but normal frequencies of lung Treg cells (Figure 2D).
However, the numbers of Treg cells in those tissues were com-
parable between WT and Foxp3°°Gpx4™" mice (Figure 2D).
These findings prompted us to examine whether loss of Gpx4
impairs Treg cell function in suppressing T cell responses in
the liver and colon. Compared to WT mice, Foxp3°Gpx4"™
mice exhibited markedly increased proportions of IL-17-produc-
ing CD4" T cells (Figure 2E) and IFN-y-producing CD8*
T cells (Figure 2F) in the colon. In line with this observation,
Foxp3°Gpx4™" mice exhibited notable inflammation in the co-
lon (Figure S2F). In contrast, the proportions of liver IL-17-pro-
ducing CD4" T cells (Figure S2G) and IFN-y-producing CD8*
T cells (Figure S2H) were largely normal in Foxp3°Gpx4™™
mice. Collectively, these results suggest that Gpx4 regulates
Treg cell homeostasis and function in a tissue-context-depen-
dent manner.

Gpx4 protects activated Treg cells from aberrant lipid
peroxidation and ferroptosis

TCR and co-stimulatory signals drive Treg cell activation, differ-
entiation, and function in regulating immune tolerance and
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Figure 1. Foxp3°°Gpx4™" mice exhibit increased Ty17 responses

(A) Expression of CD62L and CD44 on splenic conventional CD4* and CD8"* T cells from 8-week-old WT and Foxp3°Gpx4™" mice. Right: proportions of effector
(CD44MCD62L") cells, resting (CD62L"CD44'°) CD4* and CD8" cells, or memory (CD44MCD62LM) CD8* T cells (n = 5 each group).

(B) Expression of IFN-y and IL-4 in splenic CD4* T cells from 8-week-old WT and Foxp3°"°Gpx4"" mice (n = 5 each group). Right: proportions of IFN-vy- or IL-4-
producing CD4* T cells.

(C) Expression of IFN-y in splenic CD8* T cells from 8-week-old WT and Foxp3°"°Gpx4™" mice (n = 5 each group). Right: proportions of IFN-y-producing CD8*
T cells.

(D) Expression of IL-17 in splenic CD4™ T cells from 8-week-old WT and Fox,'.a.’:y’G'erx4f'/ﬂ mice (n = 5 each group). Right: proportions of IL-17-producing CD4*
T cells.

(E) Expression of IL-17 in splenic CD4* T cells from 7-month-old WT and Foxp3crerx4"/fI mice (n = 5 each group). Right: fold changes of IL-17-producing CD4*
T cells.

(F) Flow cytometry analysis of splenic neutrophils (CD11b*LY6G") from 7-month-old WT and Foxp3°°Gpx4™" mice. Right: fold changes of neutrophils (n = 5 each
group).

Data are representative of at least three independent experiments. Data are mean + SEM. The p values are determined by two-tailed Student’s t test. *p < 0.05,
***p < 0.001. ns, not significant. Numbers in gates indicate the percentage of cells.

inflammatory responses (Canli et al., 2016). We noted that Treg  oxidation with Liperfluo, a specific indicator of lipid peroxides
cells rapidly induced expression of Gpx4 at 2 h post anti-CD3  (Dixon et al., 2012). Gpx4-deficient Treg cells displayed marked
and anti-CD28 (a-CD3-CD28) stimulation (Figure S3A), followed  accumulation of lipid peroxides upon TCR/CD28 co-stimulation
by gradual downregulation (Figure S3A). To determine the role of  (Figure 3C), concomitant with disrupted viability (Figure 3D).
Gpx4 in activated Treg cells, we first treated WT Treg cells with  Collectively, Gpx4 is crucial to prevent activated Treg cells
RSL3, a potent and selective inhibitor of Gpx4 (Yang et al., 2014),  from excessive lipid peroxidation and ferroptosis.

in the presence of a-CD3-CD28 stimulation. The extent of lipid GSH represents the major non-enzymatic antioxidant that
peroxides in Treg cells was assessed by a well-established lipo-  suppresses ferroptotic cell death of cancer cells (Yang et al.,
philic reactive oxygen species (ROS) sensor, C11-BODIPY 2014). We determined the effect of GSH on ferroptosis of acti-
(Dixon et al., 2012). RSL3 notably elevated levels of C11-BODIPY  vated Gpx4-deficient Treg cells. Unexpectedly, supplementa-
(Figure 3A) and compromised viability of activated Treg cells tion of GSH failed to rescue ferroptosis of Gpx4-deficient Treg
(Figure 3B). Second, we treated WT and Gpx4-deficient Treg cells (Figure 3E). To examine the extent to which reduction of
cells with a-CD3-CD28 and assessed their survival and lipid per-  cellular GSH induces Treg cell ferroptosis, we treated Treg cells
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Figure 2. Gpx4 is differentially required for Treg cell homeostasis in lymphoid and non-lymphoid tissues
(A) Flow cytometry analysis of splenic Treg cells from 8-week-old WT and Foxp3°Gpx4™ mice. Percentage (middle) and numbers (right) of splenic Treg cells (n =

5 each group).

(B) Expression of Foxp3 in splenic Treg cells from 8-week-old WT and Foxp3°"°Gpx4™" mice. Numbers in graphs indicate mean fluorescence intensity (MFI) of
Foxp3. Right: fold changes of Foxp3 MFI in splenic Treg cells (n = 5 each group).
(C) Expression of CTLA4 on splenic Treg cells from 8-week-old WT and Foxp3°°Gpx4™" mice. Numbers in graphs indicate CTLA4 MFI. Right: fold changes of

CTLA4 MFI on splenic Treg cells (n = 5 each group).

(D) Flow cytometry analysis of Treg cells in the liver, lung, and colon from 8-week-old WT and Foxp3°™Gpx4™" mice. Right: percentage and numbers of Treg cells

(n = 4 each group).

(E) Expression of IL-17 in colonic CD4* T cells from 8-week-old WT and Foxp3°"°Gpx4"" mice (n = 4 each group). Right: proportions of IL-17-producing CD4*

T cells.

(F) Expression of IFN-y in colonic CD4* T cells from 8-week-old WT and Foxp3°Gpx4™" mice (n = 4 each group). Right: proportions of IFN-y-producing CD8*

T cells.

Data are representative of at least three independent experiments. Data are mean + SEM. The p values are determined by two-tailed Student’s t test. **p < 0.01,
***p < 0.001. ns, not significant. Numbers in gates indicate the percentage of cells.

with erastin (a specific inhibitor of the cystine/glutamate anti-
porter; xCT) or buthionine sulfoximine (BSO; a specific inhibitor
of the y-glutamyl-cysteine synthetase; y-GCS), which suppress
biosynthesis of cellular GSH and induce ferroptosis (Yang et al.,
2014). Both erastin and BSO rarely impaired Treg cell viability
(Figures S3B and S3C), whereas triggering ferroptotic cell death
of B16.F10 melanoma cells (Figure S3D). To explore whether
loss of Gpx4 triggers other types of cell death accompanied by
inducing ferroptosis, WT and Gpx4-deficient Treg cells were
treated with Z-VAD-FMK (Z-VAD), necrostatin-1 (Nec-1) and ne-
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crostatin 2 racemate (Nec-1 s), and caspase-1 inhibitor (Casp1i),
which inhibit apoptosis, necroptosis, and pyroptosis, respec-
tively. We found that none of these inhibitors impeded ferropto-
sis of Gpx4-deficient Treg cells (Figures 3F and S3E). Further,
we examined whether transgenic expression of Bcl2 can
rescue a survival defect of Gpx4-deficient Treg cells by crossing
Foxp3°°Gpx4"™ mice with mice expressing a Bc/2 transgene in
lymphocytes (designated as Foxp3°°Gpx4""Bci2™ mice).
Foxp3°Gpx4"1Bci2™ mice displayed normal frequencies and
numbers of Treg cells at steady state (Figure S3F), whereas
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Figure 3. Gpx4 deficiency evokes lipid peroxidation and ferroptosis of activated Treg cells

(A) Flow cytometry analysis of C11-BODIPY in WT Treg cells treated with mock or RSL3 (10 puM) in the presence of «-CD3-CD28 and IL-2 for 8 h. Numbers in
graphs indicate C11-BODIPY MFI. Right: fold changes of C11-BODIPY MFI on Treg cells (n = 4 each group).

(B) Viability, relative to untreated, of WT Treg cells treated with 10 pM RSL3 in the presence of a-CD3-CD28 and IL-2 for the indicated time points (n = 4 each
group).

(C) Fold changes of Liperfluo MFI in WT and Foxp3°Gpx4™" Treg cells stimulated with o-CD3-CD28 and IL-2 for the indicated time points (n = 5 each group).
D) Viability, relative to untreated, of WT and Foxp3°°Gpx4™" Treg cells stimulated with 2-CD3-CD28 and IL-2 for the indicated time points (n = 4 each group).
E) Relative viability of WT and Foxp3°°Gpx4" Treg cells treated with or without 1 mM GSH in the presence of «-CD3-CD28 and IL-2 for the indicated time points

n = 3 each group).

F) Relative viability of WT and Foxp3°°Gpx4™f Treg cells treated with or without 10 uM necrostatin-1 (Nec-1), 10 uM Z-VAD-FMK (Z-VAD), or 30 uM caspase-1

inhibitor (Casp1i) in the presence of «-CD3-CD28 and IL-2 for the indicated time points (n = 3 each group).

(G) Relative viability of WT, Foxp3°"Gpx4™, and Foxp3°°Gpx4""Bci2™® Treg cells stimulated with «-CD3-CD28 and IL-2 for the indicated time points.

Data are representative of two (G) or at least three (A-F) independent experiments. Data are mean + SEM. The p values are determined by two-tailed Student’s t
test (A) or one-way ANOVA with Tukey’s multiple-comparison test (B-G). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. ns, not significant.

transgenic expression of Bcl2 failed to restore ferroptosis of acti-
vated Gpx4-deficient Treg cells (Figure 3G). Therefore, Gpx4
deficiency drives ferroptosis of activated Treg cells independent
of cellular GSH availability and other cell-death programs.

Lipid peroxides and iron promote ferroptosis of Gpx4-
deficient Treg cells

Multiple factors orchestrate initiation and progression of ferrop-
totic cell death (Stockwell et al., 2017). To characterize the key
components involved in ferroptosis of Gpx4-deficient Treg cells,
we examined the effects of pharmaceuticals targeting biosyn-
thesis of polyunsaturated fatty acids (PUFAs), lipid peroxidation,
and iron availability. Long-chain-fatty-acid-CoA ligase 4 (ACSL4)
is an enzyme that catalyzes biosynthesis of PUFAs to facilitate
ferroptosis (Doll et al., 2017; Kagan et al., 2017). We treated
WT and Gpx4-deficient Treg cells with pioglitazone (P1O), which
suppresses ACSL4 activity (Kim et al., 2001), and found that fer-
roptotic cell death of Gpx4-deficient Treg cells was not substan-
tially affected by PIO treatment (Figure S4A). This suggests that

ACSL4 is dispensable to induce ferroptosis of Gpx4-deficient
Treg cells.

To test the effects of neutralizing cellular lipid peroxides on
Treg cell ferroptosis, we treated Treg cells with lipid radical scav-
engers including a-Tocopherol (z-Toc), ferrostatin-1 (Fer-1), and
liproxstatin-1 (Lip-1) (Stockwell et al., 2017). Notably, a-Toc
treatment rectified aberrant lipid peroxidation in activated
Gpx4-deficient Treg cells (Figure 4A) and prevented their ferrop-
tosis (Figure 4B). Similarly, both Fer-1 and Lip-1 rescued ferrop-
tosis of activated Gpx4-deficient Treg cells (Figures 4C and
S4B). Having established the rescue effect of Fer-1 on Gpx4-
deficiency-induced Treg ferroptosis, we next sought to assess
whether Fer-1 restores the suppressive function of Gpx4-defi-
cient Treg cells in vitro. We cocultured dendritic cells (DCs)
and naive CD4"* T cells with WT or Gpx4-deficient Treg cells in
the presence or absence of Fer-1 and a-CD3. WT Treg cells sup-
pressed the generation of CellTrace'®“CD4* T cells (Figure 4D),
indicative of reduced cell expansion, but Gpx4-deficient Treg
cells failed to do so (Figure 4D). Of note, Fer-1 treatment did
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Figure 4. Lipid peroxides and iron promote ferroptosis of Gpx4-deficient Treg cells

(A) Fold changes of Liperfluo MFI in WT and Foxp3°°Gpx4™" Treg cells treated with or without 10 uM a-Toc in the presence of -CD3-CD28 and IL-2 for the
indicated time points (n = 5 each group).

(B) Relative viability of WT and Foxp3°Gpx4™" Treg cells treated with or without 10 tM a-Toc in the presence of «-CD3-CD28 and IL-2 for the indicated time
points (n = 3 each group).

(C) Relative viability of WT and Foxp3°Gpx4™ Treg cells treated with or without ferrostatin-1 (Fer-1; 10 uM) in the presence of «-CD3-CD28 and IL-2 for the
indicated time points (n = 3 each group).

(D) Flow cytometry analysis of CellTrace-labeled naive CD4* T cells cocultured without or with Foxp3Cre or Foxp3°rerx4”/ fl Treg cells in the presence or absence
of «-CD3 and/or Fer-1 for 3 days. Numbers in gates indicate the percentage of CellTrace-diluted cells.

(E and F) Relative viability of WT and Foxp3°°Gpx4™" Treg cells treated without or with 70 uM deferiprone (DFP) (E) or 1 uM ciclopirox (CPX) (F) in the presence of
-CD3-CD28 and IL-2 for the indicated time points (n = 3 each group).

Data are representative of at least three independent experiments. Data are mean + SEM. The p values are determined by one-way ANOVA with Tukey’s multiple-
comparison test (A-C, E, and F). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant.

not affect expansion of CD4™ T cells in the absence of Treg cells, suppressed ferroptosis of activated Gpx4-deficient Treg cells
whereas it restored the capability of Gpx4-deficient Treg cellsin  (Figure 4E). A similar rescue effect was also observed in CPX-
repressing CD4* T cell expansion (Figure 4D). Thus, Gpx4 re- treated Gpx4-deficient Treg cells (Figure 4F). This indicates
strains accumulation of lipid peroxides in activated Treg cells that iron plays a crucial role in triggering ferroptosis of Treg cells
and prevents their ferroptosis. lacking Gpx4.

Transferrin receptor protein 1 (TfR1; also known as CD71) im-
ports iron to fuel the Fenton reaction in promoting hydroxyl Gpx4-deficient Treg cells elevate mitochondrial
radical generation and ferroptosis (Feng et al., 2020). Gpx4-defi- superoxide generation
cient Treg cells showed enhanced expression of CD71 (Fig- We next sought to determine the molecular mechanisms under-
ure S4C), suggestive of increased iron uptake. To determine lying Gpx4-dependent regulation of lipid peroxidation and fer-
the effects of blocking iron availability on Treg cell ferroptosis, roptosis in Treg cells. To this aim, we performed RNA
we treated WT and Gpx4-deficient Treg cells with the potent sequencing (RNA-seq) to profile the transcriptome of resting
iron chelators deferiprone (DFP) (Devos et al., 2014) and WT, Gpx4-deficient Treg cells, and those stimulated with
ciclopirox (CPX) (Dixon et al., 2012). Notably, DFP treatment «-CD3-CD28 antibodies for 4 h. Resting Gpx4-deficient Treg
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Figure 5. Gpx4-deficient Treg cells elevate generation of mitochondrial ROS

(A) Heatmap showing the DEGs in WT and Gpx4-deficient Treg cells with or without a-CD3-CD28 stimulation for 4 h.

(B) IPA results indicating the top canonical pathways enriched in the DEGs in resting Gpx4-deficient Treg cells.

(C) Heatmap showing the DEGs enriched in oxidative phosphorylation in resting Gpx4-deficient Treg cells.

(D) Flow cytometry analysis of MitoSOX, a probe of mitochondrial ROS, in resting WT and Foxp3°®Gpx4™" Treg cells and those stimulated with o-CD3-CD28 and

IL-2 for 8 h. Numbers in graphs indicate MitoSOX MFI.

(E) Relative viability of WT and Foxp3°Gpx4"™ Treg cells stimulated with or without MitoTEMPQ in the presence of a-CD3-CD28 and IL-2 for the indicated time

points.

(F) Flow cytometry analysis of MitoSOX in WT and Foxp3°Gpx4™" Treg cells stimulated with or without 10 uM Fer-1 in the presence of a-CD3-CD28 and IL-2 for

8h.

(G and H) Flow cytometry analysis of MitoSOX in WT and Foxp3°Gpx4™1 Treg cells stimulated with or without 70 uM DFP (G) or 1 uM CPX (H) in the presence of

#-CD3-CD28 and IL-2 for 8 h.

Data are representative of one (A-C) or at least three (D-H) independent experiments. Data are mean + SEM. The p values are determined by one-way ANOVA

with Tukey’s multiple-comparison test (E). **p < 0.001, ***p < 0.0001.

cells showed 182 differentially expressed genes (DEGs; absolute
log, fold change [FC] > 1.2 and false discovery rate [FDR] < 0.05),
whereas those stimulated with «-CD3-CD28 antibodies had
1,082 DEGs relative to WT counterparts (Figures 5A and S5A).
Among the top 20 most significant genes changed in resting
Gpx4-deficient Treg cells (Figure S5A), we noted increased
expression of several key stress-response genes including
Hspa1 and Dnajb1. In line with this notion, Ingenuity Pathway
Analysis (IPA) revealed that unfolded protein response and he-
patic fibrosis signaling pathways were significantly enriched as
upregulated canonical pathways in resting Gpx4-deficient Treg
cells (Figure 5B). Downregulated canonical pathways enriched
in Gpx4-deficient Treg cells included the sirtuin signaling
pathway, cell-cycle control of chromosomal replication, and
oxidative phosphorylation (Figure 5B). Of note, Gpx4-deficient

Treg cells showed downregulated expression of key genes impli-
cated in the mitochondrial electron transport chain (ETC) and
tricarboxylic acid cycle (TCA) in the program of oxidative phos-
phorylation (Figure 5C). These results suggest that Gpx4 plays
a role in the regulation of Treg mitochondrial homeostasis.

To assess the impact of Gpx4 deficiency on mitochondrial
fitness, we measured mitochondrial mass, membrane potential,
and superoxide production with MitoTracker, tetramethylrhod-
amine methyl ester (TMRM), and MitoSOX, respectively. We
found that WT and Gpx4-deficient Treg cells had comparable
levels of mitochondrial mass and membrane potential (Figures
S5B and S5C) and generation of mitochondrial superoxide (Fig-
ure 5D) at steady state. Strikingly, Gpx4-deficient Treg cells
markedly elevated generation of mitochondrial superoxide
upon TCR/CD28 co-stimulation (Figure 5D) but retained normal
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levels of MitoTracker and TMRM (Figures S5B and S5C). To
assess the contribution of mitochondrial superoxide to
Treg cell ferroptosis, WT and Gpx4-deficient Treg cells were
pre-treated with MitoTEMPO, a well-documented mitochon-
dria-specific superoxide scavenger, followed by TCR/CD28
co-stimulation. Unexpectedly, MitoTEMPO treatment failed to
rescue ferroptosis of Gpx4-deficient Treg cells (Figure 5E). We
next examined the extent to which lipid peroxides and free iron
contribute to aberrant production of mitochondrial superoxide
in Gpx4-deficient Treg cells. Notably, neutralization of lipid per-
oxides by Fer-1 (Figure 5F) and blockade of iron availability by
the iron chelators DFP and CPX (Figures 5G and 5H) rectified
the generation of excessive mitochondrial superoxide in acti-
vated Gpx4-deficient Treg cells. Collectively, Treg cells need
Gpx4 to neutralize lipid peroxides in maintaining mitochondrial
fitness.

IL-1pB derived from Gpx4-deficient Treg cells facilitates
Th17 responses

Ferroptotic cells may contribute to pathological development of
multiple diseases via releasing proinflammatory cytokines (Pro-
neth and Conrad, 2019). We noted that activated Gpx4-deficient
Treg cells showed increased expression of various chemokines
and proinflammatory cytokines (Figure 6A), including Ccl19,
Ccl6, Il1b, Cxcl2, Ccl5, and Csf1, concomitant with reduction
of Tnfsf10, 1131, Cxcl13, and lI33 (Figure 6A). Interestingly, IPA re-
vealed that the canonical pathway of lipopolysaccharide (LPS)/
IL-1-mediated inhibition of RXR function was significantly en-
riched as an upregulated canonical pathway in activated
Gpx4-deficient Treg cells (Figure 6B). Given the importance of
IL-1B in regulating a variety of immune cells (Van Den Eeckhout
et al., 2021), we further validated expression of IL-1p in Gpx4-
deficient Treg cells. Resting WT and Gpx4-deficient Treg cells
had comparable expression of ll1b (Figure 6C), whereas
«-CD3-CD28 stimulation significantly increased expression of
II1b in Gpx4-deficient Treg cells as early as 4 h (Figure 6C).
Consistent with this finding, concentration of IL-1p in the condi-
tioned medium from activated Gpx4-deficient Treg cells was
higher than that from WT counterparts (Figure 6D).

IL-1B drives the generation of pathogenic Ty17 cells in the
presence of IL-6 and IL-23 (Chung et al., 2009). To determine
the effects of Treg-derived IL-1B on T17 responses, we har-
vested the supernatant from o-CD3-CD28-stimulated WT and
Gpx4-deficient Treg cells to culture WT DCs and naive CD4*
T cells in the presence of IL-6 and IL-23 for an additional
5 days. We found that the conditioned medium from activated
Gpx4-deficient Treg cells, but not from activated WT counter-
parts, promoted the generation of IL-17-producing CD4*
T cells (Figures 6E and S6A), without affecting IFN-y production
(Figures 6E and S6A). Moreover, addition of IL-1B-neutralizing
antibody notably suppressed the generation of IL-17-producing
CD4™" T cells induced by the conditioned medium from activated
Gpx4-deficient Treg cells (Figure 6E). To examine whether
neutralization of lipid peroxides affects IL-13 production, we
treated WT and Foxp3°Gpx4"" Treg cells with a-Toc or Fer-1
upon a-CD3-CD28 stimulation. Both a-Toc and Fer-1 diminished
expression of //1b in activated Gpx4-deficient Treg cells (Fig-
ure 6F). Importantly, the conditioned medium from Fer-1-treated
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Gpx4-deficient Treg cells failed to induce IL-17 production by
CD4* T cells (Figure 6G), compared to that from activated
Gpx4-deficient Treg cells. Thus, ferroptotic Gpx4-deficient
Treg cells elevate IL-18 production with a potential promotion
of T417 responses.

Cellular ROS can induce or be induced by activation of ERK
signaling in different biological processes. We next examined
whether the ERK signaling pathway induces lipid peroxidation
and IL-1B production in Gpx4-deficient Treg cells. WT and
Gpx4-deficient Treg cells showed comparable phosphorylation
of ERK in response to a-CD3-CD28 stimulation (Figure S6B),
indicating that Gpx4 is dispensable for ERK activation. We
next used the MEK/ERK inhibitor U0126 to treat WT and Gpx4-
deficient Treg cells and examined its impact on lipid peroxidation
and IL-1B production. As expected, U0126 effectively inhibited
ERK phosphorylation (Figure S6C). Importantly, it repressed
the generation of lipid peroxides (Figure S6D) and expression
of Il1b (Figure S6E) in Gpx4-deficient Treg cells, whereas
rescuing their survival defect (Figure S6F). However, a recent
study indicates that U0126 suppresses ferroptosis via promoting
an ERK-independent antioxidant property (Gao et al., 2015). To
test this possibility, we examined the effect of LY3214996, a
potent and selective ATP-competitive ERK inhibitor (Bhagwat
et al., 2020), on Treg ferroptosis. Notably, LY3214996 did not
rescue ferroptosis of Gpx4-deficient Treg cells (Figure S6G).
To further confirm the independence of ERK in inducing Treg fer-
roptosis, we used small interfering RNA (siRNA) targeting ERK1/
2 (siERK) to knock down their expression in WT Treg cells, fol-
lowed by RSL3 treatment. Despite ERK siRNA resulting in
marked reduction of ERK1/2, it failed to prevent RSL3-induced
Treg ferroptosis (Figure S6H). Collectively, accumulated lipid
peroxides, but not ERK activation, induce ferroptosis and IL-18
production in activated Gpx4-deficient Treg cells.

Gpx4 sustains Treg cell suppression of antitumor
immune responses

Treg cells are crucial to promote tumor immune evasion (Togashi
et al., 2019). Inducing apoptosis of intratumoral Treg cells unex-
pectedly enhances their immunosuppressive function and
consequently promotes tumor growth (Maj et al., 2017). To test
the potential involvement of Gpx4 and lipid peroxidation in intra-
tumoral Treg cells, we first examined Gpx4 expression and gen-
eration of lipid peroxides in intratumoral Treg cells from WT mice
bearing B16 melanoma. The proportions of Treg cells in the mel-
anomas were markedly enhanced compared to those in spleens
(Figure S7A). Of note, intratumoral Treg cells showed increased
levels of lipid peroxides (Figure S7B) and expression of Gpx4 (Fig-
ure S7C) relative to splenic counterparts, suggesting that Gpx4
may regulate the generation of lipid peroxides in intratumoral
Treg cells. To determine the effects of Gpx4-deficient Treg cells
on antitumor immunity, we inoculated WT and Foxp3©Gpx4™
mice with B16.F10 melanoma or MC38 colon adenocarcinoma
cells and then monitored tumor growth. Foxp3°°Gpx4™" mice
showed compromised B16 melanoma growth (Figure 7A), asso-
ciated with the reduced tumor weight (Figure 7B), relative to those
in WT counterparts. Similarly, growth of MC38 tumors (Figure 7C)
and tumor weight (Figure 7D) was notably repressed in
Foxp3°°Gpx4"™ mice. In line with the diminished tumor burden,
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Figure 6. Loss of Gpx4 enables Treg cells to enhance IL-1B production
(A) Fold changes of cytokines and chemokines differentially expressed in Gpx4-deficient Treg cells stimulated with «-CD3-CD28 for 4 h compared to WT

counterparts (n = 3 each group).

(B) IPA results indicating the top canonical pathways enriched in the DEGs in activated Gpx4-deficient Treg cells.
(C) Relative expression of //Tb mRNA in WT and Foxp3°®Gpx4™" Treg cells stimulated with «-CD3-CD28 for 0 h or 4 h (n = 3 each group).
(D) IL-1B concentration in the conditioned medium from WT and Treg cells stimulated with «-CD3-CD28 for 18 h.

(E) Expression of IL-17 and IFN-vy in CD4* T cells cocultured with DCs in the normal medium or the conditioned medium from activated WT or Foxp3°"Gpx4™"
Treg cells under stimulation of «-CD3, a-CD28, «-IL-2, IL-6, and IL-23 in the presence or absence of IL-1B-neutralizing antibody for 5 days.

(F) Relative expression of //7b mRNA in WT and Foxp3°"°Gpx4™ Treg cells treated with or without Fer-1 (10 uM) or a-Toc (10 uM) upon «-CD3-CD28 stimulation.
(G) Expression of IL-17 and IFN-vy in CD4* T cells cocultured with the conditioned medium from activated WT, activated Foxp3°Gpx4™ Treg cells, or activated
Foxp3°Gpx4™" Treg cells treated with 10 uM Fer-1 in the presence of 4-CD3, «-CD28, a-IL-2, IL-6, and IL-23 for 5 days.

Data are representative of one (A and B), two (E and G), or at least three (C, D, and F) independent experiments. Data are mean + SEM. The p values are
determined by two-tailed Student’s t test (D) or one-way ANOVA with Tukey’s multiple-comparison test (C and F). **p < 0.01, ***p < 0.0001. ns, not significant.

Numbers in quadrants indicate the percentage of cells.

mice with Treg-specific deletion of Gpx4 showed increased pro-
portions of tumor-infiltrating T cells (Figure S7D), characterized
by higher ratios of cytotoxic CD8" T cells to CD4" T
cells (Figures 7E, 7F, and S7E). These data indicate that Treg-
specific deletion of Gpx4 potentiates the antitumor immune
response.

On the basis of the reduced tumor growth in Foxp3°Gpx4™"
mice, we hypothesized that Gpx4 deficiency compromises the
immunosuppressive function of intratumoral Treg cells. In sup-
port of this idea, tumor-infiltrating CD8" T cells from Foxp3°©™
Gpx4™" mice showed increased production of the antitumor ef-
fectors IFN-y (Figure 7G) and tumor necrosis factor o (TNF-o)
(Figure 7H), relative to WT counterparts. Similarly, the tumors
from Foxp3°Gpx4™" mice had elevated proportions of intratu-
moral CD4" T cells producing TNF-o or IFN-y (Figures S7F and

S7G). This suggested that Treg cells need to upregulate Gpx4
expression to sustain their functionality and survival in the TME.
In support of this idea, intratumoral Gpx4-deficient Treg cells
had slightly diminished expression of Foxp3 (Figure 71), whereas
retaining intact expression of the Treg marker PD-1 (Figure S7H)
relative to WT counterparts. Moreover, Foxp3°"Gpx4™" mice
displayed reduced proportions of intratumoral Treg cells (Fig-
ure 7J), associated with increased cell death (Figure S71), leading
to increased ratios of intratumoral CD8* T cells to Treg cells (Fig-
ure 7J). In contrast, the spleens from tumor-bearing WT and
Foxp3°Gpx4™" mice had comparable ratios of CD8" T cells to
Treg cells (Figure S7J). To determine whether Gpx4-deficiency-
induced Treg ferroptosis is responsible for the enhanced tumor
regression, we administered Lip-1 to Foxp3°°Gpx4™" mice
bearing MC38 tumor cells every day and assessed its impact
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Figure 7. Treg-specific deletion of Gpx4 potentiates antitumor immune responses
(A) Tumor volume of WT and Foxp3°°Gpx4™" mice subcutaneously inoculated with B16.F10 melanoma cells (n = 7 each group).

(B) Weight of the tumors collected from WT and Foxp3°Gpx4™" mice in (A).

(C) Tumor volume of WT (n = 8) and Foxp3°"Gpx4™" (n = 5) mice subcutaneously inoculated with MC38 tumor cells.

(D) Weight of the tumors collected from WT (n = 8) and Foxp3°°Gpx4™™ (n = 5) mice in (C).

(E and F) Flow cytometry analysis of intratumoral CD4* and CD8" T cells from WT and Foxp3°Gpx4™" mice subcutaneously inoculated with MC38 tumor cells
(E). Proportions of intratumoral CD8" T cells (left) and ratios of CD8" (%) to CD4* (%) (right) from WT (n = 8) and Foxp3°Gpx4™" (n = 5) mice (F).

(G) Flow cytometry analysis of IFN-y-producing CD8* T cells in MC38 tumors from WT and Foxp3°Gpx4™" mice. Right: proportions of IFN-y-producing CD8*

T cells from WT (n = 8) and Foxp3°°Gpx4™" (n = 5) mice.

(H) Flow cytometry analysis of TNF-q in intratumoral CD8* T cells from WT and Foxp3°Gpx4™" mice bearing MC38 tumors. Right: proportions of TNF-
a-producing CD8* T cells in tumors from WT (n = 8) and Foxp3°°Gpx4™" (n = 5) mice.

(1) Expression of Foxp3 in intratumoral Treg cells from tumor-bearing WT and Foxp3°°Gpx4™ mice. Numbers in graphs indicate Foxp3 MFI. Right: fold changes
of Foxp3 MFI in intratumoral Treg cells from WT (n = 8) and Foxp3°Gpx4™" (n = 5) mice.

(J) Flow cytometry analysis of intratumoral CD8* T cells and Treg cells from WT and Foxp3°°Gpx4™ mice subcutaneously inoculated with MC38 tumor cells.
Right: ratios of intratumoral CD8* T cells (%) to Treg cells (%) from WT (n = 8) and Foxp3°"°Gpx4™" (n = 5) mice.

(K) Tumor volume of WT (n = 4), Foxp3°°Gpx4™™ (n = 4), and Lip-1-treated Foxp3°°Gpx4™" (n = 3) mice subcutaneously inoculated with MC38 tumor cells.
Data are representative of two independent experiments. Data are mean + SEM. The p values are determined by two-way ANOVA with Bonferroni’s multiple-
comparison test (A, C, and K) or two-tailed Student’s t test (B, D, and F-J). *p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001. ns, not significant. Numbers in

quadrants or gates indicate the percentage of cells.

on tumor growth. Notably, Lip-1-administered Foxp3°Gpx4™™
mice had significantly augmented tumor growth (Figure 7K),
accompanied by elevated tumor weight and decreased ratios
of CD8* T cells to Treg cells in density (Figure S7K), compared
to those without Lip treatment. This indicates that Gpx4 sustains
survival and immunosuppressive function of intratumoral Treg
cells to facilitate tumor immune evasion.

DISCUSSION

Coordination of microenvironmental cues and cell-intrinsic
signaling and metabolic networks is crucial for Treg cells in sus-
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taining their suppressive function under different immunological
settings. Continued oxidative stress represents a key microenvi-
ronmental factor that not only induces genetic and behavioral
changes in cancer cells but also differentially shapes the function
of various immune cells (Lyssiotis and Kimmelman, 2017). In
comparison to effector T cells, Treg cells exhibit reduced sus-
ceptibility to oxidative stress (Mougiakakos et al., 2009, 2011),
contributing to elevated frequencies and function of Treg cells
in the high oxidative stress TME (Facciabene et al., 2012). More-
over, activated and intratumoral Treg cells enhance lipid biosyn-
thesis (Pacella et al., 2018) and fatty acid oxidation (Field et al.,
2020; Wang et al., 2020), which potentially elevates intracellular
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ROS production and induces oxidative stress. However, the
mechanisms governing Treg cell redox homeostasis in response
to changes in intra- and extracellular conditions remain elusive.
We have now established a novel role for Gpx4 in Treg cells,
which keeps lipid peroxidation in check to prevent ferroptosis
and sustain Treg cell function in regulating immune tolerance
and antitumor immunity (Figure S7L).

Signal-induced production of cellular ROS in T cells affects mul-
tiple aspects of T cell immunity including T cell activation (Sena
et al.,, 2013), differentiation (Gerriets et al., 2015; Yang et al.,
2018), and function (Beier et al., 2015). It is well established that
mitochondria function as a key source of cellular ROS and energy
crucial for maintaining Treg cell homeostasis and suppressive
function (Beier et al., 2015; Weinberg et al., 2019; Yu et al,,
2018). However, little is known about the regulation and function
of lipid ROS in T cells. In a recent study, it was shown that deletion
of Gpx4 in total CD4* and CD8* T cells causes accumulation of
membrane lipid peroxides and induces ferroptosis of conven-
tional T cells (Matsushita et al., 2015) but not survival and homeo-
static proliferation of Treg cells (Matsushita et al., 2015). It remains
elusive whether Gpx4 regulates cellular redox homeostasis of an-
tigen-stimulated Treg cells in the control of immune tolerance and
antitumor immune responses. By generating mice with Treg-spe-
cific deletion of Gpx4, we found that loss of Gpx4 in Treg cells
impaired suppression of Ty1 and Ty17 responses in a tissue-
context-dependent manner, without substantially affecting their
survival at steady state. In contrast, TCR/CD28 co-stimulation
triggered excessive accumulation of lipid peroxides and subse-
quent ferroptosis in Treg cells lacking Gpx4, which was restored
by lipid radical scavengers and iron chelators. Our data further
uncovered that ferroptotic Treg cells aberrantly produced proin-
flammatory factors such as IL-1f, and in turn promoted Ty17 re-
sponses. Thus, Gpx4 is indispensable to protect activated Treg
cells from accumulation of lipid peroxides and ferroptosis and
sustains Treg cell activation and functionality.

Development of Treg-cell-targeted therapies has been pro-
posed as a promising strategy to enhance antitumor immune re-
sponses (Togashi et al., 2019). In the TME, Treg cells enhance
immunosuppressive functions by adopting various mechanisms
that resist extracellular challenges, including high oxidative
stress, limited nutrient availability, low pH, and hypoxia (Speiser
etal., 2016). Recent studies highlight that modulating the respon-
siveness of intratumoral Treg cells to microenvironmental cues
disrupts their stability and survival differentially, thereby shaping
the outcome of antitumor immunity. For instance, Treg-cell-spe-
cific deletion of the receptor neuropilin-1 (Nrp1) impairs the func-
tional stability of Treg cells (Delgoffe et al., 2013) and induces the
fragility of intratumoral Treg cells (Overacre-Delgoffe et al., 2017),
promoting antitumor immunity and tumor regression. In contrast,
induction of Treg cell apoptosis by increasing sensitivity to oxida-
tive stress potentiates the immunosuppressive function of Treg
cells and facilitates tumor growth (Maj et al., 2017). However,
whether the non-apoptotic form of cell death can impair Treg
cell function remains unknown. Here we note that human and
mouse Treg cells have elevated expression of the glutathione
peroxidase Gpx4 in the TME. Loss of Gpx4 induces Treg cell fer-
roptosis, a non-apoptotic form of cell death, in response to TCR
and co-stimulation. Importantly, mice with Treg-specific deletion
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of Gpx4 dampen tumor growth with a concomitant enhancement
of antitumor immune responses, without causing overt autoim-
munity. It has been recently reported that IFN-y derived from
CD8* T cells induces cancer cell ferroptosis (Wang et al., 2019).
Given the implication of IL-1 in regulating the differentiation of
Tu1, Ty17, and CD8* T cells (Ben-Sasson et al., 2013; Van Den
Eeckhout et al., 2021), IL-1B derived from ferroptotic Gpx4-defi-
cient Treg cells may promote the activation of DCs and function
of CD8* T cells in repressing tumor growth (Bjorkdahl et al., 2000;
Fotaki et al., 2017; Zhivaki et al., 2020). Our studies provide evi-
dence indicating that inducing ferroptosis of intratumoral Treg
cells by Gpx4 deficiency potentiates antitumor immunity and
augments tumor regression.

In summary, we have established a novel cell-intrinsic mech-
anism by which Gpx4 maintains cellular redox homeostasis in
Treg cells. We demonstrated that Gpx4-dependent neutraliza-
tion of lipid peroxides protects Treg cells from ferroptotic cell
death, and in turn sustains Treg cell activation and function in
controlling antitumor immunity. Gpx4 deficiency enables ferrop-
totic Treg cells to enhance production of proinflammatory cyto-
kines, such as IL-1B, which facilitate inflammatory responses.
Our studies suggest that inducing of Treg cell lipid peroxidation
and ferroptosis may promote the development of a therapeutic
strategy to improve cancer treatment.
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Chemicals, peptides, and recombinant proteins
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Ciclopirox (CPX)
L-Glutathione reduced (GSH)
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Necrostatin-1 (Nec-1)
Necrostatin 2 racemate (Nec-1 s)
Z-VAD-FMK (Z-VAD)
Caspase-1 Inhibitor (Casp1i)
MitoTEMPO

BODIPY 581/591 C11
Liperfluo
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Fisher Scientific
Fisher Scientific
Caymanchem
Caymanchem
Caymanchem
Sigma-Aldrich
Selleck Chemicals
Caymanchem
Selleck Chemicals
Selleck Chemicals
R&D Systems
Sigma-Aldrich
Fisher Scientific
Dojindo

Cat#NC1511737; CAS: 571203-78-6
Cat#NC1588949; CAS: 1219810-16-8
Cat#14484; CAS: 83730-53-4
Cat#28702; CAS: 1346601-82-8
Cat#16021; CAS: 29342-05-0
Cat#G4251; CAS: 70-18-8

Cat# S8534; CAS: 1951483-29-6
Cat#11658; CAS:4311-88-0
Cat#S8641; CAS: 852391-15-2
Cat#S7023; CAS: 187389-52-2
Cat# FMKO002

Cat# SML0737; CAS: 1334850-99-5
Cat#D3861; CAS: 217075-36-0
Cat#L248; CAS: 1448846-35-2
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lonomycin Sigma-Aldrich Cat#l9657; CAS: 56092-81-0
Phorbol 12-myristate 13-acetate Sigma-Aldrich Cat#P8139; CAS: 16561-29-8
BD GolgiStop BD Biosciences Cat#554724

anti-mouse CD3e antibody Clone 145-2C11 Bio-X-Cell Cat#BE0001-1

anti-mouse CD28 antibody Clone 37.51 Bio-X-Cell Cat#BE0015-1

Percoll GE Healthcare Cat#17-0891-01

HBSS GIBCO Cat#14170161

DPBS GIBCO Cat#14190144

Click’s Medium (EHAA) IrvineScientific Cat#9195

Collagenase IV Worthington Biochemical Cat#1.S004188

DNase | Sigma-Aldrich Cat#D4263

Interleukin 2 (human) NCI Cat#0136279328

Critical commercial assays

MS column Miltenyi Cat#130-042-201

Foxp3/ Transcription Factor Staining Buffer
Set

ACK lysis buffer
Naive CD4+ T Cell Isolation Kit, mouse

EasySep Mouse CD25 Regulatory T Cell
Positive Selection Kit

Dynabeads Mouse CD4*CD25* Treg Cells
Kit

mouse CD11C MicroBeads UltraPure
Cytofix fixation buffer

Cytofix wash buffer

Mouse IL-1 beta/IL-1F2 DuoSet ELISA
RNeasy Micro kit

SuperScript lll Reverse Transcriptase

Fisher Scientific

Fisher Scientific
Miltenyi
Stemcell

Fisher Scientific

Miltenyi

BD Biosciences
BD Biosciences
R&D Systems
QIAGEN

Thermo Fisher Scientific

Cat#501129060

Cat#A1049201
Cat#130-104-453
Cat#18782

Cat#11463D

Cat#130-108-338
Cat#554655
Cat#554723
Cat#DY401
Cat#74004
Cat#18080044

Deposited data

RNA-sequencing This paper GEO: GSE160338

Experimental models: Cell lines

Murine MC38 H.B. Chi St. Jude Children’s Research Hospital
Murine B16.F10 H.B. Chi St. Jude Children’s Research Hospital

Experimental models: Organisms/strains

Mouse: Foxp3"P-Cre
Mouse: C57BL/6J
Mouse: C57BL/6J
Mouse: Gpx4™

Mouse: Bcl2 transgenic

A.Y. Rudensky
Stock No. 000664

Breeding core facility

Stock No: 027964
H.B. Chi

Memorial Sloan Kettering

Jackson Laboratory

Indiana University School of Medicine
Jackson Laboratory

St. Jude Children’s Research Hospital

Oligonucleotides

I11b

Gpx4

Actb

Control siRNA
ERK siRNA

MmO00434228_m1

MmO072995722_m1

Mm02619580_g1
Cat#6201
Cat#sc-29308

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
CST

Santa Cruz Biotechnology

Software and algorithms

FlowdJo (v10.6)
Prism (v8)

TreeStar
GraphPad

https://www.flowjo.com/
https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resource/reagents should be directed to and will be fulfilled by the Lead Contact, Kai Yang
(ky11@iu.edu)

Materials availability
This study did not generate new unique reagents.

Data and code availability
The RNA-seq datasets generated in this paper are available at NCBI GEO database (GSE160338).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse strains

C57BL/6 mice and Gpx4™™ mice were purchased from the Jackson Laboratory or a breeding core facility at Indiana University School
of Medicine. Bcl2 transgenic mice have been described (Yang et al., 2011). Foxp3YP-C" (Foxp3°©") mice were gifts from A. Rudensky
(Rubtsov et al., 2008). The age and gender-matched Foxp3°°Gpx4™™ mice and WT mice (Foxp3°™ males or Foxp3°™/°" females) as
controls were used at 8-12-weeks old unless otherwise noted. All mice were kept in a specific pathogen-free facility in the Animal
Resource Center at Indiana University School of Medicine, and all animal experiments were approved by the Institutional Animal
Care and Use Committee.

Subcutaneous implantation of murine MC38 or B16.F10 tumor cells

Murine MC38 colon adenocarcinoma cells and B16 melanoma cells were cultured in DMEM medium supplemented with 10% (vol/
vol) FBS and 1% (vol/vol) penicillin-streptomycin. Gender- and age-matched WT and Foxp3°°Gpx4™™ mice were injected subcuta-
neously with 2 x 10° MC38 adenocarcinoma cells or 1.5 x 10° B16.F10 cells at the right flank. For Lip-1 administration, MC38 tumor-
bearing mice were intraperitoneally injected with 30 mg/kg Lip-1 every day. Tumors were measured with digital calipers every other
day. Tumor volumes were calculated by the formula: Length x Width x [(Length x Width) " 0.5] x #/6. To isolate tumor infiltrating
lymphocytes (TILs), tumors were collected, minced and digested in RPMI buffer containing 2% FBS and collagenase IV (1 mg/ml)
(Sigma Aldrich) at 37°C for 30 min. The digested tissues were filtered using nylon mesh. The cell suspension was centrifuged and
separated by a 40%-70% Percoll density gradient (GE Healthcare). The cells layered between 40% and 70% fraction were collected
and used for staining.

METHOD DETAILS

Flow cytometry

Single cell suspensions were incubated with the conjugated antibodies in PBS containing 2% (vol/vol) FBS. Ghost Dye™ Violet 510
(Tonbo) was used to stain dead cells. The following antibodies were used for surface staining: CD4 (RM4-4), CD8w. (53-6.7), TCRpB
(H57-597), CD44 (1M7), CD62L (MEL-14), CD71 (RI7217), CD73 (TY/11.8), LY6G (1A8), NRP1 (3E12), MHCIl (M5/114.15.2),
CD11C (N418), PD1 (RMP1-30), CD11b (M1/70). Antibodies used for intracellular proteins include: Foxp3 (FJK-16 s), CTLA4
(UC10-4B9), IFN-y (XMG1.2), IL-4 (11B11), TNFa (MP6-XT22), and IL-17 (TC11-18H10.1). All antibodies used in flow cytometry
were purchased from Biolegend and Thermo Fisher Scientific if not otherwise indicated. CD16/CD32 was used for Fc receptor block-
ing antibody. To examine intracellular Gpx4, cells were stained with Gpx4 rabbit primary antibody at room temperature for 1.5 hours
before staining with anti-rabbit secondary antibody at room temperature for 1.5 hours. For staining mitochondria, lymphocytes were
incubated for 30 min at 37°C with 10 nM MitoTracker Deep Red (Life Technologies) or 20 nM TMRM (tetramethyl rhodamine, methyl
ester; ImmunoChemistry Technologies) after staining surface markers. ROS were measured by incubation with 5 uM MitoSOX™ Red
(Life Technologies) after staining surface markers. To examine lipid peroxidation, lymphocytes were incubated for 30 min at 37°C
with 5 uM Liperfluo (Cat: L248; Dojindo) or 5 uM BODIPY 581/591 C11 (Cat: D3861; Fisher Scientific) after staining surface markers.
To determine intracellular cytokines, T cells were stimulated for 4 h with PMA plus ionomycin in the presence of monensin before
being stained according to the manufacturer’s instructions (Thermo Fisher Scientific). Flow cytometry data were acquired on the At-
tune NxT flow cytometer (Invitrogen) and analyzed with Flowjo V10.6 (TreeStar).

Cell purification and cultures

Purified Treg cells and naive CD4* T cells from spleens and peripheral lymph nodes were sorted on FACSAria sorter (BD Biosci-
ences). DCs were enriched and sorted from spleen. Naive CD4* T cells, DCs, and Treg cells were cultured in Click’s medium
(plus B-mercaptoethanol) supplemented with 10% (vol/vol) FBS and 1% (vol/vol) penicillin—streptomycin. For cell activation, Treg
cells were stimulated with plate-coated «-CD3 (5 pg/ml; 2C11; Bio X Cell) and a-CD28 (5 pg/ml; 37.51; Bio X Cell) in the presence
or absence of IL-2 (200 U/ml) for the indicated time points.
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Cell death assay

Treg cells were purified or sorted from spleens and peripheral lymph nodes including inguinal, auxiliary and cervical lymph nodes
using Dynabeads Regulatory CD4*/CD25* T Cell Kit (Invitrogen). Purified or sorted Treg cells were stimulated with the plate-coated
a-CD3-CD28 (5 pg/ml) and IL-2 (200 U/ml) with or without a-Tocotrienol (a-Toc, 10 uM), Ferrostatin-1 (Fer-1, 10 uM), Deferiprone
(DFP, 70 uM), Ciclopirox (CPX, 1 uM), U0126 (10 uM), Pioglitazone (Pio, 20 uM), reduced L-Glutathione (GSH, 1 mM), liproxstatin-
1 (Lip-1, 100 nM), necrostatin-1 (Nec-1, 10 uM), LY3214996 (5 uM), Nec-1 s (10 uM), Z-VAD-FMK (Z-VAD, 10 uM), Caspase-1 Inhib-
itor (Casp1i, 30 uM), or MitoTEMPO (100 uM) as indicated. RSL3 (10 uM), BSO (20 pM) or erastin (10 uM) were used to induce fer-
roptotic cell death of purified or sorted WT Treg cells. The percentage and number of live Treg cells (YFP positive) were determined by
the Attune NxT flow cytometer.

Immunoblot and quantitative RT-PCR

Immunoblots were performed as described previously (Yang et al., 2011), using the following antibodies: Gpx4 (Cat: ab125066;
Abcam), ERK (Cat: 4695; Cell Signaling Technology), and B-Actin (Cat: 3700S; Cell Signaling Technology). RNA was extracted with
microRNA isolation kit (QIAGEN), and RNA concentration was determined using a NanoDrop One spectrophotometer (Thermo Fisher
Scientific). cDNA was synthesized with SuperScript Il reverse transcriptase (Invitrogen). An ABI 7500 Real-time PCR system was used
for quantitative PCR with the following probe sets from Applied Biosystems: //7b (Mm00434228_m1), Gpx4 (MmQ072995722_m1), and
Actb (Mm02619580_g1). Gene expression was normalized as n-fold difference to the housekeeping gene Actb as described (Liu et al.,
2010).

Coculture of naive CD4* T cells and DCs with the medium from activated Treg cells

Sorted Treg cells were stimulated with the plate-coated «-CD3-CD28 (5 pg/ml) and IL-2 (200 U/ml) in the presence or absence of Fer-
1 (10 uM) for 1 day, and then spun down to harvest the supernatant for in vitro culture of naive CD4* T cells and DCs. Sorted DCs and
purified naive CD4* T cells were seeded into 48 well-plate at ratio of 1 to 5 in the conditioned medium with addition of «-CD3 (2 pg/ml),
«-CD28 (1 ng/ml), a-IL-2 (10 pg/ml), IL-6 (20 ng/ml), and IL-23 (10 ng/ml) in the presence or absence of IL-1f neutralizing antibody
(10 ng/ml) for additional 5 days, followed by examination of IL-17 and IFN-y production in CD4* T cells.

siRNA transfection

Neon Transfection System was used to transfect Treg cells with control or ERK siRNA according to the manufacturer brochure.
Briefly, sorted 2 x 10° of Treg cells were stimulated with o-CD3-CD28 for 48 h. Treg cells were washed with DPBS and resuspended
Treg cells in buffer T containing control or ERK siRNA. Electroporation of Treg cells was executed under the condition of 1800 V/
10 ms/2 pulses. Electroporated cells were immediately transferred into 48-well plate before RSL3 stimulation.

Treg-mediated suppression of naive CD4* T cell proliferation

Naive CD4* T cells were purified from spleens and peripheral lymph nodes of CD45.1 mice, and labeled with 5 uM CellTrace in PBS at
room temperature for 20 minutes. Sorted DCs and CellTrace-labeled naive CD4" T cells at ratio of 1 to 5 were cocultured with sorted
Treg cells in the presence of 1 ng/ml «-CD3 with or without 10 uM Fer-1 for 3 days, followed by flow cytometry analysis of CellTrace
dilution of CD45.1*CD4" T cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

RNA sequencing and library preparation

Treg cells enriched from the spleens and plns of WT and Foxp3°°Gpx4™"™ mice (n = 3 each group) were sorted by a FACSAria Il (BD).
RNA was isolated from resting Treg cells or those stimulated with the plate-bound «-CD3-CD28 (5 ng/ml) for 4 h with the RNeasy
Micro Kit (QIAGEN). Total RNA was first evaluated for its quantity, and quality, using Agilent Bioanalyzer 2100, and samples with
an RNA integrity number of 8.5 or higher were used for library preparation. RNA (600 ng/ sample) was used to prepare single indexed
strand specific cDNA library using TruSeq stranded mRNA library prep kit (lllumina). The library prep was assessed for quantity and
size distribution using Qubit and Agilent 2100 Bioanalyzer. The pooled libraries were sequenced with 75bp single-end configuration
on NextSeq500 (lllumina) using NextSeq 500/550 high output kit. The quality of sequencing was confirmed using a Phred quality
score.

RNA-sequencing data processing and analysis

The sequencing data consisted of 12 sets of paired-end RNA-seq files. These files were first evaluated individually using FastQC
(Version 0.11.5). STAR (Version 2.7.3a) (Dobin et al., 2013) sequence aligner was used to align the sequencing reads to GRCm38
mouse reference (M25) genome (p6) from GENCODE (Frankish et al., 2019). RSEM (Version 1.3.0) (DuPage and Bluestone, 2016)
was used to quantify the reads and summarize to the gene level. DESeq2 (Version 1.22.2) (Love et al., 2014) was used for the following
DGE analysis. The Ensembl gene ID conversion to gene symbol was generated from the GTF file such that the Ensembl gene IDs each
had a mapping to a gene symbol. For duplicate Ensembl gene IDs, the highest expression Ensembl gene ID was selected and as-
signed the gene symbol. Genes with no expression were removed. Differentially expressed genes were selected using absolute log,
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fold change greater than 1.2 and FDR less than 0.05. The Ingenuity Pathway analysis (IPA, QIAGEN Inc., https://digitalinsights.
giagen.com/products-overview/discovery-insights-portfolio/analysis-and-visualization/qgiagen-ipa/) was performed on DEGs with
a cutoff value of 2-fold. The RNA-seq data can be accessed via NCBI GEO database (GSE160338).

Statistical analysis

Data are presented as the mean + SEM unless otherwise indicated. P values were calculated by one-way ANOVA, two-way ANOVA,
two-tailed unpaired Student’s t test or two-tailed paired Student’s t test using GraphPad Prism, unless otherwise noted. p < 0.05 (*),
p <0.01 (**), p <0.001 (***) and p < 0.0001 (****) indicate statistically significant changes. n represents biological replicates. All the
statistical details of experiments can be found in figure legends.
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