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Inherent preference for polyunsaturated fatty acids
instigates ferroptosis of Treg cells that aggravates
high-fat-diet-related colitis
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e Intestinal Treg cells are more vulnerable than Tconv in HFD-
induced ferroptosis

e Treg cells have intrinsic preference for using PUFA-PLs as
membrane phospholipids

e High content of arachidonic acid in HFD aggravates
ferroptosis of intestinal Treg cells

e GPX4 and a-tocopherol protect Treg cells against ferroptosis
and HFD-related colitis
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In brief

Yan et al. show that Treg cells have
intrinsic preference for using PUFA-PLs
as membrane phospholipids compared
with Tconv. Therefore, the high content of
PUFAs such as arachidonic acid in HFD
aggravate ferroptosis of intestinal Treg
cells, which might be one of the driving
causes for HFD-related colitis.
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SUMMARY

Inflammatory bowel disease (IBD) has high prevalence in Western counties. The high fat content in Western
diets is one of the leading causes for this prevalence; however, the underlying mechanisms have not been
fully defined. Here, we find that high-fat diet (HFD) induces ferroptosis of intestinal regulatory T (Treg) cells,
which might be the key initiating step for the disruption of immunotolerance and the development of colitis.
Compared with effector T cells, Treg cells favor lipid metabolism and prefer polyunsaturated fatty acids
(PUFASs) for the synthesis of membrane phospholipids. Therefore, consumption of HFD, which has high con-
tent of PUFAs such as arachidonic acid, cultivates vulnerable Tregs that are fragile to lipid peroxidation and
ferroptosis. Treg-cell-specific deficiency of GPX4, the key enzyme in maintaining cellular redox homeostasis
and preventing ferroptosis, dramatically aggravates the pathogenesis of HFD-induced IBD. Taken together,
these studies expand our understanding of IBD etiology.

INTRODUCTION

Inflammatory bowel disease (IBD) is characterized by a debili-
tating chronic recurrent inflammation and a severely dysfunc-
tional epithelium. Due to the rapid changes of environment and
lifestyle, the prevalence rate of IBD is increasing in recent years
and becoming a worldwide health problem.” The etiology of IBD
has not been fully clarified, which involves a myriad of interac-
tions among multiple factors such as diet, genetics, infection,
and immune system.”™* Among dietary factors, high-fat diet
(HFD) is widely believed to have a close correlation with the
development of IBD.® Although the exact mechanisms linking

the Western diet and the risk of IBD have not been fully defined,
some seemingly reasonable mechanisms have been proposed.
Specifically, the Western diet is associated with changes in in-
testinal microbiota and epithelial barrier function, which trigger
a proinflammatory environment.>®

Multiple immune cell populations participate in triggering the
proinflammatory environment in IBD. In contrast, regulatory T
(Treg) cells, which always express high levels of FOXP3 and
CD25, are functionally immunosuppressive and important for
immune tolerance to restrict IBD.”® Previous studies have re-
vealed that HFD causes immune cell activation in the colon
and small intestine with a significant reduction of CD4* Foxp3*

oot Cell Reports 43, 114636, August 27, 2024 © 2024 The Author(s). Published by Elsevier Inc. 1

uuuuu

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


mailto:zhimin@mail.sysu.edu.cn
mailto:tzhinan@jnu.edu.cn
mailto:wanyangsun@jnu.edu.cn
mailto:liyifang706@jnu.edu.cn
mailto:rongronghe@jnu.edu.cn
mailto:gccao2016@jnu.edu.cn
https://doi.org/10.1016/j.celrep.2024.114636
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2024.114636&domain=pdf
http://creativecommons.org/licenses/by/4.0/

¢ CellPress

OPEN ACCESS

Tregs.'? The reduced Treg cells cannot limit the proinflammatory
immune response, which exacerbates the development of IBD.
But the mechanism for the reduction of Treg cells after HFD
treatment is still unknown.

Compared with conventional effector T cells, Treg cells favor
lipid oxidation for metabolism and energy, which could also yield
higher levels of reactive oxygen species (ROS).""'> ROS are a
risk factor for the peroxidation and damage of membrane poly-
unsaturated fatty acids (PUFAs) that lead to cell ferroptosis.'®
This uniqgue mode of cell death is regulated by a variety of cell
metabolic events, including mitochondrial activity, redox ho-
meostasis, and iron, amino acid, lipid, and sugar metabolism. "
Glutathione peroxidase 4 (GPX4) is a key selenide enzyme in
maintaining cellular redox homeostasis and preventing ferropto-
sis, which uses glutathione (GSH) as a cofactor to reduce mem-
brane phospholipid hydroperoxides.’*"'® Arachidonic acid (AA)
and its esterifiable products are the main substrates of lipid per-
oxidation and the key to inducing ferroptosis.'®'” PUFAs such
as AA are enriched in Western diets'® and were known to trigger
ferroptosis and aggravate colitis.'>?° The goal of the study is to
explore the etiology of HFD-related colitis. We hypothesized that
the high levels of AA or its metabolic precursors in the Western
diet and the intrinsic preference for lipid metabolism in Tregs
might drive ferroptosis, and reduction of this immunosuppres-
sive cell population might disrupt the immunotolerance in intes-
tinal mucosa with ensuing colitis.

In this work, we revealed that Treg cells favor lipids for meta-
bolism and prefer PUFAs for the synthesis of phospholipids.
Consumption of an HFD, which contains high levels of PUFAs
such as AA and its precursors, cultivates vulnerable Treg cells
that are fragile to lipid peroxidation and ferroptosis. Since HFD
also induces dysbiosis of the intestinal microbiota and increases
the permeability of the intestinal barrier, this triggers the activa-
tion of resident immune cells.® The vigorous redox metabolism
after activation generates high levels of ROS that instigate lipid
peroxidation and ferroptosis of Treg cells, which disrupts the im-
munotolerance and increases the risk for colitis. We also found
that GPX4 was reduced in colonic Treg cells after HFD treatment,
and deleting Gpx4 in Treg cells further exacerbated their ferrop-
tosis and aggravated HFD-induced intestinal inflammation. Sup-
plementing a-tocopherol could reverse the ferroptosis of Tregs
and significantly ameliorated HFD-induced colitis. In summary,
our work expanded our understanding on the etiology of I1BD,
identified a potential target in Treg cells in controlling immune
balance, and provided a promising approach for the prevention
of Western diet-related colitis.

RESULTS

High-fat diet induces ferroptosis of intestinal Treg cells

Western diet is a well-known risk factor for the pathogenesis of
IBD, but the molecular mechanisms haven’t been fully eluci-
dated. We found that HFD treatment in mice significantly
increased the production of proinflammatory cytokines from
CD4" and CD8* T cells in the gut (Figures S1A and S1B) but
reduced the percentage and amount of Treg cells (Figures 1A
and S1C), a key immune-suppressive population in governing
the homeostasis of intestinal immunity, which was consistent
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with previous reports.'® To test whether the reduction of intesti-
nal Treg cells was driven by ferroptosis, we detected the levels of
ROS (CellRox Green), oxidized lipids (BODIPY FL C11, FITC/
FITC + PE), and malondialdehyde (MDA, an end product of lipid
peroxides) in intestinal T cells. We found that colonic Treg cells
(CD4* FOXP3*) exhibit slightly higher levels of ROS and lipid per-
oxides compared with conventional CD4 T cells (Tconv, CD4*
FOXP3™) under normal chow diet (NCD), and HFD treatment
significantly potentiated lipid peroxidation in colonic Treg cells
but not Tconv cells (Figures 1B-1D). HFD treatment induced
more dramatic upregulation of lipid peroxidation in Tregs from
small intestine, and it even potentiated lipid peroxidation and
death of Tconv cells in the small intestine, albeit still much lower
than Tregs (Figures S1D-S1F). This finding supports our hypoth-
esis that HFD drives ferroptosis and reduction of Treg cells in the
intestinal tract, since most dietary lipids are absorbed in the
small intestine, and only a small amount of dietary lipids reach
the colon. When analyzing the levels of GPX4, the key enzyme
in maintaining cellular redox homeostasis and preventing ferrop-
tosis, a selective impairment in colonic Tregs but not Tconv cells
after HFD treatment was also detected (Figure 1E). Besides,
colonic Treg cells also expressed higher levels of CD71, the
transferrin receptor, than Tconv (Figure 1F), which was in concert
with a previous report.”’ Moreover, HFD treatment indeed
increased the death rate of Treg cells in both the colon and small
intestine (Figures 1G and S1F). Transmission electron micro-
scopy confirmed that the mitochondria of colonic Treg cells in
the HFD group displayed slightly reduced size, and some of
these mitochondria showed disrupted membrane and loss of
cristae, which were typical morphological characteristics of fer-
roptosis (Figures 1H and 1l). Collectively, these results indicated
that high fat consumption induced ferroptosis of intestinal Treg
cells.

Treg cells favor lipid consumption and are more
susceptible to arachidonic-acid-induced ferroptosis
Consumption of PUFAs, especially AA, increases the contents of
PUFA-phospholipids (PUFA-PLs) in the membrane and the risk
for ferroptosis.'®?° Since HFD also contains high levels of
PUFAs (Tables S1 and S2), we assumed that the ferroptosis of
intestinal Tregs after HFD treatment might be due to the con-
sumption of these lipids by Treg cells. Indeed, intestinal Treg
cells expressed higher levels of CD36, a critical scavenger re-
ceptor required for lipid consumption and ferroptosis,”>>® than
Tconv cells (Figures 2A and S1G). After activation, Treg cells
showed a persistent high level of CD36 (Figure 2B), consumed
more lipids (Figure 2C), and thus had more lipid contents than
Tconv cells (Figure 2D), which was consistent with previous re-
ports describing that Treg cells favor lipids for energy and meta-
bolism.?*2® We next tested whether PUFAs, especially AA,
could induce ferroptosis in Tregs. As shown in Figures S2A
and S2B, supplementing AA in the culture medium induced
much more severe cell death in Treg cells than the other
PUFAs or monounsaturated fatty acid (MUFA), oleic acid (OA),
or AA-treated Tconv cells. 40 pM AA was enough to elevate lipid
peroxidation and death rates of Treg cells, and increasing AA
dosage leads to further cell death. Supplementing OA reduced
lipid peroxidation; however, overdose of OA was also toxic and
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Figure 1. .High-fat diet induces ferroptosis of Treg cells but not conventional CD4* T cells in the colon

(A) C57BL/6J WT mice were fed with a normal chow diet (NCD) or high-fat diet (HFD) for 12 weeks. Representative fluorescence-activated cell sorting (FACS)
plots (gated on CD45%, left), percentage (middle, n = 5), and cell number (right, n = 7 for NCD and 18 for HFD) of Treg cells from the lamina propria of colon.
(B-1) Foxp3"FP~C mice were fed with NCD or HFD for 12-16 weeks. The levels of ROS (CellRox Green, n = 6-7, B), BODIPY FL C11 (n = 6-7, C), malondialdehyde
(MDA, n =5-7, D), and GPX4 (n = 5, E) in Treg (CD4* FOXP3*) or Tconv (CD4" FOXP3") cells from the lamina propria of colon were detected and shown. The levels
of CD71 (n = 5, F) and the death rates (LIVE/DEAD™, n = 6, G) in Treg (CD4" YFP™") and Tconv (CD4" YFP") cells from the lamina propria of colon are shown.
Transmission electron microscope images (H, scale bar represents 2 um [upper] and 500 nm [lower]) and the statistical analysis of mitochondria size (1) of FACS-
sorted colonic Treg cells (CD4* YFP*) in NCD or HFD (n = 22, each dot represents a mitochondria). Data were mean + SD. Two-tailed unpaired Student’s t test (A
and l) and one-way ANOVA with Tukey’s multiple comparisons test (B-G). p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). NS, not significant. See also Figure S1.

the cause death of Treg cells (Figure 2E). Hereby, we used 40 uM
AA for the subsequent experiments. In addition, the elevated
oxidation of lipids and glutathione and increased death rate of
Treg cells after AA treatment could be reversed by a ferropto-
sis-specific inhibitor Ferrostatin-1 (Fer-1) (Figures 2F, 2G, and
S2C), which further supported that AA induced ferroptosis of
Treg cells.

We then performed liquid chromatography-mass spectrom-
etry (LC-MS)-based redox phospholipidomics analysis of Treg
and Tconv cells treated with or without AA or OA to dissect the
influence of these fatty acids on the oxidation of phospholipids,
which is the molecular basis of ferroptosis. We found that there
are inherent differences regarding the composition of phospho-
lipids between Treg and Tconv cells, and adding AA or OA had
more dramatic influences on the composition and oxidation of
phospholipids in Treg cells than Tconv (Figures S2D and S2E).

Specifically, Treg cells had an inherently higher level of PUFA-
PLs but lower levels of MUFA-PL and saturated phospholipids
(SFA-PLs) than Tconv. Adding AA enlarged these differences,
while adding OA reversed the differences in PUFA-PLs and
MUFA-PLs (Figure 2H). These results suggested that Treg cells
have an inherent preference of using PUFA for the anabolic syn-
thesis of membrane phospholipids compared with Tconv, but
they could make faster adjustment than Tconv to adapt environ-
mental lipid nutrient alterations. In line with the higher levels of
PUFA-PLs, Treg cells contain more peroxidized phospholipids
than Tconv, and this increase was further expanded to more per-
oxidized phospholipids after AA treatment (Figures 2I, 2J, and
S2E-S2G). We next tested whether AA could induce lipid perox-
idation and death in intestinal Tregs in vivo by adding AA in the
diet. As expected, supplementing AA in NCD induced much
higher levels of lipid peroxidation and cell death in colonic Treg
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Figure 2. Treg cells favor lipid consumption and are more susceptible to arachidonic-acid-induced ferroptosis

(A) Foxp3¥™~C" mice were fed with NCD or HFD for 12-16 weeks, and the levels of CD36 in colon Treg and Tconv cells were analyzed and are shown (n =

5-6).

(B-D) Splenic CD4* T cells from Foxp3"7 " mice were stimulated with o-CD3 + «-CD28 + rmlL-2 for 24 h. The levels of CD36 (n = 8, B), BODIPY FL C16
consumption (n = 10, C), and cellular neutral lipid contents (BODIPY 493/503, n = 8, D) in Treg or Tconv cells were detected and are shown.

(E) Splenic CD4* T cells from Foxp3*™~C" mice were cultured in the presence of different concentrations of arachidonic acid (AA) or oleic acid (OA) for 48 h. The
lipid oxidation (n = 4-5) and the death rates (n = 6) of Treg cells were detected and are shown.

(F and G) Splenic CD4* T cells from Foxp3"7"~C"® mice were cultured in the presence of AA (40 uM) with or without Fer-1 (20 uM) for 24 h. The lipid oxidation (n = 3—
4, F) and the death rates (n = 5-6, G) of Treg cells were analyzed.
(H-J) Treg (CD4* YFP*) and Tconv (CD4" YFP") cells were sorted from in vitro cultured splenic CD4* T cells that were primed under Treg or Tconv conditions,
respectively. Sorted Treg or Tconv cells were then cultured in the presence of AA (40 uM) or OA (40 uM) for 48 h and used for LC-MS/MS-based lipidomics and
redox phospholipidomics analysis of phospholipids and peroxidized phospholipids.
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cells than Tconv (Figures 2K and 2L), which were consistent with
the findings made in vitro (Figures S2A and S2B).

Taken together, the aforementioned findings converged to
strongly support the conclusion that Treg cells favor lipid con-
sumption and have a higher content of PUFA in membrane phos-
pholipids, especially when encountering excessive AA, which
makes them more vulnerable to peroxidation and ferroptosis.

Treg-specific Gpx4-deficient mice were healthy on
normal chow but developed unrestrained intestinal
inflammation after HFD treatment

Next, we figured whether Treg cell ferroptosis contributes to
HFD-induced intestinal inflammation. As mentioned above,
GPX4 is a key enzyme that inhibits ferroptosis. Thus, we gener-
ated Treg-specific Gpx4-deficient mice via crossing Gpx4™
with Foxp3YFF~C" strain to specifically potentiate ferroptosis in
Treg cells. The rationale for this strategy was also in concert
with the phenomenon that HFD treatment significantly reduced
the expression of GPX4 in intestinal Treg cells (Figure 1E).
Compared with Foxp3"™"~C Jittermate controls (wild type,
WT), Foxp3""P=C® Gpx4™ mice (knockout, KO) manifested
normal body size and colon length at 15 weeks of age
(Figures S3A and S3B). Histological analysis of the colon tissue
also showed normal epithelial structure that contained massive
goblet cells and abundant mucus in both Foxp3Y"~°" and Fox-
p3YFP=Cr Gpx4™ mice (Figure S3C). To characterize the immune
features in the colon of Foxp3""~C" Gpx4"" mice, we isolated
the lymphocytes from the lamina propria and dissected the im-
mune compartments. We found that the percentage of Treg cells
was slightly decreased in Foxp3"~C"® Gpx4™ mice, but the
overall quantity of Treg cells was comparable with WT littermates
(Figure S3D). The production of IFN-y and IL-17 from CD4* T cells
was slightly increased (Figure S3E). Since IL-17 can effectively
mediate the excitatory process of neutrophil mobilization and in-
flammatory response, we also measured the proportion and
number of local neutrophils. As shown in Figure S3F, deficiency
of Gpx4 in Treg cells did not alter the infiltration of CD11b*
Ly6G™ neutrophils in the colon. We also performed redox phos-
pholipidomic analysis of freshly isolated splenic GPX4-KO Treg
cells and WT Tregs. Interestingly, GPX4-KO Treg cells contained
slightly higher levels of PUFA-PLs and lower levels of SFA-PLs
than WT Treg cells (Figure S3G). The oxidation levels for most
of the phospholipids in GPX4-KO Tregs were comparable to
WT Tregs except for a slight upregulation of monooxidized phos-
phatidylethanolamine plasmalogen PEp(42:6)+10 and monooxi-
dized phosphatidylserine PS(36:2)+10 (Figure S3H), suggesting
marginally elevated lipid oxidation. Collectively, these results
indicated that Treg-specific Gpx4-deficient mice were healthy
in appearance under normal diet albeit with a slight reduction of
Tregs and disturbed production of inflammatory cytokines.
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We then set these mice on HFD treatment. Surprisingly,
Foxp3"P~C® Gpx4™ mice were unable to gain body weight
once switched to HFD and began to lose weight after a few
weeks, and these mice were all dead within 13 weeks of HFD treat-
ment (Figures 3A-3C). Henceforth, mice were sacrificed and
analyzed after 6-8 weeks of HFD treatment. As expected, Fox-
p3YP=C Gpx4™ mice developed severe colitis compared with
Foxp3'P=C" littermate controls as indicated by significantly
shortened colon length (Figure 3D), thickened but unstructured
epithelium, massive infiltration of lymphocytes (Figure 3E),
decreased number of goblet cells, and reduced secretion of mu-
cins (Figure 3F). HFD Foxp3"™~C Gpx4™ mice also showed
more severe disruption of the colonic epithelial barrier compared
with the HFD Foxp3"7~C"® group as indicated by the increased
permeability and the reduced expression of tight-junction-related
genes (Figures 3G and 3H). Meanwhile, HFD Foxp3Y™ ¢ Gpx4™
mice also showed upregulation of proinflammatory cytokines
and chemokines in the colon and elevated plasma levels of
interleukin-6 (IL-6), IL-1B, and tumor necrosis factor alpha
(TNF-0) (Figures 3l and 3J).

When analyzing the immune compartments in the colon, we
found that HFD treatment induced a dramatic reduction of
Treg cells after Gpx4 deficiency (Figure 4A), while the proportion
of CD4" and total amount of infiltrated CD4* or CD8" T cells were
increased (Figures 4B and 4C). IL-17* CD4™ effector T cells and
neutrophils in the colon were also substantially increased, while
the total amount and percentages of macrophages were largely
unaffected (Figures 4D-4F). The percentages of IFN-y* in
colonic CD4* and CD8* T cells were comparable between the
two groups, but the total number of IFN-y-producing cells was
still significantly increased (Figure 4D). HFD Foxp3YfF ¢ Gpx4™
mice also showed significant reduction of Treg cells in the small
intestine, together with disturbance of CD4*/CD8" ratio and the
increased proinflammatory cytokine production in CD4" T cells
(Figure S4). These results clearly indicated that Treg-specific fer-
roptosis after Gpx4 deficiency provoked unlimited intestinal
inflammation in HFD condition that was detrimental to the enteric
canal and even mortal.

An interesting phenomenon was that despite the much smaller
and emaciated body, Foxp3"™~C*® Gpx4”" mice developed
more severe hyperlipidemia after HFD treatment (Figure S5A).
Serum from KO mice contained higher levels of triglyceride
and low-density lipoproteins (LDLs) and lower levels of high-den-
sity lipoproteins (HDLs) (Figures S5B-S5D). Hyperlipidemia is a
risk factor for myocardial damage; therefore, we performed his-
tological analysis on the heart tissue of mice. Indeed, the heart
tissues from KO mice exhibited obvious vacuolization (usually in-
dicates increased fatty degeneration) (Figure S5E), disordered
arrangement of myocardial cells, and infiltration of immune cells
(Figure S5F), which might lead to myocardial weakness. The

(H) The radar plots and differences for the percentages of saturated phospholipids (SFA-PLs), monounsaturated phospholipids (MUFA-PLs), and poly-

unsaturated phospholipids (PUFA-PLs) in Treg and Tconv cells.

(I and J) The heatmap of oxidized phospholipids with differences between Treg and Tconv cells with (J) or without (I) AA treatment.

(Kand L) Mice were fed with an NCD that was supplemented with or without extra AA (4 g/kg) for 9-10 weeks. The levels of lipid oxidation (n = 7-8, K) and death
rates (n =9-13, L) of Treg and Tconv cells in the lamina propria of colon were detected and are shown. Data were mean + SD. Two-tailed unpaired Student’s t test
(B-D) and one-way ANOVA with Tukey’s multiple comparisons test (A, E-G, K, and L). p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). NS, not significant. See also

Figure S2.
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Figure 3. Treg-specific Gpx4-deficient mice developed severe colitis after HFD treatment
Foxp3YFP =" Gpx4™ and Foxp3""~C" mice were fed an HFD for 7 (A, B, and D-J) or 13 (C) weeks.

(A) Body weight curve during HFD treatment (n = 6-7).
(B) Representative images and body weights after 7 weeks of HFD treatment (n = 10-12).
(C) The survival rates of mice after HFD treatment (n = 10-11).
(D) Representative images of colon tissue and statistical analysis of colon length (n = 14).
(E) Representative hematoxylin and eosin (H&E) staining (scale bar represents 200 um [left] and 50 pm [right]) and CD45 staining (scale bar represents 20 um) of

colon tissues.
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(F) Alcian blue and Alcian blue/periodic acid-Schiff (AB-PAS) staining of colon tissue (scale bar represents 100 um or 200 um [upper] and 50 um [lower]).
(G) Mice were treated with FITC-dextran (4 kDa) via gavage, and the plasma was collected after 4 h. Plasma concentrations of FITC-dextran (4 kDa) were detected
and are shown (n = 8).
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remarkably increased serum triglycerides and LDL also incre-
ased the risk of developing myocardial infarction with ensuing
tissue damage and release of lactate dehydrogenase (Figures
S5G-S5H), and this might lead to the death of mice (Figure 3C).
The underlying mechanism for the hyperlipidemia in these KO
mice, however, needs further investigation.

Ferroptosis-induced death of Treg cells after GPX4
deficiency leads to impaired immune suppression
In order to exhibit immune suppressive function, Tregs cells
need to be activated by T cell receptor (TCR) and co-stimulatory
signals, which also mobilize rapid metabolism with tremendous
redox reactions. Since Treg cells have an inherently higher level
of PUFA-PLs (Figure 2H), we speculated that the ferroptosis may
occur after the activation of Treg cells. Thus, Treg cells from
FOXP3YFF—=Cr® WT mice were stimulated via TCR in vitro for acti-
vation and used for detection of ferroptosis. We found that both
lipid peroxidation (VDA and BODIPY C11) and mortality of Treg
cells were significantly increased after activation for 72 h, which
could be partially reversed by adding Fer-1 (Figures S6A-S6C).
Besides, the lipid peroxidation of in vitro activated Treg cells
could also be reduced by Fer-1 or a-tocopherol (Figure S6D).
These experiments suggested that ferroptosis participated in
the death of Treg cells after activation via TCR in vitro. Then,
we tested whether GPX4 protects Tregs from ferroptosis-
induced cell death using Treg cells isolated from Foxp3" ¢
(WT) or Foxp3"FP=Cr Gpx4™ (KO) mice. Since previous studies
have revealed that the high oxygen level in vitro (i.e., 21%) was
detrimental to GPX4-deficient T cells even under unstimulated
condition,”” Treg cultures without TCR stimulation were also
performed in these experiments. We found that un-activated
WT Treg cells died slowly in vitro, and TCR stimulation signifi-
cantly accelerated this process (Figure S6E), which was
consistent with the findings shown in Figures S6A-S6D. In line
with previous studies on GPX4-deficient CD4 and CD8
T cells,”” GPX4-KO Treg cells also died very quickly in vitro
even in the absence of TCR stimulation; however, activation
via TCR could still accelerate it (Figure S6E). Besides, GPX4-
KO Treg cells also yielded higher levels of peroxidized lipids after
in vitro activation (Figure S6F). These results suggested that both
the hyperoxic in vitro environment and the activation-driven
metabolic processes could induce ferroptosis of GPX4-KO
Treg cells. The cell death could be restrained by the addition of
Fer-1 or partially rescued by a-tocopherol (a liposoluble
reductive agent that protects against lipid peroxidation) but not
by z-VAD-FMK (zVAD, inhibitor for apoptosis) or necrostatin-1
(Nec-1, inhibitor for necroptosis) (Figures S6G and S6H), further
supporting that the rapid death of GPX4-KO Tregs upon activa-
tion was due to ferroptosis. Collectively, the above results
indicated that GPX4 deficiency sensitized Treg cells to ferropto-
sis-induced cell death.

We next checked the effects of GPX4 deficiency on the immu-
nosuppressive function of Treg cells. In accordance with the dra-
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matic cell death of GPX4-KO Tregs after TCR activation in vitro
(Figure S6D), they almost completely lost the suppressive func-
tion in the in vitro suppressing assay (Figure S7A). We then eval-
uated the suppressive activity of Gpx4-deficient Treg cells in vivo
after being co-transferred with naive CD4* T cells into Rag?~/~
mice (Figure S7B). Transfer of naive CD4* T cells breaks the im-
mune tolerance of Rag? ™~ mice and induces colitis in a few
weeks, while the co-transferred Treg cells will be mobilized to
inhibit the inflammatory responses. As expected, Gpx4-deficient
Treg cells also failed to protect Rag7-deficient mice from the
development of colitis as indicated by the loss of weight, shorter
colon length, and enlarged spleen (Figures S7C-S7E). 6 weeks
post transfer, the transferred GPX4-KO Treg cells in the spleen
were significantly less than WT Treg cells (Figure S7F), and there-
fore, they failed to suppress the inflammatory cytokine produc-
tion from the transferred CD4* T cells (Figure S7G). These data
revealed that the ferroptosis-induced death of Treg cells after
GPX4 deficiency led to impaired immune suppression both
in vitro and in vivo.

Vitamin E protects intestinal Treg cells from ferroptosis
Intestinal Treg cells in the Foxp3"FF~C Gpx4™ mice were only
marginally reduced, and the immunotolerance was largely intact
under NCD (Figure S3), which indicated that the ferroptosis in
these cells was less severe, and there were extra pathways to
prevent lipid peroxidation beyond GPX4-mediated elimination
of lipid hydroperoxides using glutathione. Vitamin E was known
for protection against ferroptosis due to its reductive activity
and liposolubility, and our previous data have shown that
a-tocopherol (a derivate of vitamin E) could protect GPX4-KO
Treg cells from lipid peroxidation and ferroptosis in vitro
(Figures S6D, S6G, and S6H). Therefore, we speculated that
vitamin E in NCD might also protect intestinal Treg cells from lipid
peroxidation and ferroptosis, which preserved a fragile but still
functional immunotolerance in Foxp3""~C" Gpx4™ mice.

To test this hypothesis, we eliminated vitamin E from the
normal diet and fed both Foxp3"" =" and Foxp3" "¢ Gpx4™*
mice for 5 weeks. As expected, Foxp3"™ " Gpx4™ mice devel-
oped more severe colitis compared with Foxp3"™~C"¢ |ittermate
controls as indicated by dramatic loss of body weight, increased
mortality, thickened but unstructured epithelium, massive infil-
tration of lymphocytes, reduced goblets cells, and decreased
expression of mucins (Figures S8A-S8D). When analyzing the
immune compartments in the colon, we found that vitamin E
deprivation induced dramatic reduction of Treg cells in Fox-
p3YFP=C® Gpx4"" mice (Figure S8E), while the proportion and
amount of infiltrated CD4* and CD8" T cells were significantly
increased (Figures S8F and S8G). The percentage of IL-17*
CD4* effector T cells was also substantially increased, while
the ratios of IFN-y* in CD4" or CD8* effector T cells were either
unaffected or slightly decreased (Figures S8H and S8l). Howev-
er, the total amounts of IFN-y* CD4", IL-17* CD4*, and IFN-y*
CD8" effector T cells in the colon of Foxp3"" ¢ Gpx4™ mice

(
(
(

H) Relative levels of mMRNAs of intestinal permeability-related genes in the colon tissue (n = 8-21).
1) Relative levels of MRNAs of inflammatory factor-related genes in the colon tissue (n = 5-19).
J) Plasma concentrations of IL-1B, IL-6, and TNF-a. were detected via ELISA (n = 7-14). Data were mean + SD. Two-tailed unpaired Student’s t test (B, D, and G-

J), two-way ANOVA (A), and log rank test (C). p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). See also Figures S3 and S5.
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Figure 4. Treg-specific Gpx4-deficient mice displayed unrestrained inflammatory responses in the colon after HFD challenge

(A-F) Foxp3YfP~°r® Gpx4™ and Foxp3""~C" mice were fed with HFD for 7 weeks. Lymphocytes in the lamina propria of colon tissues were isolated and used for
analysis of immune compartments and cytokine production. Representative FACS plots and statistical analysis of the frequencies (n = 9-12) and quantities (n = 8—
12) of Treg cells (A), CD4* (n = 12 for percentage, and n = 5 for cell number), and CD8" (n = 15-17) T cells (B and C), cytokine production (n = 6 for cell number, n =
13-14 for IL-17 in CD4, n = 19-20 for IFN-y in CD4, and n = 11 for IFN-v in CD8, D), CD11b* LY6G* neutrophils (n = 7 for percentages, and n = 4-6 for cell number,
E), and CD11b* F4/80* macrophages (n = 13 for percentages, and n = 6 for cell number, F) are shown. Data were mean + SD. Two-tailed unpaired Student’s t test
(A and C-F). p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). NS, not significant. See also Figures S4-S7.

were still increased due to the elevated amounts of CD4* and
CD8" T cells (Figure S8J). These results clearly indicated
that vitamin E plays an important role in protecting intestinal
Treg cells against ferroptosis and preventing intestinal inflamma-
tion. It worth noting that vitamin E deprivation elicited more
severe reduction of intestinal Treg cells and more rapid
death of Foxp3""~C" Gpx4™ mice compared with HFD treat-

8 Cell Reports 43, 114636, August 27, 2024

ment (Figures 3C, 4A, S6B, and S6E), suggesting that vitamin
E deprivation was more detrimental to GPX4-KO Tregs than
HFD-elicited increase of PUFAs and antigens.

We than tested whether replenishing «-tocopherol could
reverse the ferroptosis of GPX4-deficient Treg cells in vivo and
protect the Foxp3" 7~ Gpx4" mice from colitis after HFD con-
sumption. Excitingly, we found that supplementing a.-tocopherol
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Figure 5. a-Tocopherol prevents HFD-induced colitis in Foxp3Y""~°" Gpx4™' mice

Mice were treated with HFD or a-tocopherol-enriched HFD (0.5 g/kg) for 7 weeks.

(A-C) Body weights were recorded weekly (n = 5-6). Representative pictures (B) and colon lengths (n = 5-10, C) of mice after 7 weeks of treatment.

(D) Representative H&E staining (scale bar represents 50 um) and CD45 staining (scale bar represents 20 um) images of the colon.

(E-G) Lymphocytes in the lamina propria of colon tissues were isolated and used for analysis of immune compartments, lipid peroxidation, and cytokine pro-
duction. Representative FACS plots and statistical analysis of the frequencies (n = 6-19) and quantities (n = 6-13) of Treg cells (E) are shown. Lipid peroxidation
(Bodipy C11, n = 6, F) and MDA (n = 5-6, G) levels in Treg cells are shown.

(legend continued on next page)
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almost completely reversed the susceptibility to HFD-induced
colitis in Foxp3YFF ¢ Gpx4™ mice as indicated by normal
body weight, colon length, and intact epithelium structure
without massive lymphocyte infiltration (Figures 5A-5D). The
reduced cell number and increased lipid peroxidation of Treg
cells in HFD-treated Foxp3"" ¢ Gpx4” mice were also
partially reversed after replenishing a-tocopherol (Figures 5E-
5G). Meanwhile, supplementing a-tocopherol also restrained
the elevated production of inflammatory cytokines (Figure 5H).
Taken together, these data strongly indicated that replenishing
a-tocopherol could reverse the GPX4-deficiency-derived Treg
cell ferroptosis and colitis.

DISCUSSION

The incidence of IBD is increasing and has a close relationship
with the Westernization of dietary habits, which are character-
ized with increased intake of fat.""® However, the mechanism
of high fat consumption in aggravating IBD has not been fully
clarified. Previous studies have been focused on the dysbiosis
of intestinal microbiota caused by the Western diet, which trig-
gers the proinflammatory immune reactions.® But this does not
explain the disruption of immune homeostasis—why “immuno-
suppression” fails under this condition. In 2015, Luck et al. re-
ported that an HFD induces the activation of multiple immune
cells in the colon but significant reduction of CD4* Foxp3*
Tregs.'? The loss of Treg cells could explain the failure of immu-
nosuppression in HFD-related IBD; however, how HFD caused
the reduction of Treg cells was still unknown.

In this work, we found that Treg cells express a higher level of
CD36, a critical lipid scavenger, and have stronger ability to uti-
lize external fatty acids than conventional T cells, which are in
concert with their preference for lipid metabolism. These cells
also favor PUFAs for the synthesis of membrane phospholipids;
thus, they are more vulnerable to ROS-induced phospholipid
peroxidation. Besides, Treg cells express a higher level of
CD71 (the transferrin receptor) than Tconv and generate more
ROS, and both increased the potential for ion-mediated Fenton
reaction that leads to lipid peroxidation and ferroptosis. Since
PUFAs, especially AA and its precursors, are prevalent in the
Western diet (or more specifically in HFD),'® a Westernized die-
tary habit will cultivate a fragile Treg cell population in the gut that
contains high levels of PUFA-PLs and that can be easily de-
stroyed by lipid peroxidation and ferroptosis. HFD consumption
also induces dysbiosis of commensal microbiota and increases
the permeability of the epithelial barrier,® thus augmenting the
load of invading pathogens that trigger the activation of the im-
mune system including Tregs. But the vigorous metabolism after
activation will yield a large amount of ROS in Treg cells that
drives peroxidation of PUFA-PLs. When losing protections that
can eliminate lipid peroxides (such as dysfunction of GPX4 or
deprivation of vitamin E), these fragile Treg cells will die and be
unable to maintain immune tolerance, and this eventually leads
to colitis. These results indicate that the inherent preference for
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lipid metabolism in Treg cells and the prevalence of PUFAs in
the Western diet conspire to instigate Treg cell ferroptosis that
disrupts immunotolerance and increases the risk for colitis. An
interesting phenomenon is that HFD treatment also reduces
the expression of GPX4 in colonic Treg cells (Figure 1E). It is
conceivable that the reduction of GPX4 probably also contrib-
utes to the increased ferroptosis of Treg cells after HFD con-
sumption; however, the underlying mechanism for this reduction
needs further investigation.

In fact, HFD not only aggravates the pathogenesis of colitis,
but it also increases the risk of a variety of inflammatory diseases
such as hepatitis and diabetes, which also exhibited reduced
levels of Treg cells.”®*° Since PUFAs such as AA and its precur-
sors can be directly absorbed in the intestine and transported
into the circulation, it will be interesting to test whether ferropto-
sis also contributes to the reduction of Treg cells in these tissues.
Besides, intestinal Treg cells can also migrate to the periphery
and affect peripheral immune responses. Thus, it is also possible
that the reduction of Treg cells in these tissues is due to less
migration from the intestine.

HFD consumption is also a major driver for the development
of obesity. HFD-induced obesity is accompanied by immune
dysregulations that are characterized by chronic inflammation
and increased risk for autoimmunity and inflammatory disor-
ders but impaired adaptive immunity in vaccines®® and can-
cers,*"*? which seems to be the opposite. In fact, HFD induces
dysbiosis of microbiota, disrupts barrier structure, and disturbs
intestinal immune tolerance, all of which contribute to systemic
chronic inflammation. Therefore, it is conceivable that the pre-
activation of proinflammatory immune cells in obesity promotes
autoimmunity and inflammation. The impairment of adaptive
immunity in vaccines and cancer of obese subjects, however,
could be explained by the disturbed development and meta-
bolism of T/B cells and the systemic changes of hormones
that influence immune cell function.>**® Besides, chronic
inflammation is also a risk factor in driving cancer. In addition,
there are intense nutritional competitions in the tumor microen-
vironment. Previous studies have revealed that tumor cells and
tumor-infiltrated Tregs express high levels of lipid metabolism-
related genes to support their nutritional demands.”®>" There-
fore, the increased risk for inflammatory disorders and the
impairment in vaccines or tumor in HFD-related obesity are
not contradictory.

GPX4 is a key enzyme in protection against lipid peroxidation
and ferroptosis. Its role in maintaining the homeostatic balance
of T cells and in T cell-mediated anti-infection has been re-
vealed.?’** Recently, Xu et al. reported that GPX4 promotes
the survival of intra-tumoral Tregs to repress anti-tumor immu-
nity,>®> which was in concert with the finding that tumor-infil-
trating Treg cells favor fatty acid metabolism®*2° and was
consistent with our work. These studies also suggest that the
lipid metabolism-GPX4-ferroptosis pathway has a broad impact
on Treg cells, and again, this mechanism might be applicable to
a variety of immune imbalances.

(H) Representative FACS plots and statistical analysis of the frequencies (n = 5-11) and quantities (n = 5-6) of cytokine-producing T cells. Data were mean + SD.
One-way ANOVA with Tukey’s multiple comparisons test (C and E-H) and two-way ANOVA (A). p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). NS, not significant. See

also Figure S8.
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In summary, our work uncovered a novel mechanism for the
etiology of Western diet-related IBD, identified a potential target
in Treg cells in controlling immune homeostasis, and provided a
promising approach for treating Western diet-related colitis.

Limitations of the study

The etiology of IBD is complicated. Both the imbalance of
effector/regulatory immune cells and the disruption of pro-
resolving mediators are involved in the pathogenesis of IBD.%®
However, this work didn’t test whether HFD affects the release
of pro-resolving mediators by T cells. Intestinal resident immune
cells adapt their metabolism according to the substrate availabil-
ity, and redox phospholipidomic analysis of intestinal Treg cells
from mice under NCD or HFD treatment would provide more ac-
curate characterization of peroxidized lipids to explain the fer-
roptosis and reduction of Treg cells under HFD. Unfortunately,
redox phospholipidomic analysis requires a large amount of
cells, but we could not gather enough intestinal Treg cells for
this experiment. Another limit of this work is the lack of data on
HFD-related human IBD, which are more valuable in clinic and
should be characterized in the near future.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Gpx4'™1-19%/ J (Gpx4™¥/fox strain #027964), B6.129(Cg)-Foxp3 MY Ficrelyr j (Foxp3YFF—Cre strain #016959), B6.129S7-Rag 1™/
(strain #002216), B6.SJL-Ptprc? Pepc?/BoyJ (CD45.1, strain #002014) and C57BL/6J (Strain #000664) mice strains were purchased
from the Jackson Laboratory and housed in SPF conditions in the Laboratory Animal Center of Jinan University. Gpx4™/™* and Fox-
p3YFP=C® strains were crossed to generate Tregs-specific GPX4 deficient Foxp3"™ —°® Gpx4™ (KO) mice, age and sex matched Fox-
p3YFP=C® mice (WT) were used as controls. Male mice at 6-8 weeks of age were used for the treatment by normal chew diet (NCD), high
fat diet (HFD), NCD with deprivation of vitamin E or NCD supplemented with a-Tocopherol for indicated time and then sacrificed for
analysis. Animal procedures were approved by the Institutional Laboratory Animal Care and Use Committee of Jinan University.

METHOD DETAILS

Lamina propria lymphocytes isolation

Payer’s patches in small intestines were removed. Small intestine or colon tissue were dissected and cut into pieces. The epithelial
layers were removed by sequential incubation with DTT (1 mM) and EDTA (5 mM) in PBS for 10 min each. The remaining tissue were
digested with collagenase (type VIII, 1 mg/mL) and DNase | (300 png/mL) in prewarmed RPMI1640 medium at 37°C for 40 min and then
shaken vigorously to yield cell suspension. The debris were removed by 70um cell strainer. The total lamina propria lymphocytes
were purified on an 40/80% Percoll gradient.

Flow cytometry

Cell suspensions were washed twice in PBS. Anti-CD16/CD32 Abs were used for Fc receptor blocking. For the staining of cell surface
proteins, fluorescein conjugated antibodies were added in the suspensions and incubated at 4°C for 15 min. For intracellular cytokine
staining, lymphocytes were stimulated with Phorbol 12-myristate 13-acetate (PMA, 50 ng/mL) and ionomycin (1 ng/mL) in the pres-
ence of GolgiStop for 4-6 h. Cells were then fixed and permeabilized using BD Cytofix/Cytoperm Fixation/Permeabilization Kit, and
stained with fluorescein conjugated anti-cytokine Abs in the Perm/Wash buffer. Intra-nuclear Foxp3 was stained using the eBio-
science Foxp3/Transcription Factor Staining Buffer Set. Anti-GPX4 rabbit primary antibody and fluorescein conjugated anti-rabbit
secondary antibody were used to detect intracellular GPX4 expression level. BODIPY 581/591 C11 and anti-malondialdehyde
(MDA) Abs were used to detect lipid peroxidation. Cellrox green was used to detect reactive oxygen species production. Cell death
was detected using LIVE/DEAD or 7-AAD. Flow cytometry was performed on BD FACSVerse or Cytek NL-CLC and data were
analyzed using FlowJo (v10.8).

Histology

Heart or colon tissues from mice were obtained, fixed in paraformaldehyde (4%) and embedded in paraffin. Sections (4 mm thick) that
had been deparaffinized and rehydrated were stained with hematoxylin and eosin (H&E). For the detection of immunocytes infiltra-
tion, immunohistochemical staining of CD45 was performed. Alcian blue or the combined staining of Alcian blue and Periodic Acid
Schiff (AB-PAS) was used for the detection of mucin.

Quantitative real-time PCR

Total RNA was isolated using TRIzol LS Reagent and cDNA was obtained with Takara Reverse Ttranscription Kit. Real-time quan-
titative PCR was performed using SYBR Premix Ex Tagll and LightCycler480 11,384 (Roche). All runs were accompanied by the in-
ternal control gene Gapdh. The samples were run in triplicate and normalized to Gapdh using the 2" AACt method to provide arbitrary
units representing relative expression levels. The primer sequences are listed in the Key resource table.
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In vitro activation of T cells

CD4* T Cells were enriched from the spleen of Gpx4*"* Foxp3YFF <" (WT) or Gpx4”" Foxp3YFF~°® (KO) mice using EasySep Mouse
CD4* T cell isolation kit according to the manufacturer’s instructions. Enriched CD4* T Cells (3 x 10° cells/ml) were treated with plate
bound anti-CD3e Abs (10 pg/mL), soluble anti-CD28 Abs (1 ng/mL) and rmIL-2 (2 ng/mL) in RPMI-1640 media supplemented with
10% FBS for indicated time at 37°C. Unstimulated groups was also performed. For some experiments, the following small molecule
inhibitors were added during the activation of T cells: a-tocopherol (aToc, 10uM), z-VAD-FMK (20uM), Necrostatin-1 (Nec-1, 20uM),
Ferrostatin-1 (Fer-1, 20uM). For the detection of death rates or survival rates in YFP+ Treg cells or YFP- Tconv cells after treatment,
cells were collected and stained with LIVE/DEAD. For the detection of lipid peroxidation, cells were fixed and permeabilized using the
eBioscience Foxp3/Transcription Factor Staining Buffer Set (YFP was denatured and lost fluorescence after fixation), and stained for
FOXP3, MDA and Bodipy.

In vitro fatty acid treatment

CD4* T cells enriched from the spleen of Foxp3"" "~ (WT) mice were adjusted to 3x10° cells/mL and treated with individual fatty
acid (Oleic acid, linoleic acid, linolenic acid, eicosapentaenoic acid, arachidonic acid, docosahexaenoic acid) at 160uM. Ethanol was
used as vehicle for the addition of arachidonic acid and the final concentration of ethanol in the culture medium was about 0.1%. After
48h, the death rate in YFP+ Treg cells or YFP- Tconv cells were detected by LIVE/DEAD (Figures S2A and S2B). CD4* T cells were
also treated with different dose of oleic acid (OA) or arachidonic acid (AA) for 48h, the death rate and lipid peroxidation in Treg cells
were detected by LIVE/DEAD and BODIPY 581/591 C11 respectively (Figure 2E). For the rescue of AA-induced ferroptosis, CD4*
T cells were treated with AA (40uM) in the presence or absence of Fer-1 (20uM) for 48h, the death rate, lipid peroxidation and gluta-
thione ratios in Treg cells were detected (Figures 2F, 2G and S2C).

Suppression assay of treg cells

Naive CD4* T cells from the spleen of CD45.1 strain mice were purified using EasySep Mouse Naive CD4" T cell Isolation Kit
and labeled with 5mM CellTrace Violet according to the manufacturer’s instructions. Treg cells (CD4* YFP™) from the spleen of
Foxp3YFP=Cr¢ or Foxp3""~C" Gpx4"" mice (CD45.2 background) were sorted using flow cytometry. For in vitro immunosup-
pression assay, Naive CD4* T cells were co-cultured with Treg cells in U 96-well plate at indicated ratios with the stimulation
of anti-CD3/CD28 Dynabeads. After 3 days of co-culture, CD45.1" CD4* T cells were detected for Cell Trace Violet dilution
by flow cytometry. For in vivo immunosuppression assay, Rag1~~ mice were i.v. injected with a mixture of 4x10° Naive
CD45.1* CD4* T cells and 2x10° Tregs. Mice were weighed every week for 6 weeks and then euthanized for tissue harvest
and analysis.

Preparation of treg cells for lipidomic analysis
CD4* T cells from the spleens of Foxp3"" " mice were collected using EasySep Mouse CD4* T cell Isolation Kit, and CD4*T cells
were cultured for 3 days under the conditions with plate-coated anti-CD3 (10 ug/ml), anti-CD28 (10 ug/ml), TGF-B (5 pg/ml) and IL-2
(2 ng/ml) for inducing Treg cells or plate-coated anti-CD3 (10 png/ml), anti-CD28 (10 pg/ml) and IL-2 (2 ng/ml) for Tconv cells. Then,
cells were expanded for another 3 days with TGF-B (5 pg/ml) and IL-2 (2 ng/ml) for Treg or IL-2 (2 ng/ml) only for Tconv. YFP* Treg
cells from Treg culturing condition and YFP- Tconv cells from Tconv culture condition were sorted using BD FACS Ariall (BD Biosci-
ences). Purified YFP* Treg cells and YFP- Tconv cells were then treated with AA (40uM) or OA (40uM) for 48h (5x10° cells in each
group), and then washed with normal saline solution before LC-MS/MS-based phospholipidomics analysis.

For the comparison between GPX4 deficient and sufficient Treg cells, CD4* YFP+ Treg cells were sorted from the freshly isolated
splenocytes of Foxp3""~C Gpx4™ (KO) and Foxp3"™~C" (WT) mice and directly used for LC-MS/MS-based phospholipidomic and
redox phospholipidomic analysis. Each sample of Treg cells were pooled from 5 to 10 mice.

LC-MS/MS-based phospholipidomics analysis

The preparation and analysis of phospholipids were conducted as previously described.®” A Dionex UltiMate 3000 DGLC standard
system (Thermo Fisher Scientific, MA, USA) with an HILIC column (2.1 mm x 100 mm, 1.7 um, Waters, Milford, MA, USA) was utilized
for phospholipid separation. Solvent A consisted of acetonitrile:water (95:5,v/v), while solvent B was acetonitrile:water (50:50,v/v)
containing 10 mM ammonium formate as mobile-phase modifiers. The gradient elution program was as follows: 0-10 min, 35%
solvent B; 10.1-13 min, hold at 100% solvent B; 13.1-22 min, hold at 0% solvent B for equilibration. The flow rate was set at
0.25 mL/min, and the column temperature was maintained at 40°C. lon source conditions were configured as follows: spray voltage
set to 2.8 kV; capillary temperature maintained at 350°C; auxiliary gas heater temperature set to 320°C; S-lens Rf level at 65; sheath
gas flow at 30 (arbitrary units); and auxiliary gas flow at 15 (arbitrary units). Phospholipids were detected using a Q Exactive
mass spectrometer (Thermo Fisher Scientific, MA, USA) and analyzed with Compound Discoverer 2.0 (Thermo Fisher Scientific,
MA, USA) using an in-house generated analysis workflow. Phospholipid species were identified and filtered based on their retention
time.
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QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism were used for statistical analysis and calculated p values. Data are presented as the mean + sd. The statistical de-
tails of experiments can be found in the figure legends. Each dot in the figure represents a biological independent sample unless
otherwise stated. Two-tailed unpaired Student’s t-test were used to compare differences between two groups. Log rank test was
used for survival curve analysis. For analysis among three or more groups, one-way ANOVA was used. For analyzing data involving
two independent parameters, two-way ANOVA was used. p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) indicate statistically significant
changes. NS, not significant.
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