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GPX4 restricts ferroptosis of NKp46+ILC3s to control intestinal
inflammation
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Group 3 innate lymphoid cells (ILC3s) are essential for both pathogen defense and tissue homeostasis in the intestine. Dysfunction
of ILC3s could lead to increased susceptibility to intestinal inflammation. However, the precise mechanisms governing the
maintenance of intestinal ILC3s are yet to be fully elucidated. Here, we demonstrated that ferroptosis is vital for regulating the
survival of intestinal ILC3. Ferroptosis-related genes, including GPX4, a key regulator of ferroptosis, were found to be upregulated in
intestinal mucosal ILC3s from ulcerative colitis patients. Deletion of GPX4 resulted in a decrease in NKp46+ILC3 cell numbers,
impaired production of IL-22 and IL-17A, and exacerbated intestinal inflammation in a T cell-independent manner. Our mechanistic
studies revealed that GPX4-mediated ferroptosis in NKp46+ILC3 cells was regulated by the LCN2-p38-ATF4-xCT signaling pathway.
Mice lacking LCN2 in ILC3s or administration of a p38 pathway inhibitor exhibited similar phenotypes of ILC3 and colitis to those
observed in GPX4 conditional knock-out mice. These observations provide novel insights into therapeutic strategies for intestinal
inflammation by modulating ILC3 ferroptosis.
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INTRODUCTION
Innate lymphoid cells (ILCs), a group of lymphocytes derived from
common lymphoid progenitor cells, exhibit a similar morphology
to adaptive lymphocytes and lack somatically recombined
antigen-specific receptors but are characterized by surface
CD127 (IL-7Rα) enrichment [1, 2]. According to transcription factor
and cytokine expression patterns, ILCs are classified into three
distinct groups, Group 1 (ILC1s), Group 2 (ILC2s), and Group 3
(ILC3s) [3]. ILC3s are characterized by retinoic acid-related orphan
receptor γt (RORγt) expression and IL-22 and IL-17 production
[4, 5]. ILC3s predominantly reside within the intestinal mucosal
tissue and play a pivotal role in maintaining intestinal mucosal
homeostasis and orchestrating inflammatory responses [6]. The
composition of intestinal ILC3s comprises diverse heterogeneous
subpopulations characterized by their distinct expression patterns
of CCR6 and NKp46 [4, 7–9].
The role of ILC3s in regulating intestinal immunity is a double-

edged sword. First, their activation triggers the production of
antimicrobial peptides, such as RegIII β and RegIII γ, by epithelial
cells through IL-22, IL-17, and GM-CSF secretion to protect the
intestinal mucosa from various pathogens [10–12]. Notably, IL-22
derived from ILC3s is essential for maintaining the integrity of
the intestinal epithelium, stimulating antimicrobial peptide

production to eliminate pathogens, and preventing microbial
dysbiosis [13]. Conversely, excessive secretion of IL-17 and IL-22
can trigger an exaggerated neutrophil response, exacerbating
barrier damage and contributing to colitis [1]. The aberrant
distribution and dysfunction of ILC3 subgroups are pivotal
factors in the pathogenesis of intestinal inflammatory diseases
[14, 15]. The balance of functional ILC3s regulates inflammatory
bowel diseases (IBD), such as ulcerative colitis (UC) and Crohn’s
disease [16, 17]. Repairing intestinal mucosal damage and
restoring intestinal barrier function are considered therapeutic
approaches for UC [18, 19]. Restoring the proportion of IL-22+

ILC3s in the intestinal lamina propria could ameliorate the
pathological signs observed in mice with UC [20]. Evidence
suggests that targeting the distribution and functional equili-
brium of distinct ILC3 subpopulations provides novel insights
into UC treatment. However, our current understanding of the
critical molecules and specific molecular mechanisms involved in
ILC3-mediated UC regulation remains inadequate.
Ferroptosis, a novel form of regulated cell death, is character-

ized primarily by iron and lipid reactive oxygen species (ROS)
accumulation [21], accompanied by distinct morphological altera-
tions, such as mitochondrial contraction, condensed dense
mitochondrial membranes, and fewer mitochondrial cristae
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[22, 23]. Although initially discovered as iron-dependent cell death
in cancer cells [22], ferroptosis has recently been confirmed to play
a crucial role in the pathogenesis of various human diseases,
including systemic lupus erythematosus and rheumatoid arthritis
[24, 25]. Moreover, the effects of ferroptosis on both innate and
adaptive immune cells, including neutrophils [26], macrophages
[27], NK cells [28], and Treg cells [29] have also been elucidated.
Additionally, accumulating evidence suggests a significant asso-
ciation between ferroptosis and UC. Research has identified
ferroptosis in DSS-induced UC mouse models, which leads to an
aberrant immune infiltration [30]. Ferroptosis inhibitors, such as
iron chelators, can effectively reduce ROS levels in the colon
tissues of patients with UC, improve clinical symptoms and
endoscopic manifestations [31], and alleviate immune infiltration
in UC-model mice [32]. Furthermore, activation of glutathione
peroxidase 4 (GPX4) can significantly suppress ferroptosis and
ameliorate IBD-associated symptoms [33]. This suggests that
ferroptosis is a potential therapeutic target for UC [34–36].
Ferroptosis is negatively regulated by xCT (solute carrier family
7a member 11, SLC7A11), GPX4, and GSH [37]. Furthermore,
several transcription factors, including ETS1, ATF4, and NRF2,
control xCT expression [38–40]. Despite the recognition of xCT [41]
and GPX4 [42] as key regulators in ferroptosis, the precise
molecular mechanisms underlying their involvement in the
progression of UC disease remain elusive. Moreover, the potential
association between the regulatory role of ILC3s as a component
of innate immunity and ferroptosis within the context of UC
remains unknown.
Herein, we successfully demonstrated, for the first time, the role

of ferroptosis of ILC3s in intestinal inflammation, providing novel
insights into the potential role of immune cell ferroptosis in UC
pathogenesis. Our findings will facilitate the development of novel
therapeutic strategies against UC.

RESULTS
Altered ferroptosis-regulated molecule expression patterns
accompany ILC3 activation
The association between ferroptosis and UC has been extensively
documented; however, the potential regulatory mechanism of
ILC3s in UC with respect to its relationship with ferroptosis
remains elusive. To address this, we collected intestinal mucosal
tissue from UC patients for further investigation. We observed a
significant increase in the proportion of ILC3s derived from
intestinal mucosal tissue in UC patients compared to that in
healthy controls (HC) (Fig. 1a, b). Furthermore, several ferroptosis-
related genes were upregulated in ILC3s derived from intestinal
tissue of UC patients, including SAT1, HSPB1, ATF4, and GPX4 (Fig.
1c). These findings are consistent with the results obtained
through reanalysis of single-cell sequencing data previously
reported by Smillie et al. in patients with UC (2019, accession
number SCP259) (Supplementary Fig. 1a) [43]. Notably, GPX4
expression was significantly enhanced in ILC3s of the intestinal
mucosal tissue from patients with UC (Fig. 1d, e). Therefore, this
phenomenon suggests that the ferroptosis-associated molecular
mechanisms may be involved in the ILC3-mediated regulation of
intestinal inflammation.
To further elucidate the contribution of ferroptosis to ILC3

death, ILC3s were isolated from the lamina propria mononuclear
cells (LPMCs) of wild-type (WT) mice (Supplementary Fig. 1b) and
cultured for 24 h with an apoptosis inhibitor (z-VAD-FMK, zVAD),
necrosis inhibitor (Nec-1), or specific inhibitor of ferroptosis
(ferrostatin-1, Fer-1) [44, 45]. The results demonstrated that zVAD
and Fer-1 significantly enhanced the viability of LPMC-derived
ILC3s, whereas Nec-1 did not affect cell survival (Fig. 1f). To
evaluate the inherent susceptibility of ILC3s derived from LPMCs
to ferroptosis, these cells were cultured in vitro with RSL3, a
known ferroptosis inducer. The findings showed a decline in

cellular viability (Supplementary Fig. 1c, Fig. 1g) and an
accumulation of intracellular lipid ROS (Supplementary Fig. 1d,
Fig. 1h) in a concentration-dependent manner after RSL3
treatment. These results suggest that ferroptosis contributes to
the death of ILC3s and that ILC3s in intestinal tissue exhibit
inherent susceptibility to ferroptosis.
Ferroptosis-regulated molecule expression patterns were

further explored in ILC3s during intestinal inflammation. Infection
with C. rodentium (C.R) induces disruption of the intestinal barrier,
infiltration of neutrophils, and secretion of pro-inflammatory
cytokines in mice, thereby establishing the mouse model as an
ideal representation of human UC [46, 47]. Therefore, the C.R
intestinal infection model was employed (Supplementary Fig. 2a).
The findings demonstrated that sorted LPMC-derived ILC3s
showed an increase in cell viability and a decrease in intracellular
lipid ROS in a concentration-dependent manner following
treatment with RSL3 after C.R infection (Supplementary Fig.
2b, c, Fig. 1i, j), indicating reduced sensitivity of activated ILC3s
to RSL3 treatment. However, these effects were reversed upon
administration of Fer-1. Consistent with the data obtained from
human UC, Sat1, Hspb1, Atf4, xCT, and Gpx4 mRNA expression was
significantly upregulated in sorted LPMCs-derived ILC3s after C.R
infection. In contrast, the expression of Nrf2 and Ets1, which
control xCT expression, did not change significantly (Fig. 1k,
Supplementary Fig. 2d). ATF4, XCT, and GPX4 protein expression
was significantly increased (Supplementary Fig. 2e, Fig. 1l),
suggesting a shift toward an anti-ferroptotic expression pattern
with intestinal inflammation. These results further support the
involvement of ferroptosis molecular mechanisms in the ILC3-
mediated regulation of intestinal inflammation.
To verify these conclusions, the ILC3 cell line MNK3 [48],

exhibiting RORγt and CD127 expression, while lacking CD4
expression (Fig. 1m, n), was cultured in vitro with the addition
of inhibitors or a ferroptosis inducer and cytokine stimulation
(Supplementary Fig. 3a, Fig. 1o). Consistent with observations in
the mouse C.R infection model, ferroptosis contributed to MNK3
cell death, and the activated MNK3 cells showed intrinsic
susceptibility to ferroptosis (Supplementary Fig. 3b, c, and Fig.
1p–r). Further, the sensitivity of activated MNK3 cells to RSL3
treatment was diminished compared with that in the resting state,
and this effect was reversed upon Fer-1 administration (Supple-
mentary Fig. 3b, c). Meanwhile, after MNK3 cell activation, Atf4,
xCT, and Gpx4 mRNA and protein expression was significantly
upregulated (Supplementary Fig. 3d–f). Notably, after RSL3
treatment, IL-22 and IL-17A cytokine secretion by activated
MNK3 cells was impaired, but this was recovered upon Fer-1
administration, accompanied by the restoration of RORγt and
GPX4 expression (Fig. 1s–v). Together, these data reveal that the
potential molecular mechanism underlying ferroptosis involves
the regulation of intestinal inflammation by ILC3s, specifically
through the modulation of ILC3 survival activity and secretion of
IL-22/IL-17A.

NKp46+ILC3 orchestrates pathological phenotypic alterations
in mouse colitis induced by in vivo ferroptosis interventions,
independent of T cell involvement
A C.R infection mouse model was used to investigate the specific
role of ferroptosis in the regulation of intestinal inflammation.
Mice were treated with RSL3, Fer-1, or both (Supplementary Fig.
4a). After C.R infection, mice exhibited significant weight loss from
day 4 (Fig. 2a) and an increase in spleen weight (Fig. 2b,
Supplementary Fig. 4 b). H&E staining revealed that colonic
pathology, characterized by immune cell infiltration, crypt
proliferation, and edema, was augmented (Fig. 2c, Supplementary
Fig. 4c). Additionally, a reduction in colon length was observed
(Fig. 2d, Supplementary Fig. 4d), along with an increased bacterial
load in the mouse liver and spleen following C.R infection (Fig.
2e, f). These pathological alterations were exacerbated upon
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treatment with RSL3 but ameliorated when treated with Fer-1.
Importantly, Fer-1 administration reversed the exacerbated
pathological changes induced by RSL3.
Subsequently, we elucidated the specific coordinated immune

cell populations involved in the pathological alterations induced

by intervention in ferroptosis. Considering the pivotal role of
RORγt+ cells in orchestrating immune responses, inflammation,
and tolerance within the intestinal environment [49–51], we
initially assessed intestinal CD4+RORγt+ cell proportions. The
results revealed no significant alterations in CD4+RORγt+ cell
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proportions and numbers in C.R-infected mice treated with RSL3
or Fer-1 (Fig. 2g, h). However, following C.R infection, a significant
increase in the proportion and absolute number of ILC3s
(CD4−CD127+RORγt+ cells) (Fig. 2i, j) from mesenteric lymph
nodes (mLNs) (Supplementary Fig. 4e, f) and LPMCs was observed.
This increase was primarily evident in the NKp46+ILC3 (Fig. 2k)
and DN ILC3 (Fig. 2l) cell subsets, with particularly pronounced
changes seen in NKp46+ILC3s, which exhibited a notable decrease
following RSL3 administration; however, their levels were restored
upon treatment with Fer-1. Meanwhile, no notable changes were
detected in CCR6+ILC3s (Fig. 2m). RSL3 treatment significantly
decreased the proportion and absolute number of IL-22+ILC3s
and IL-17A+ILC3s among LPMCs from mice after C.R infection.
However, this effect was markedly reversed upon Fer-1 treatment
(Fig. 2n-p). We observed a significant recruitment of intestinal
neutrophils in the C.R-infected mice after RSL3 treatment, both in
proportion and number (Fig. 2q). Moreover, the release of the
antimicrobial peptides RegIIIβ and RegIIIγ by intestinal epithelial
cells (IECs) was reduced (Fig. 2r), indicating an exacerbated barrier
damage; however, Fer-1 administration effectively reversed these
effects. Additionally, RSL3 treatment exacerbated ferroptosis
characteristics of intestinal ILC3s, which included a reduction in
cell viability (Fig. 2s), an increase in intracellular lipid ROS
accumulation (Fig. 2t), and a decrease in GPX4 expression (Fig.
2u). However, these effects were significantly reversed upon Fer-1
treatment, accompanied by the restoration of GPX4 expression in
the intestinal ILC3s from mice (Fig. 2u). Conversely, no significant
alteration in GPX4 expression was detected in CD4+RORγt+ cells
(Supplementary Fig. 4g). These results strongly suggest the
involvement of ferroptosis in the regulation of intestinal
inflammation in mice, primarily mediated by NKp46+ILC3s,
thereby highlighting GPX4 as a potential pivotal regulatory
molecule.

NKp46+ILC3 regulation in colitis requires GPX4 for pathogen
resistance and barrier repair
To better understand the specific role of GPX4 in ILC3, Gpx4fl/flRorccre

mice were employed to delete GPX4 in RORγt-positive cells. We
initially investigated the potential regulatory role of GPX4 in ILC3s
under steady-state conditions and revealed no significant alterations
in intestinal length (Supplementary Fig. 5a, b), spleen weight
(Supplementary Fig. 5c, d), and proportion and absolute number of
ILC1s, ILC2s, and ILC3s in mLN and LPMCs from Gpx4fl/flRorccre mice
compared with those from Gpx4fl/fl mice (Supplementary Fig. 5e–j).
Furthermore, we observed no notable changes in ferroptosis-

associated characteristics in intestinal ILC3s from Gpx4fl/flRorccre

mice, including cell viability (Supplementary Fig. 5k), intracellular lipid
ROS accumulation (Supplementary Fig. 5l), and Fe2+ content
(Supplementary Fig. 5m). We postulated the involvement of GPX4
in the regulation of ILC3-mediated acute colitis, as evidenced by its
upregulated expression in ILC3s within the intestinal mucosa of
patients with UC.
To test this hypothesis, we utilized a C.R infection mouse model

known to activate ILC3 and induce colitis prior to T cell activation
[52]. Severe intestinal inflammation was observed in Gpx4fl/flRorccre

mice, characterized by a significant increase in spleen weight (Fig.
3a, b) and colon pathological score (Fig. 3c, d), and a significant
decrease in body weight from day 4 post C.R infection (Fig. 3e).
Gpx4fl/flRorccre mice exhibited higher bacterial load in their liver and
spleen (Fig. 3f, g). Compared with those in Gpx4fl/fl mice, the
proportion and absolute number of CD4+RORγt+ cells in the LPMCs
were not significantly altered in Gpx4fl/flRorccre mice after C.R
infection (Fig. 3h, i). However, notable reductions in both the
proportion and absolute number of ILC3s from mLNs (Supplemen-
tary Fig. 6a, b) and LPMCs (Fig. 3j, k) were observed in Gpx4fl/flRorccre

mice, suggesting an independent regulatory effect of GPX4 on ILC3s,
distinct from that in T cells. In line with the observed phenomenon
following RSL3 treatment of WT mice subjected to C.R infection,
compared with Gpx4fl/fl mice, Gpx4fl/flRorccre mice exhibited a
significant reduction in NKp46+ILC3 and DN ILC3 subsets following
C.R infection, with a particularly pronounced decrease in the
NKp46+ILC3 subset. Furthermore, CCR6+ILC3s remained unchanged
(Fig. 3l–n). Importantly, the proportion and absolute number of
IL-22+ILC3s and IL-17A+ILC3s in LPMCs from Gpx4fl/flRorccre mice
were significantly diminished (Fig. 3o–q). Correspondingly, intestinal
neutrophil proportion and number in Gpx4fl/flRorccre mice were
significantly increased (Fig. 3r), along with a notable reduction in the
secretion of the antimicrobial peptides RegIIIβ and RegIIIγ by IECs
(Fig. 3s), indicating aggravated intestinal inflammation. Furthermore,
intestinal ILC3s from Gpx4fl/flRorccre mice exhibited enhanced
ferroptosis characteristics, including notably decreased cell viability
(Fig. 3t), elevated intracellular lipid ROS accumulation (Fig. 3u), and
increased Fe2+ contents (Fig. 3v). The MAPK signaling pathways are
required for IL-23-mediated IL-22 production by ILC3s [53]. Next, p38
(Thr180/Tyr182) and ERK1/2 (Thr204/Thr187) phosphorylation levels
were assessed. After C.R infection, no significant alterations in
p38 and ERK1/2 phosphorylation levels in ILC3s of LPMCs from
Gpx4fl/flRorccre mice were observed, compared with those in Gpx4fl/fl

mice. Furthermore, no significant changes in protein expression of
the transcription factor ATF4 and its downstream target xCT were

Fig. 1 Altered ferroptosis-regulated molecule expression patterns accompany ILC3 activation. a The representative flow cytometry plots
and b statistical results of ILC3 proportion in total ILCs (left) and in CD45+ cells (right) in intestinal mucosal tissues of UC patients compared
with those in HCs. (n= 6) c SAT1, HSPB1, ATF4 and Gpx4 mRNA expression in the sorted ILC3s from intestinal mucosal tissue of HCs or patients
with UC. Relative gene expression was normalized to β-actin. (n= 3) d, e Comparison of GPX4 expression in ILC3s from indicated intestinal
mucosal tissue. (n= 6) f Sorted ILC3s from the LPMCs were cultured with the indicated inhibitors for 24 h: zVAD (10 μM), necrostatin-1 (Nec-1,
1 μM) and ferrostatin-1 (Fer-1, 1 μM). Cell viability was measured using the alamarBlue cell viability assay. (n= 3) g, h Sorted ILC3s from LPMCs
were treated with RSL3 (2–8 μM) or vehicle (DMSO) for 16 h. g The percentage of 7-AAD and annexin V double-negative cells was used to
gauge cell viability, as described previously [74, 75]. h Lipid ROS production was assayed by flow cytometry using C11-BODIPY. The statistical
analysis is shown. (n= 3) WTmice were administered with or without (PBS) 1 × 108 CFU of C. rodentium (C.R) via oral gavage. After 8 days, mice
were euthanized, and their intestinal tissue was collected. Sorted intestinal LPMC-derived ILC3s from the indicated mice were treated with
RSL3 (8 μM) for 16 h. Statistical results of i the percentage of 7-AAD and annexin V double-negative population, and j lipid ROS production, are
shown. (n= 3) k Atf4, xCT, and Gpx4 mRNA expression in the sorted intestinal ILC3s from the indicated mice was assayed using qRT-PCR. The
relative gene expression was normalized to β-actin. (n= 3) l The statistical results of MFI for ATF4, xCT, and GPX4 in ILC3s from the indicated
mice are presented. (n= 3) m MNK3 cells were stimulated with IL-7, IL1β, and IL-23 (10 ng/mL) in vitro for 24 h. The viable MNK3 cells were
gated on live cells and further analyzed for CD4, CD127, and RORγt expression using flow cytometry. n The statistical results depicting the
proportions of CD127+RORγt+, CD4-RORγt+, and CD4+RORγt+ cell populations are shown. (n= 4) o In the presence of IL-7, IL1β, and IL-23
(10 ng/mL) for MNK3 cell stimulation, the specified inhibitors or inducer were applied to treat MNK3 cells: zVAD (10 μM), Nec-1 (Nec-1, 1 μM),
ferrostatin-1 (Fer-1, 1 μM) or RSL3. After 16 h of cultivation, cells were harvested for analysis. p Cell viability was measured using the alamarBlue
cell viability assay. (n= 3) Flow cytometry results of q the percentage of 7-AAD and annexin V double-negative cells, and r lipid ROS
production, are shown. (n= 3) The statistical results of the MFI for s IL-22, t IL-17A, u RORγt, and v GPX4 in activated MNK3 cells treated with
RSL3 or Fer-1 are presented. (n= 3) Data are presented as the mean ± SEM or median, and statistical significance was determined by two-sided
unpaired t-test (b, c, e–j, l, n, p–v) or non-parametric Mann–Whitney U test (K). *P < 0.05; **P < 0.01; ***P < 0.001.
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observed in ILC3s (Supplementary Fig. 6c). These data suggest that
GPX4 specifically regulates ILC3s independently of T-cell regulation
by modulating the function and ferroptosis characteristics of ILC3s in
colitis to enhance pathogen resistance and barrier repair. Moreover,
MAPK signaling, ATF4, and xCT may act upstream of GPX4.

LCN2 specifically mediates NKp46+ILC3 ferroptosis
susceptibility and functions in colitis through GPX4
Lipocalin-2 (LCN2), also referred to as 24p3 or neutrophil
gelatinase-associated lipocalin NGAL is a secreted glycoprotein in
the lipocalin superfamily [54, 55]. The crucial role of LCN2 in iron
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homeostasis and inflammation has been well-demonstrated [56].
Importantly, LCN2 serves as a negative regulator of ferroptosis,
thereby exerting control over the development of liver tumors [21].
Furthermore, increased expression and activation of LCN2 have
been observed in patients with UC, suggesting its potential
regulatory effect on colitis by mediating ferroptosis [57]. We
therefore investigated the expression of LCN2 in ILC3s and
elucidated its involvement in the complex regulatory mechanisms.
In vivo intervention with ferroptosis consistently resulted in a
pattern of changes in LCN2 expression similar to GPX4, character-
ized by inhibition of LCN2 expression following RSL3 treatment and
subsequent recovery upon Fer-1 treatment (Fig. 4a). Conversely, no
significant alteration was observed in LCN2 expression within
CD4+RORγt+ cells (Fig. 4a). More than that, LCN2 expression was
markedly higher in the NKp46+ILC3 than CCR6+ILC3 and DN ILC3
cell subpopulations (Fig. 4b), suggesting that LCN2 plays a crucial
role in regulating ILC3s, particularly within the NKp46+ILC3 subset,
through mechanisms independent of T cell regulation.
To further clarify the specific regulatory mechanism of LCN2 in

ILC3s, Lcn2fl/flRorccre mice were used. First, we assessed LCN2
expression in ILC3s from LPMCs of Lcn2fl/flRorccre mice (Supple-
mentary Fig. 7a). The results demonstrated that LCN2 expression
in ILC3s from Lcn2fl/flRorccre mice was negligible compared with
that in Lcn2fl/fl mice, validating the efficacy of LCN2-knockout
specifically in ILC3 cells (Supplementary Fig. 7b). Next, we
examined the regulatory role of LCN2 in ILC3s under steady-
state conditions. Consistent with findings in Gpx4fl/flRorccre mice,
we observed no significant alterations in intestinal length
(Supplementary Fig. 7c, d), spleen weight (Supplementary Fig.
7e, f), or proportions and absolute frequencies of ILC1s, ILC2s, and
ILC3s in mLN and LPMCs from Lcn2fl/flRorccre mice (Supplementary
Fig. 7g-l). Furthermore, no notable changes in ferroptosis-related
characteristics in ILC3s of Lcn2fl/flRorccre mice, including cell
viability (Supplementary Fig. 7m), intracellular lipid ROS accumula-
tion (Supplementary Fig. 7n), and Fe2+ content, were observed
(Supplementary Fig. 7o).
A C.R infection mouse model was applied to validate the LCN2-

specific regulatory function in ILC3s. Lcn2fl/flRorccre mice dis-
played more severe intestinal inflammation, characterized by
significant splenomegaly (Fig. 4c, d), elevated colonic patholo-
gical scores (Fig. 4e, f), and substantial weight loss starting from
day 4 post C.R infection (Fig. 4g), consistent with observations in
Gpx4fl/flRorccre mice infected with C.R. Liver and spleen bacterial
loads in Lcn2fl/flRorccre mice were also significantly increased (Fig.
4h, i). In terms of cell phenotypes, C.R infection did not
significantly alter the proportions and absolute numbers of
CD4+RORγt+ cells in LPMCs from Lcn2fl/flRorccre mice compared
with those in Lcn2fl/fl mice (Supplementary Fig. 8a, Fig. 4j).
However, significant reductions in the proportions and numbers
of ILC3s from mLNs (Supplementary Fig. 8b, c) and LPMCs
(Supplementary Fig. 8d, Fig. 4k) were observed in Lcn2fl/flRorccre

mice, indicating that LCN2 specifically regulates ILC3s

independently of T cells, similar to GPX4. Consistently, Lcn2fl/
flRorccre mice exhibited notable decreases in the proportions and
numbers of NKp46+ILC3 and DN ILC3 subsets in LPMCs, whereas
those of CCR6+ILC3 cells remained unchanged (Supplementary
Fig. 8d, Fig. 4l-n). Similar to those in Gpx4fl/flRorccre mice, the
proportions and absolute numbers of IL-22+ILC3s and
IL-17A+ILC3s in LPMCs of Lcn2fl/flRorccre mice were significantly
diminished (Supplementary Fig. 8e, Fig. 4o, p), whereas those of
intestinal neutrophils were markedly increased (Fig. 4q). Con-
currently, secretion of the antimicrobial peptides RegIIIβ and
RegIIIγ by IECs was substantially reduced (Fig. 4r), indicating
exacerbated intestinal inflammation.
To elucidate the precise regulatory mechanism underlying

ferroptosis in ILC3s during colitis, we isolated ILC3s from LPMCs of
Lcn2fl/fl and Lcn2fl/flRorccre mice after C.R infection, followed by a
transcriptomic analysis. Our results revealed a significant upregu-
lation of ferroptosis markers including prostaglandin endoper-
oxide synthase 2 (Ptgs2) and acyl CoA chain member 4 synthase
(Acsl4) in ILC3s derived from the intestines of Lcn2fl/flRorccre mice
compared with that in Lcn2fl/fl mice. Furthermore, the expression
of critical negative regulators, such as Atf4 and its downstream
targets xCT (Slc7a11), Slc3a2, and Gpx4, involved in ferroptosis, was
significantly downregulated (Fig. 4s). RT-qPCR data confirmed
these changes (Fig. 4t), verifying the inhibitory effect of LCN2 on
ferroptosis in ILC3s. Consistently, the ferroptosis characteristics of
intestinal ILC3s in Lcn2fl/flRorccre mice were markedly enhanced,
including a substantial reduction in cell viability (Fig. 4u), an
elevation in intracellular lipid ROS accumulation (Fig. 4v), and an
increase in Fe2+ content (Fig. 4w). Additionally, protein expression
of the transcription factor ATF4 (Fig. 4x) and its downstream target
xCT (Fig. 4y), as well as GPX4 (Fig. 4z), were significantly reduced in
the ILC3s of Lcn2fl/flRorccre mice compared with those in Lcn2fl/fl

mice. Collectively, these findings suggest that LCN2 governed the
functionality of ILC3s and their susceptibility to ferroptosis in
colitis. This regulatory mechanism potentially involves ATF4 and
its downstream target xCT, along with GPX4.

LCN2 mediates ferroptosis resistance in ILC3s via the ATF4-
xCT/GPX4 axis
To determine the molecular network regulated by LCN2 in ILC3s,
we used the MNK3 cell line. We employed specific small
interfering RNA (siRNA) targeting LCN2 (si-Lcn2) to effectively
suppress LCN2 expression in MNK3 cells, resulting in a significant
reduction in both LNC2 protein and mRNA levels compared with
those in the control group (si-con) (Supplementary Fig. 9a, b); the
secretion of IL-22 and IL-17A was also significantly reduced
(Supplementary Fig. 9c, d), indicating that LCN2 exerted a positive
regulatory effect on MNK3 cell functions. To investigate the effect
of LCN2 on ferroptosis, MNK3 cells were treated with two distinct
ferroptosis inducers, RSL3 [42] and erastin [22], and cultured
in vitro. The suppression of LCN2 expression in MNK3 cells
significantly enhanced the classical manifestations of ferroptosis

Fig. 2 NKp46+ILC3 orchestrates pathological phenotypic alterations in mouse colitis induced by in vivo ferroptosis interventions,
independent of T cell involvement. a Body weight changes of indicated groups of mice. (n= 3) b Statistical results of spleen weights at day 8
post infection. (n= 4) c The statistical results of histological scores are shown. (n= 4) d Colon lengths of indicated mice. (n= 4) Log10 CFU of
C.R in e liver and f spleen tissues. (n= 4) g The gating strategy for intestinal CD4+RORγt+ cells and ILC3s. h Statistical results of the proportion
(upper) and absolute number (lower) of CD4+RORγt+ cells in LPMCs from the indicated groups of mice. (n= 4) i The representative flow
cytometry plots and statistical results of the proportion and absolute number of j ILC3s, including k NKP46+ILC3, l DN cell subsets, and
m CCR6+ILC3 in LPMCs of indicated mice. (n= 4) n Representative FACS plots of IL-22- (upper) and IL-17A-positive (lower) ILC3s in LPMCs from
the indicated groups of mice. Statistical results of proportion (left) and absolute numbers (right) of o IL-22-, and p IL-17A-expressing ILC3s are
shown. (n= 4) q Statistical results of the proportion (left) and numbers (right) of neutrophils in LPMCs from the indicated groups of mice.
(n= 4) r Relative RegIIIβ and RegIIIγ mRNA expression in the colon tissue of indicated mice. (n= 3) s The percentage of annexin V and 7-AAD
double-negative population in LPMCs-derived ILC3s from the indicated groups of mice. (n= 4) t Statistical results of lipid ROS production in
ILC3s are shown. (n= 4) u The statistical results of MFI for GPX4 in ILC3s from LPMCs of indicated mice. (n= 4) Data are presented as the
mean ± SEM or median, and statistical significance was determined by one-way ANOVA test (b–f, h, j–m, o–u). *P < 0.05; **P < 0.01;
***P < 0.001.
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Fig. 3 NKp46+ILC3 regulation in colitis requires GPX4 for pathogen resistance and barrier repair. Gpx4fl/fl and RorccreGpx4fl/fl mice were
orally inoculated with 1×108 CFU of C.R, and their tissues were collected on Day 8 post-infection. a Representative spleen images and
b statistical results of spleen weights at Day 8 post-infection. (n= 3) c Representative H&E staining of the colon sections from indicated mice
with C.R infection (scale bars: 100 μm). d The statistical results of histological scores are shown. (n= 4) e Body weight changes of indicated
mice. (n= 4) Log10 CFU of C.R in f liver and g spleen tissues on day 8 post infection. (n= 3) h The representative flow cytometry plots of
CD4+RORγt+ cells in LPMCs from the indicated mice. i Statistical results of proportion (left) and absolute numbers (right) of CD4+RORγt+ cells
are shown. (n= 4) j Representative flow cytometry plots and statistical results of the proportion (left) and absolute number (right) of k ILC3s,
including l NKp46+ILC3, m CCR6+ILC3, and n DN cell subsets in LPMCs of Gpx4fl/fl and RorccreGpx4fl/fl mice following C.R infection. (n= 4)
o Representative FACS plots of IL-22- (upper) and IL-17A-positive (lower) ILC3s in LPMCs from the indicated mice. Statistical results of
proportion (left) and absolute numbers (right) of p IL-22-, and q IL-17A-expressing ILC3s are shown. (n= 3) r Statistical results of the
proportion (left) and numbers (right) of neutrophils in LPMCs from the indicated mice. (n= 4) s Relative RegIIIβ and RegIIIγ mRNA expression
in the colon tissue of indicated mice. (n= 3) Statistical results of t the percentage of annexin V and 7-AAD double-negative population and
u lipid ROS production in LPMC-derived ILC3s from the indicated mice. (n= 3) v Fe2+ level in ILC3s from LPMCs was analyzed using
FerroOrange, and the statistical results are shown. (n= 3) Data are presented as the mean ± SEM or median, and statistical significance was
determined using two-sided unpaired t-test (b, d–g, i, k–n, p–v). *P < 0.05; **P < 0.01; ***P < 0.001.

X. Li et al.

7

Cell Death and Disease          (2024) 15:687 



induced by RSL3 or erastin, characterized by a substantial
reduction in cell viability and augmented intracellular lipid ROS
accumulation (Fig. 5a, b). To validate the specific enhancement of
ferroptosis with LCN2 inhibition, we employed Fer-1, a selective
inhibitor of ferroptosis. Fer-1 treatment completely reversed the

ferroptosis characteristics induced by RSL3 and erastin in both si-
con and si-Lcn2 groups. Thus, inhibiting LCN2 expression in MNK3
cells significantly augmented ferroptosis induction.
Next, we assessed the effect of LCN2 overexpression on MNK3

cells. In MNK3 cells transfected with a plasmid encoding LCN2
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(OELCN2), both protein and mRNA levels were elevated (Supple-
mentary Fig. 9e, f), leading to the significantly enhanced secretion
of IL-22 and IL-17A (Supplementary Fig. 9g, h). However, LCN2
overexpression in MNK3 cells only diminished erastin-induced
ferroptosis without reversing the RSL3-induced decrease in cell
viability, accumulation of lipid ROS, and subsequent ferroptosis
(Fig. 5c, d). Considering the reported binding of RSL3 to GPX4 and
their inhibition of GPX4 activity to trigger ferroptosis, our data
suggest that LCN2 exerts its role upstream of GPX4 [42]. Notably,
LCN2 inhibition in MNK3 cells also significantly downregulated
ATF4, xCT, and GPX4 expression after erastin treatment (Fig. 5e).
Additionally, upon investigating the potential mechanisms, the

pre-treatment of cells with exogenous GSH or N-acetylcysteine
(NAC) completely reversed erastin-induced lipid ROS accumula-
tion in both the si-con and si-Lcn2 groups of MNK3 cells (Fig. 5f).
The inhibition of LCN2 expression in MNK3 cells significantly
reduced RORγt, IL-22, and IL-17A expression after erastin
treatment (Fig. 5g). Meanwhile, a notable decrease was observed
in the phosphorylation levels of p38 (Fig. 5h) and ERK1/2 (Fig. 5i),
indicating impaired MNK3 cell functionality. Conversely, following
erastin treatment, the overexpression of LCN2 in MNK3 cells
significantly reinstated the expression of ATF4, xCT, and GPX4 (Fig.
5j) while inducing an increase in RORγt, IL-22, and IL-17A
expression (Fig. 5k). Concomitantly, there was a significant
elevation in phosphorylation levels of p38 (Fig. 5l) and ERK1/2
(Fig. 5m), indicating restoration of MNK3 cell function.
To elucidate the specific signaling pathway involved in LCN2,

we used the p38 inhibitor SB203580 [58] and ERK1/2 inhibitor
U0126. As anticipated, SB203580 and U0126 significantly attenu-
ated the expression of RORγt, IL-22, and IL-17A in the control
(OEEV) and OELCN2 groups (Fig. 5n, Supplementary Fig. 10a–d).
Notably, LCN2 overexpression in MNK3 cells combined with
SB203580 treatment showed a significant reduction in ATF4, xCT,
and GPX4 expression (Fig. 5o). Conversely, U0126 did not impact
ATF4, xCT, or GPX4 expression (Supplementary Fig. 10e).
Importantly, no alterations were detected in ATF4, xCT, and
GPX4 expression when either SB203580 or U0126 was adminis-
tered to the OEEV group of MNK3 cells (Supplementary Fig. 10f–h).
Consistently, the p38 phosphorylation levels in the ILC3s of Lcn2fl/
flRorccre mice were significantly decreased after C.R infection
compared with those in the Lcn2fl/fl mice (Fig. 5p).
Together, we identified LCN2 as a negative regulator of

ferroptosis, thereby providing novel insights into the mechanisms
associated with ferroptosis in ILC3s. Specifically, our findings
indicate that LCN2 mediated the regulatory effect of ILC3s on
colitis through the ATF4-xCT/GPX4 axis. Notably, p38 signaling can
specifically function downstream of LCN2 to modulate ferroptosis
functionality and susceptibility in ILC3s.

p38 signaling downstream of LCN2 is specifically involved in
regulating NKp46+ILC3 functions and susceptibility to
ferroptosis during colitis
To elucidate the specificity of p38 signaling in terms of the
molecular mechanism underlying LCN2 regulation, we used the
C.R infection model with WT mice and administered daily p38
inhibitor (SB203580) treatments, followed by subsequent analysis
after 8 days. SB203580-treated C.R infected mice exhibited
exacerbated intestinal inflammation, consistent with observations
in C.R infected Gpx4fl/flRorccre mice and Lcn2fl/flRorccre mice.
Specifically, the spleen weight of mice infected with C.R and
treated with SB203580 exhibited a significant increase (Fig. 6a, b).
The colonic pathological score was also elevated (Fig. 6c, d),
accompanied by a substantial decrease in body weight starting
from day 4 post C.R infection (Fig. 6e). The bacterial load in the
livers and spleens of C.R-infected mice treated with SB203580 also
increased (Fig. 6f, g).
Regarding the cell phenotype, no significant alterations in the

proportions and absolute numbers of CD4+RORγt+ cells in LPMCs
from mice infected with C.R and treated with SB203580 were
observed (Fig. 6h, i). However, a decrease in the proportion
and number of intestinal LPMC-derived ILC3s was observed (Fig.
6j, k). These findings were consistent with observations
from Lcn2fl/flRorccre mice. Additionally, treatment with SB203580
significantly reduced the proportions and number of NKp46+ILC3
and DN ILC3 subsets in LPMCs from C.R-infected mice, whereas no
significant changes were observed in CCR6+ILC3s (Fig. 6l–n).
Meanwhile, after SB203580 treatment, a substantial reduction was
noted in both the proportions and absolute numbers of IL-
22+ILC3s and IL-17A+ILC3s among LPMCs from C.R-infected mice
(Fig. 6o–q). In contrast, intestinal neutrophil numbers were
significantly increased (Fig. 6r). Additionally, secretion of the
antimicrobial peptides RegIIIβ and RegIIIγ was markedly reduced
(Fig. 6s), indicating exacerbated intestinal inflammation.
Importantly, as observed in the intestinal ILC3s of Lcn2fl/flRorccre

mice, the ferroptosis characteristics of C.R-infected mouse
intestinal ILC3s were significantly enhanced after SB203580
treatment, as evidenced by a notable decrease in cell viability
(Fig. 6t), an elevation in intracellular lipid ROS accumulation (Fig.
6u), and an augmentation in Fe2+ content (Fig. 6v). Furthermore,
SB203580 treatment markedly attenuated the expression of
transcription factor ATF4 (Fig. 6w) and its downstream targets
xCT (Fig. 6x) and GPX4 (Fig. 6y) in ILC3s of LPMCs. Overall, these
data further validated the role of the p38 signaling pathway as a
specific regulator downstream of LCN2 in modulating the ATF4-
xCT/GPX4 axis, thereby positively influencing ILC3 function and
negatively regulating ferroptosis characteristics in ILC3s, thus
highlighting its protective effects against mouse colitis.

Fig. 4 LCN2 specifically mediates NKp46+ILC3 ferroptosis susceptibility and functions in colitis through GPX4. a Statistical results of MFI
for LCN2 expression in LPMC-derived ILC3s (left) and CD4+RORγt+ cells (right) after in vivo ferroptosis intervention in mice infected with C.R.
(n= 4) b Comparison of LCN2 expression in NKp46+ILC3, CCR6+ILC3, and DN cell subsets from LPMCs of WT mice after C.R infection. (n= 4)
Lcn2fl/fl and RorccreLcn2fl/fl mice were orally administered with 1 × 108 CFU of C.R, and their tissues were collected on Day 8 post-infection.
c Representative spleen images and d statistical results of spleen weight of Lcn2fl/fl and RorccreLcn2fl/fl mice on day 8 post infection. (n= 4)
e Representative H&E-stained colon sections from indicated mice with C.R infection (scale bars: 100 μm). f The statistical results of histological
scores are shown. (n= 4) g Body weight changes of indicated mice. (n= 4) Log10 CFU of C.R in h liver and i spleen tissues from indicated mice
on day 8 post infection. (n= 4) j The comparison of CD4+RORγt+ cell proportions (left) and absolute numbers (right) in LPMCs of Lcn2fl/fl and
RorccreLcn2fl/fl mice post C.R infection. (n= 4) Statistical results of the proportion (left) and absolute number (right) of k ILC3s, including
l NKp46+ILC3, m CCR6+ILC3, and n DN cell populations in LPMCs of the indicated mice after C.R infection. (n= 4) Statistical results of
proportion (left) and numbers (right) of o IL-22-, and p IL-17A-positive ILC3s from LPMCs of indicated mice. (n= 4) q Statistical results of the
proportion (left) and numbers (right) of neutrophils in LPMCs from the indicated mice. (n= 4) r Relative RegIIIβ and RegIIIγ mRNA expression
in the colon tissue of the indicated mice. (n= 3) s Heatmap of differentially expressed genes related to ferroptosis in ILC3s from Lcn2fl/fl and
RorccreLcn2fl/fl mice following C.R infection. t Relative expression of mRNA related to ferroptosis in ILC3s isolated from LPMCs of indicated
mice. (n= 3) Statistical results of u the percentage of annexin V and 7-AAD double-negative population and v lipid ROS production in LPMC-
derived ILC3s from the indicated mice. (n= 4) w Fe2+ level in ILC3s from LPMCs was analyzed using FerroOrange, and the statistical results are
shown. (n= 4) Statistical results of x ATF4, y xCT, and z GPX4 expression in ILC3s from LPMCs of indicated mice. (n= 4) Data are presented as
the mean ± SEM or median, and statistical significance was determined using two-sided unpaired t-test (a, b, d, f–r, t–z). *P < 0.05; **P < 0.01;
***P < 0.001.
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Restoring GPX4 expression through Fer-1 treatment
effectively alleviates colitis signs in Lcn2fl/flRorccre mice
Herein, we substantiated the specific regulatory effect of LCN2 on
mouse colitis through the inhibition of ILC3 ferroptosis and

promotion of ILC3 functionality. However, we also sought to
determine whether disrupting ferroptosis could directly protect
mice from the development of colitis. Therefore, we treated C.R
infection model Lcn2fl/flRorccre mice with the ferroptosis inhibitor
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Fer-1 [57]. With this intervention, we aimed to demonstrate the
contribution of ferroptosis to severe intestinal inflammation in
Lcn2fl/flRorccre mice infected by C.R.
Treatment with Fer-1 effectively ameliorated intestinal inflam-

mation in Lcn2fl/flRorccre mice infected with C.R. Notably, the
administration of Fer-1 significantly reduced spleen weight (Fig.
7a, b), accompanied by a decrease in colonic pathological score
(Fig. 7c, d) in Lcn2fl/flRorccre mice following C.R infection. Weight
recovery was also observed from day 4 post C.R infection in Fer-1
treated Lcn2fl/flRorccre mice (Fig. 7e). Fer-1 treatment significantly
reduced bacterial load in the livers and spleens of Lcn2fl/flRorccre

mice post-C.R infection (Fig. 7f, g).
Regarding changes in cell phenotype, no significant alterations

in the proportion and absolute number of CD4+RORγt+ cells in
LPMCs from C.R-infected Lcn2fl/flRorccre mice treated with Fer-1
(Fig. 7h. i); however, the number of resident ILC3s in LPMCs was
increased (Fig. 7j, k), especially for NKp46+ILC3 and DN ILC3
subsets, whereas no significant change was observed in
CCR6+ILC3s (Fig. 7l-n). Additionally, Fer-1 treatment restored the
proportions and absolute numbers of IL-22+ILC3s and IL-
17A+ILC3s in the LPMCs from C.R-infected Lcn2fl/flRorccre mice
(Fig. 7o-q), leading to a reduction in the number of intestinal
neutrophils (Fig. 7r). Simultaneously, the secretion of the
antimicrobial peptides RegIIIβ and RegIIIγ by IECs was significantly
increased, indicating the effective alleviation of intestinal inflam-
mation (Fig. 7s).
Moreover, after Fer-1 treatment, a pronounced reduction in

the ferroptosis characteristics of LPMC-derived ILC3s from
Lcn2fl/flRorccre mice infected with C.R was observed, including
significantly enhanced cell viability (Fig. 7t) and decreased
intracellular lipid ROS accumulation (Fig. 7u). Furthermore,
targeted therapy with Fer-1 restored the expression of GPX4
(Fig. 7v) in ILC3 of LPMCs from C.R-infected Lcn2fl/flRorccre mice;
however, no substantial alterations were observed in its
upstream signals, including LCN2 protein expression, p38
phosphorylation level, ATF4 expression, and downstream xCT
expression (Supplementary Fig. 11a–d). The experimental
results with Fer-1 treatment demonstrated that the restoration
of GPX4 expression and disruption of ferroptosis effectively
ameliorated colitis symptoms in Lcn2fl/flRorccre mice.

DISCUSSION
ILC3s play a crucial role in regulating intestinal homeostasis.
Intestinal homeostasis imbalances have been closely associated
with UC pathogenesis, and emerging evidence suggests a link
between ferroptosis and the etiology of UC [22, 34, 35]. However,
the precise coordination of ferroptosis-related molecular mechan-
isms with the immune response of ILC3s in the intestinal mucosal
barrier remains largely unknown. Herein, we discovered that

intestinal inflammation induces upregulation of LCN2 expression
in ILC3s, particularly within the NKp46+ILC3 subpopulation, which
activates the p-p38-ATF4-xCT axis and enhances GPX4 expression
to inhibit ferroptosis in ILC3s, thereby promoting ILC3 activation.
Accordingly, the levels of IL-22 and IL-17A in activated ILC3s were
elevated, facilitating mucosal barrier repair and alleviating
intestinal inflammation. Conversely, LCN2 or GPX4 deficiency or
GPX4 expression inhibition by the ferroptosis inducer RSL3
rendered mouse intestinal ILC3s susceptible to ferroptosis,
impairing the secretion of IL-22 and IL-17A, which are required
for mucosal barrier repair functions. Additionally, the release of
the antimicrobial peptides RegIII β and RegIII γ by IECs was
reduced, and neutrophil recruitment was increased, thereby
exacerbating mouse colitis (Fig. 8).
Research on ferroptosis in patients with UC is in its nascent stage,

and numerous areas worthy of exploration remain. Previous
extensive studies have predominantly established the significance
of ferroptosis in the pathophysiology of UC based on intestinal
disease phenotypes. Ferroptosis primarily occurs in IECs, resulting in
IEC death and epithelial erosion [34, 59], thereby mediating
abnormal inflammation and disease progression in UC [60]. Chen
et al. demonstrated that inhibiting ferroptosis improved intestinal
symptoms in UC mice [61]. However, knowledge regarding the
specific effects of ferroptosis on immune cells within the context of
UC is lacking. Ferroptosis is involved in modulating macrophage
proportions and thus regulating UC in a colitis model [62]. This study
presents compelling evidence for the regulation of innate immune
cells through ferroptosis in UC. Here, we not only validated the
beneficial impact of ferroptosis inhibition on UC regulation but also
discovered, for the first time, that ILC3s, as pivotal innate immune
cells, have a critical role in modulating UC disease progression via
functional alterations and susceptibility to ferroptosis.
We systematically investigated the regulatory role of ferroptosis

in intestinal ILC3s in UC progression and established a correlation
between ferroptosis in ILC3s, particularly NKp46+ILC3s, and their
secretion of IL-22 and IL-17A for mucosal barrier repair and
regulation of colitis through the application of ferroptosis inducers
or inhibitors in mice. NKp46+ILC3s are a crucial source of tissue-
protective IL-22 and are essential in maintaining intestinal
homeostasis [63, 64]. The absence of these cells is associated
with increased severity of acute colitis [64], which was further
corroborated by our research. We also conducted an in-depth
investigation into the specific molecular network underlying the
involvement of ILC3 cell ferroptosis in regulating their function-
alities within the context of UC. Ferroptosis disrupts the intestinal
barrier and contributes to the pathogenesis of DSS-induced colitis
[65]. GPX4, a critical suppressor of ferroptosis, is a crucial target for
investigating the involvement of ferroptosis in colitis pathogen-
esis. However, current research on the relationship between GPX4
and UC has mainly focused on pathological phenotypic changes.

Fig. 5 LCN2 mediates ferroptosis resistance in ILC3s via the ATF4-xCT/GPX4 axis. MNK3 cells were transfected with si-con / si-Lcn2,
or plasmids encoding LCN2 (OELCN2) / empty vector (OEEV) and treated with RSL3 (2-8 μM), erastin (1–4 μM) or vehicle (DMSO) for 16 h.
Statistical results of a, c the percentage of annexin V and 7-AAD double-negative population and b, d lipid ROS production in the indicated
MNK3 cells. (n= 4) e ATF4, xCT, and GPX4 expression in MNK3 cells following transfection with si-con or si-Lcn2 and treatment with erastin for
16 h. (n= 4) f After transfecting MNK3 cells with si-con or si-Lcn2, the MNK3 cells were subjected to erastin (4 μM) treatment for 12 h in the
presence or absence of GSH (0.5 mM) or NAC (0.5 mM), and subsequently, lipid ROS production was assayed. (n= 4) g RORγt, IL-22, and IL-17A
expression in MNK3 cells following transfection with si-con or si-Lcn2 and treatment with erastin for 16 h. (n= 3) Statistical results of MFI for
h p-p38-Thr180/Tyr182 and i p-ERK1/2 (Thr204/Thr187) expression in the indicated MNK3 cells following treatment with erastin. (n= 3) j ATF4,
xCT, and GPX4 expression in MNK3 cells following transfection with plasmids OELCN2 or OEEV and treatment with erastin for 16 h. (n= 4)
k RORγt, IL-22, and IL-17A expression was assessed in indicated MNK3 cells treated with erastin for 16 h. (n= 3) Statistical results of MFI for
l p-p38-Thr180/Tyr182 and m p-ERK1/2 (Thr204/Thr187) expression in indicated MNK3 cells after treatment with erastin. (n= 3) n, o After
transfecting MNK3 cells with plasmids OELCN2 or OEEV, the cells were exposed to erastin for 16 h in the presence or absence of the p38
inhibitor SB203580. n RORγt, IL-22, and IL-17A expression in indicated MNK3 cells. (n= 3) o ATF4, xCT, and GPX4 expression in indicated MNK3
cells. (n= 3) p Statistical results of MFI for p-p38-Thr180/Tyr182 expression in ILC3s from LPMCs of Lcn2fl/fl and RorccreLcn2fl/fl mice post C.R
infection. (n= 4) Data are presented as the mean ± SEM or median, and statistical significance was determined using two-sided unpaired t-test
(a–p). *P < 0.05; **P < 0.01; ***P < 0.001.
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Restoring GPX4 expression can alleviate ferroptosis and mitigate
pathological changes in mouse colitis [61]. Nevertheless, research
regarding the correlation between the mechanisms of ferroptosis
and immune cell functional alterations in UC is limited.
Here, we employed GPX4 conditional-knockout mice with

specific ablation of GPX4 expression in the crucial transcription
factor RORγt within the intestinal tissue to investigate the precise
regulatory impact of GPX4 on intestinal inflammation for the
first time. Our findings indicated that GPX4 mediated ILC3s,

particularly the NKp46+ILC3 subpopulation, specifically regulating
colitis, accompanied by alterations in ferroptosis characteristics of
ILC3s and their secretion capacity for IL-22 and IL-17A. To fully
elucidate the role of GPX4 in this process, recovery experiments
using inhibitors targeting ferroptosis pathways should be
conducted in the future. Notably, our results suggest that T cells
did not significantly contribute to the overall regulatory process;
however, further comprehensive investigation utilizing T cell
knockout mouse models is required to substantiate this assertion.
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Our findings suggest that LCN2 specifically regulated ILC3s,
particularly the NKp46+ILC3 subgroup, to secrete IL-22 and IL-17A
by targeting GPX4, thereby exerting a protective effect on colitis.
This result holds promise for ameliorating intestinal inflammation
and promoting mucosal healing in IBD. Conversely, the plasticity
of ILC3s induced by mucosal bacterial infection can facilitate the
conversion of ILC3s to ILC1s, thereby leading to IFNγ-dependent
intestinal pathology [66]. However, we did not fully determine
whether LCN2 mediated the plasticity of ILC3s. Further elucidation
of the precise impact of the molecular regulation mechanism of
LCN2 in ILC3s on the plasticity of ILC subpopulations will facilitate
the optimization of targeted therapeutic strategies for ILC
responses in intestinal diseases, which constitutes our forth-
coming research focus. Moreover, IL-22, derived from ILC3s, is
crucial in regulating LCN2 production in human IECs, thereby
facilitating host defense against Enterobacteriaceae infections
[67]. Our findings provide novel insights into the extent to which
IL-22 governs antibacterial responses and the involvement of
ILC3s in modulating LCN-2 expression in human IECs. Our research
aimed to investigate the impact of endogenous alterations in
LCN2 expression on the regulatory function of ILC3s under normal
and colitis-related conditions. However, whether secreted LCN2
influences extracellular interactions with ILC3s remains unclear. A
comprehensive investigation into the crosstalk between ILC3-
secreted LCN2 and IECs and the associated specific mechanisms
would be intriguing.
Previous studies have reported close association between gut

microbiota dysbiosis and UC pathogenesis [68, 69] and estab-
lished a correlation between gut microbiota metabolites and
ferroptosis [70, 71]. Our findings suggest that the LCN2-p38-ATF4-
xCT/GPX4 pathway mediated the susceptibility of ILC3s to
ferroptosis; however, we are yet to elucidate the specific
alterations in the gut microbiota involved. Therefore, our forth-
coming research will focus on studying the relationship between
changes in short-chain fatty acids and gut microbiota through
high-throughput 16S rRNA sequencing and targeted metabolo-
mics to establish a potential link with the regulatory mechanism of
ferroptosis molecules in the progression of UC.
In conclusion, our study validated GPX4 as a novel molecular

regulator of ILC3 function. Activation of the LCN2-p38-ATF4-xCT/
GPX4 axis attenuated the susceptibility of ILC3s to ferroptosis and
enhanced their capacity for IL-22 and IL-17A secretion. This
specific mechanism effectively contributed to maintaining intest-
inal homeostasis and prevented colitis development in mice. Our
research established a fundamental basis for investigating the
correlation between the regulatory mechanism of ferroptosis in
immune cells and disease regulation, thereby bridging the
existing gap in understanding the relationship between ILC3s
and ferroptosis in UC. This study provides valuable insights into
strategies aimed at modulating intestinal homeostasis.

MATERIALS AND METHODS
Antibodies and reagents
Details of the antibodies and reagents used in this study are listed in the
Supporting Information Tables S1 and S2, respectively.

Human samples
Colonic mucosa tissues were provided by the Department of Gastroenterol-
ogy of the Sixth Affiliated Hospital of Sun Yat-sen University (Guangzhou,
China). All samples were obtained from participants undergoing colonoscopy,
and patients who had received any type of treatment in the past 3 months
were excluded. UC was diagnosed based on the gold standard of endoscopic
examination and biopsy pathology evaluation. Participants without a
diagnosis of UC or other intestinal diseases were considered as HCs. The
corresponding research plan and ethical approval were provided by the
Clinical Trial Ethics Committee of the Sixth Affiliated Hospital of Sun Yat-sen
University (Approval ID: E2022243). Written informed consent was obtained
from all participants or their legal guardians at the time of admission.

Mice
C57BL/6 J mice (male and female) were purchased from the Laboratory
Animal Center of Southern Medical University (Guangzhou, China). Lcn2fl/fl

mice were generated by Cyagen Bioscience (Guangzhou, China). Gpx4fl/fl

mice were generated by Shanghai Model Organisms Center, Inc (Shanghai,
China). Rorccre mice were kind gifts from professor C. Dong from Tsinghua
University. All transgenic mice were bred and maintained in the animal
facility of the Laboratory Animal Center of Southern Medical University
under specific pathogen-free conditions. Age- and sex-matched littermates
between 8 and 16 weeks of age were used in all experiments. Both male
and female mice were used in experiments and were assigned randomly to
experimental groups. All experimental protocols were approved by the
Institutional Animal Care and Use Committee of Southern Medical University
Experimental Animal Ethics Committee (Approval number: L2021072).

Preparation of mouse tissue samples
Mice were euthanized, followed by cervical dislocation. The mLNs and
intestines were removed from the sacrificed mice and washed in ice-cold
phosphate-buffered saline (PBS). The intestines were cut longitudinally and
thoroughly cleaned in ice-cold PBS, and mechanically cut into 1 cm pieces
using scissors. Next, intestinal pieces were transferred to HBSS buffer
containing 10mM EDTA (Promega, Madison, WI, USA) and 1mM
dithiothreitol (Fermentas, Waltham, MA, USA) for a 30-min incubation at
37 °C on a horizontal shaker to remove epithelial cells and mucus. After the
tissues were vortexed and washed twice with PBS, the epithelial fractions
were discarded. The remaining intestinal tissues were cut into smaller
1 mm pieces and digested in Roswell Park Memorial Institute (RPMI) 1640
containing 5% fetal bovine serum, 1mg/mL collagenase I (Sigma-Aldrich,
St. Louis, MO, USA), 100 μg/mL DNase I (Sigma-Aldrich), 1 mg/mL dispase
(Roche, Basel, Switzerland), and 10mM HEPES for a 45-min incubation at
37 °C on a horizontal shaker. Next, the digested tissues were passed
through a 70 μm cell strainer, and resuspended in 40% Percoll (GE
Healthcare, Chicago, IL, USA). LPMCs were enriched with 40% / 80% Percoll
gradient. After centrifugation at 37 °C, 400 × g for 25 min, the white
membrane was aspirated and washed twice with PBS to obtain the
purified LPMCs for flow cytometry analysis or sorting. The mLNs were

Fig. 6 p38 signaling downstream of LCN2 is specifically involved in regulating NKp46+ILC3 functions and susceptibility to ferroptosis
during colitis. The WT mice were orally administered 1 × 108 CFU of C.R and treated with or without the p38 inhibitor SB203580. Mouse
tissues were collected on day 8 post infection (1mg/kg/day, i.p.). a Representative spleen images and b statistical results of spleen weights at
day 8 post infection. (n= 4) c Representative H&E-stained colon sections from indicated mice (scale bars: 100 μm). d The statistical results of
histological scores are shown. (n= 4) e The body weight change rates of indicated mice. (n= 4) Log10 CFU of C.R in f liver and g spleen tissues
of indicated mice on day 8 post infection. (n= 4) h The representative flow cytometry plots of CD4+RORγt+ cells in LPMCs from the indicated
mice. i Statistical results of proportion (left) and numbers (right) of CD4+RORγt+ cells are shown. (n= 4) j The representative flow cytometry
plots and statistical results of the proportion (left) and number (right) of k ILC3s, including l NKp46+ILC3, m CCR6+ILC3, and n DN cell subsets
in LPMCs of indicated mice. (n= 4) o Representative flow cytometry plots of IL-22- (upper) and IL-17A-positive (lower) ILC3s in LPMCs.
Statistical results of proportion (left) and absolute numbers (right) of p IL-22-, and q IL-17A-expressing ILC3 are shown. (n= 4) r Statistical
results of the proportion (left) and numbers (right) of neutrophils in LPMCs from the indicated mice. (n= 4) s Relative RegIIIβ and RegIIIγ
mRNA expression in the colon tissue of indicated mice. (n= 3) Statistical results of t the percentage of annexin V and 7-AAD double-negative
population and u lipid ROS production in LPMCs-derived ILC3s from the indicated mice. (n= 4) v Fe2+ level in ILC3s from LPMCs was analyzed
using FerroOrange, and the statistical results are shown. (n= 4) The expression levels of w ATF4, x xCT, and y GPX4 in ILC3s from LPMCs of
indicated mice. (n= 4) Data are presented as the mean ± SEM or median, and statistical significance was determined using two-sided unpaired
t-test (b, d–g, i, k–n, p–y). *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7 Restoring GPX4 expression through Fer-1 treatment effectively alleviates colitis signs in Lcn2fl/flRorccre mice. RorccreLcn2fl/fl mice
infected with C.R were treated with or without Fer-1 (10mg/kg/day, i.p.), and tissue samples were collected on day 8. a Representative spleen
images and b statistical results of spleen weight of the indicated mice. (n= 4) c Representative H&E-stained colon sections from indicated
mice (scale bars: 100 μm). d The statistical results of histological scores are shown. (n= 4) e Body weight changes of the indicated mice. (n= 4)
Log10 CFU of C.R in f liver and g spleen tissues from indicated mice on day 8 post infection. (n= 4) h Representative flow cytometry plots and
i statistical results of the comparison of CD4+RORγt+ cell numbers in LPMCs of indicated groups of mice. (n= 4) j Representative flow
cytometry plots and statistical results of the comparison of k ILC3s, including l NKp46+ILC3,m CCR6+ILC3, and n DN cell populations in LPMCs
of indicated mice. (n= 4) o Representative flow cytometry plots and statistical results of the comparison of p IL-22-, and q IL-17A-positive
ILC3s from LPMCs of the indicated mice. (n= 4) r Statistical results of the proportion (left) and numbers (right) of neutrophils in LPMCs from
the indicated mice. (n= 4) s Relative RegIIIβ and RegIIIγ mRNA expression in the colon tissue of the indicated mice. (n= 3) Statistical results of
t the percentage of annexin V and 7-AAD double-negative population and u lipid ROS production in LPMCs-derived ILC3s from the indicated
mice. (n= 4) v Statistical results of GPX4 expression in ILC3s from LPMCs of the indicated mice. (n= 4) Data are presented as the mean ± SEM
or median, and statistical significance was determined using two-sided unpaired t-test (b, d–g, i, k–n, p–v). *P < 0.05; **P < 0.01; ***P < 0.001.
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mechanically ground and passed through a 70 μm cell filter to harvest
single-cell suspension for subsequent experiments.

Flow cytometry
For flow cytometry analysis, single-cell suspensions were surface-stained
with fluorophore-conjugated antibodies for 40min on ice. For intracellular
staining, isolated cells were surface-stained, fixed, and permeabilized within
a Foxp3/Transcription Factor Staining Buffer (TONBO Biosciences). Subse-
quently, the cells were labeled with intracellular antibodies for 30min at
room temperature. For measuring intracellular cytokines (IL-17A, and IL-22),
the cells were stimulated with 50 ng/mL phorbol-12-myr-sitastate 13
acetate (Alomone), 1 μg/mL ionomycin (Alomone), and 1 μg/mL Brefeldin
A (Alomone) in completed RPMI1640 media at 37 °C, 5% CO2 for 5 h before
staining. The following antibodies were used for flow cytometry analysis of
ILC3: CD45+CD4- Lin (CD3, B220, CD11b, Ly6G, TER-119, CD11c, CD5, CD8a,
TCRβ, TCRγδ)- CD90.2+ CD127+ RORγt+. The following antibodies were
used to label the ILC3s for sorting of flow cytometry: Lin (CD3, B220, CD11b,
Ly6G, TER-119, CD11c, CD5, CD8a, TCRβ, TCRγδ)- CD45lowCD90.2hiCD127+.
For 7-AAD and annexin V staining, cells were harvested and resuspended in

100 μL of Annexin V Binding Buffer with APC Annexin V and 7-AAD Viability
Staining Solution (BioLegend, 640930). The cells were then incubated at room
temperature in the dark for 15min. A total of 200 μL of Annexin V Binding
Buffer was added to each tube before flow cytometry analysis.
FACS data were acquired using LSR Fortessa flow cytometer (BD

Biosciences) and analyzed using the FlowJo V10.0.8 software. The flow
cytometry was performed at the Department of Immunology and
Department of Developmental Biology at the School of Basic Medical
Sciences, Southern Medical University.

C. rodentium infection model
C. rodentium (C.R) (DBS100, ATCC 51459) was cultured in Luria–Bertani broth
overnight at 37 °C with horizontal shaking at 200 rpm. Subsequently, the
bacteria were centrifuged after 16 h, the supernatant was discarded, and the

remaining bacterial precipitate was resuspended in sterile PBS. Mice were
inoculated with 1 × 108 colony-forming units (CFU) of C.R in 200 μL of PBS by
oral gavage after an 8 h fast. Quantification of C.R was performed by serial
diluting and culturing overnight on MacConkey agar plates at 37 °C. The mice
were weighed daily and sacrificed for analysis on day 8 post infection. The
intestine was removed, and its length was measured. To assess bacterial load,
spleens and livers of infected mice were collected, weighed, and homogenized.
Serial dilutions of the homogenate were plated onto MacConkey agar plates,
and the number of CFUs was measured after overnight incubation at 37 °C.

Enzyme-linked immunosorbent assays (ELISA)
ELISA kits (4 A BIOTECH, Beijing, China) were used to measure cytokine
levels in the cell culture supernatants. All procedures were performed
according to the manufacturer’s instructions and all measurements were
conducted using a Thermo Fisher Scientific Multiskan FC system.

RNA extraction and RT-qPCR analysis
Total RNA was extracted using TRIzol (Catalog No. 15596; Invitrogen, Carlsbad,
CA, USA), and reverse transcription was performed using a StarScript II First-
strand cDNA Synthesis Kit (catalog no. A212-05; GenStar, Beijing, China). RT-
qPCR analysis was performed using the RealStar Green Power Mixture kit
(Catalog No. A314-10; GenStar) on the QuantStudio 6 Flex system (Thermo
Fisher Scientific), according to the manufacturer’s instructions. The relative
expression data were normalized to the expression of β-actin (reference gene)
in all groups, and the lowest expression in the control group was artificially set
to 1. All experiments were repeated at least twice. The primer sequences used
in this study are listed in Supporting Information Table S3.

ILC3 isolation
ILC3s were isolated from the intestine of mice using flow cytometry (ILC3
= Lin- CD45lowCD90.2hiCD127+, Lin = CD3, B220, CD11b, Ly6G, TER-119,
CD11c, CD5, CD8a, TCRβ, and TCRγδ).

Fig. 8 Working model of the regulatory role of LCN2-ATF4-xCT/GPX4 axis in modulating intestinal ILC3 cell function and susceptibility to ferroptosis.
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Cell culture
The MNK-3 cell line (obtained from Guangzhou University of Chinese
Medicine) is an effective cell model for studying ILC3s [48]. The cells were
cultured in DMEM containing 10% fetal bovine serum and 1% penicillin/
streptomycin solution with or without a combination of 25 ng/mL IL-7
(PeproTech), 25 ng/mL IL-23 (R&D), and 10 ng/mL IL-1β (R&D) at 37 °C, 5% CO2.

Cell transfection
MNK3 cells were cultured per well in a 24-well plate in RPMI1640 complete
medium supplemented with 10% FBS. The successfully constructed plasmid/
siRNA was mixed with the auxiliary transfection reagent lipo2000 to transfect
cells for 6 h. After 48 h, the cells were collected for subsequent experiments.

Western blot analysis
Cells were washed with cold PBS and lysed using RIPA buffer containing
phosphatase inhibitors and PMSF (1 mM) on ice. The lysate was then
centrifuged at 10,000 × g for 10 min at 4 °C to remove insoluble
components. The protein concentration of whole cell lysates was
measured using the BCA Protein Assay Kit (Beyotime, China). Next,
proteins were electrophoresed on SDS-PAGE gels and transferred to a
PVDF membrane (Millipore, Bedford, MA, USA) using a wet transfer system
at 100 V for 80min. After blocking for 1 h in 5% non-fat milk, the
membrane was incubated with the corresponding primary antibodies
overnight at 4 °C, and further incubated with the appropriate horseradish
peroxidase-conjugated secondary antibodies for 1 h. Subsequently, the
proteins were visualized using chemiluminescent HRP Substrate (Millipore,
Billerica, MA, USA) by ChemiDocTM XRS+ (Bio-Rad, Hercules, CA, USA). The
antibodies used in this study are listed in Supporting Information Table S2.

Histopathology analysis
Mouse intestine tissues were dissected and immediately fixed in 4%
paraformaldehyde. Paraffin-embedded sections were stained with H&E.
Histological scores of colon tissue were evaluated using a previously
described scoring criteria [72].

Cell viability assay
Cells were cultured with the indicated inhibitors for 24 h: zVAD/ Nec-/ Fer-
1, or DMSO. Then, cell viability was measured using the alamarBlue Cell
Viability Reagent (Invitrogen). All procedures were performed according to
the manufacturer’s instructions.

Lipid ROS production analysis
Analysis of lipid ROS production was performed according to Cao et al.
[73]. Briefly, cells were resuspended in 500 μL of PBS containing 2 μM C11-
BODIPY (581/591) (#D3861, Invitrogen) and incubated for 30min at 37 °C in
a culture incubator. Then, the cells were washed with fresh PBS and
analyzed in the 525/40 nm channel (488 nm laser for excitation) using a
flow cytometer for data acquisition. Data were analyzed using the FlowJo
V10.0.8 software.

Induction of ferroptosis
A total of 5 × 104 ILC3s were cultured per well in 96-well U-bottom plates in
200 μL of RPMI1640 complete medium supplemented with 10% FBS and
1× penicillin-streptomycin. Cells were stimulated with IL-1β (10 ng/mL), IL-
23 (10 ng/mL), and IL-7(10 ng/mL), treated with vehicle (DMSO) or RSL3
(2–8 μM) / erastin (1–4 μM) with indicated concentrations for 16 /36 h to
induce cell ferroptosis, at 37 °C and 5% CO2. Then, the cells were washed
and collected for subsequent analysis.

Smart-RNA-seq
To investigate the transcriptome of intestinal ILC3s from Lcn2fl/fl and
RorccreLcn2fl/fl mice, LPMCs were first isolated by digesting intestinal tissue,
followed by flow cytometry sorting to obtain purified ILC3s for subsequent
smart-RNA-sequencing analysis. The methods for the library construction
and analysis of sequencing results were authored by Genedenovo
Biotechnology Co., Ltd (Guangzhou, China).

Statistical analysis
All experimental data were analyzed using GraphPad Prism (version 8.0;
GraphPad Software Inc., San Diego, CA, USA). All statistical analyses were
conducted by unpaired two-tailed Student’s t-test, non-parametric

Mann–Whitney U test, or one-way ANOVA test depending on the type of
experiments. The statistical significances of differences (*P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001) are indicated in the figures and legends.

DATA AVAILABILITY
The authors declare that the data are present in the paper and/or the supplementary
information. Smart-RNA-seq data are available from the Sequence Read Archive (SRA)
under accession number PRJNA1149190.
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