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Ferroptosis promotes T-cell activation-induced
neurodegeneration in multiple sclerosis
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While many drugs are effective at reducing the relapse frequency of multiple sclerosis (MS), there is an unmet need for treatments
that slow neurodegeneration resulting from secondary disease progression. The mechanism of neurodegeneration in MS has not
yet been established. Here, we discovered a potential pathogenetic role of ferroptosis, an iron-dependent regulated cell death
mechanism, in MS. We found that critical ferroptosis proteins (acyl-CoA synthetase long-chain family member 4, ACSL4) were
altered in an existing genomic database of MS patients, and biochemical features of ferroptosis, including lipid reactive oxygen
species (ROS) accumulation and mitochondrial shrinkage, were observed in the experimental autoimmune encephalitis (EAE)
mouse model. Targeting ferroptosis with ferroptosis inhibitors or reducing ACSL4 expression improved the behavioral phenotypes
of EAE mice, reduced neuroinflammation, and prevented neuronal death. We found that ferroptosis was an early event in EAE,
which may promote T-cell activation through T-cell receptor (TCR) signaling in vitro and in vivo. These data indicate that ferroptosis
may be a potential target for treating MS.
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INTRODUCTION
Multiple sclerosis (MS) is an inflammatory demyelinating disease
that is characterized by the infiltration of T cells, B cells, and other
immune cells into the central nervous system (CNS). Demyelinat-
ing lesions are characterized as active (inflammatory throughout
the lesion area), chronically active (inflammation limited to the
lesion border), or inactive (lacking inflammatory activity), and both
active and inactive lesions are found in MS patients [1]. In addition
to demyelinating relapsing lesions, MS is also characterized by
progressive neurodegeneration (secondary progression), which
results in the accumulation of disability over time. To date,
treatments for MS reduce the frequency of relapse but do not
impact secondary progression [2]. One particular roadblock is the
limited understanding of neuronal death mechanisms in MS.
Experimental autoimmune encephalitis (EAE) in rodents [3] is

an attractive animal model to examine disease mechanisms
because several drugs for MS were developed using this model.
This model is characterized by sensitized T-helper 17 (Th17) cells
(mediate the inflammatory response in the CNS), the demyelina-
tion of neurons, damage to motor neurons, and pathological
recurrence/relapse-remission. A major difference between MS
and EAE is that the latter requires an external immunization step
to initiate the condition [4], which provides a time window for
intervention.

Iron is a cofactor for a variety of enzymes involved in
maintaining the health of oligodendrocytes and myelin and may
be a crucial component of remyelination [5]. MRI and histological
studies suggest that iron levels are dysregulated in MS, and there
is accumulation in gray matter and depletion in normal-appearing
white matter [6]. Iron was previously reported to be released after
the death of oligodendrocytes in patients with acute MS [7], which
may promote neuronal iron accumulation and associated
neurotoxicity [8, 9]. Mechanistically, iron promotes the expression
of the RNA-binding protein PCBP1, which mediates proinflamma-
tory cytokines, including interleukin-2 (IL-2), in Th cells [10].
Deferoxamine (DFO), which is an iron chelator, was shown to
attenuate the development of EAE [11]. However, it is unclear how
iron causes toxicity and whether regulating iron can be beneficial
for MS patients.
Ferroptosis is an iron-dependent form of regulated cell death

characterized by mitochondrial shrinkage, iron accumulation, and
excess lipid peroxidation [12, 13]. Several diseases that share
pathological iron accumulation, including cancer, stroke, and
Alzheimer’s disease, have been linked with ferroptosis [13–16]. In
the tumor microenvironment, IFN-γ, secreted by CD8+ T cells,
downregulates the expression of cystine glutamate exchanger
(xCT), promoting tumor ferroptosis [17]; in CD8+ T cells, CD36
mediates the uptake of fatty acids, which promotes lipid
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peroxidation and ferroptosis [18]. The ferroptosis inhibitor Fer-1
was shown to prevent the processing and release of IL-33,
promoting the infiltration of inflammatory macrophages into the
CNS in acute kidney injury [19]. These findings raise suggest the
involvement of ferroptosis in autoimmune diseases such as MS.
Here, we investigated whether ferroptotic signaling was present

in MS pathogenesis by comparing human data and using EAE
mice. By genetically and pharmacologically modifying ferroptosis,
we aimed to elucidate the regulatory mechanism of ferroptosis-
mediated T-cell activation in the development of neuroinflamma-
tion. By understanding the role of ferroptosis in MS, strategies may
be developed to limit demyelination and neuronal death
during MS.

MATERIALS AND METHODS
RNA-seq analysis
The expression profiles of MS patients were downloaded from the Gene
Expression Omnibus (GEO) database (accession codes: GSE108000 and
GSE38010 [20, 21].), and differential expression was assessed with a linear
model and the Bioconductor limma package in R (version 3.5.2).

Heatmap preparation
Heatmaps were generated with the Pheatmap package in R (version 3.5.2)
(R Foundation), and the z scores were calculated for each gene row using
the mean expression of biological replicates.

sgRNA selection
The sgRNAs were designed by online tools (http://crispr.mit.edu/ and
https://crispr.cos.uni-heidelberg.de/), and off-target effects were assayed
by http://asia.ensembl.org/. The sgRNA sequences with fewer off-target
sites were selected for further analysis (target sequences of the sgRNAs
used in this study are shown in Table S1). sgRNAs for murine ACSL4
knockdown (KD) were inserted into BbsI-cleaved pssAAV-EF-gRNA to
generate the pssAAV-m-ACSL4-sp.g plasmid. Then, the plasmid was
cotransfected with pssAAV-EF-cas9 into B16 cells using Lipofectamine
2000 (Life Technologies), and genomic DNA was extracted to examine
targeting efficiency using PCR sequencing and T7E1 digestion (the PCR
primers used are listed in Table S2).

Adeno-associated viral vector construction and preparation
To knockdown murine ACSL4 with a recombinant adeno-associated virus
(rAAV) in vivo, the plasmid pssAAV-mACSL4-sp.g3 was used to produce
mACSL4-sp.g3-rAAV8 to knockdown Acsl4, and the AAV8-empty vector was
used as a control. All rAAV8 vectors were generated by a triple-plasmid
cotransfection method in human embryonic kidney 293 cells. The rAAV8
vectors were collected 72 h posttransfection and purified by two rounds of
CsCl gradient ultracentrifugation, followed by silver staining and genome copy
titration. The viral vectors were aliquoted and stored at −80 °C before use [22].

AAV injection
For intramuscular (IM) injection, 25 μL of the virus with a total titer of 8 ×
1012 genome copies was injected into each of the caudal thigh muscles. For
stereotaxic injection, the mice were anesthetized with an intraperitoneal
injection of pentobarbital (100mg/kg, P11011, Bioreagent) and fixed on a
stereotaxic plate (RWD, Shenzhen, China). The hole was drilled in the
bone by a hand drill (RWD, Shenzhen, China). Two microliters of the virus
with total titers of 1.5 × 1013 and 2.0 × 1013 was slowly injected into the
left cortex (AP= 0.02mm, ML=−3mm, DV= 3mm) and the right cortex
(AP= 0.02mm, ML= 3mm, DV= 3mm) relative to the bregma (RWD,
Shenzhen, China). The needle was kept in place for an additional 5min.
After injection, the needle was withdrawn, and the wound was sutured.

Animals
Female C57BL/6 mice were used in this study. All mice were purchased
from Beijing HFK Bioscience Co., Ltd. and housed in the specific pathogen-
free facility at the State Key Laboratory of Biotherapy, (Sichuan University,
China). The mice were adaptively fed for 1 week until the experiment
began. Animal use and care were approved by the Animal Care Committee
of the State Key Laboratory of Biotherapy, Sichuan University according to
institutional animal care and use committee guidelines.

EAE induction
Active EAE model in mice. EAE was induced in 7- to 8-week-old female
C57BL/6 mice as previously described [23]. Briefly, EAE was induced by
subcutaneous immunization in both flanks with an emulsion containing
200 μg of MOG (rat MOG35–55; MEVGWYRSPFSRVVHLYRNGK; GLbiochem
Ltd.) in 200 μL of PBS (0.01 M, pH 7.4) and an equal volume of complete
Freund’s adjuvant (CFA, F5881, Sigma-Aldrich) containing 1 mg/mL
Mycobacterium tuberculosis H37RA. Two hundred nanograms of pertussis
toxin (P7208, Merck) per mouse was injected intraperitoneally at 0 and 48
h postimmunization. The mice were scored 10 days after MOG induction.

Adoptive EAE mouse model. The adoptive EAE model was induced as
previously described [24]. Briefly, C57BL/6J mice were immunized with 200
μg of MOG35–55 in CFA followed by 200 ng of pertussis toxin at 0 and 48 h
postimmunization. Draining lymph node cells and spleens were harvested
on Day 11, and the cells were cultured for 3 days in the presence of
MOG35–55 (25 μg/mL)+ IL-23 (25 ng/mL, 1887-ML-010/CF, R&D Systems) or
MOG35–55 (25 μg/mL)+ IL-12 (25 ng/mL, 419-ML-010/CF, R&D Systems)+
anti-IFN-γ (10 μg/mL, 16-7311-85, Invitrogen) to induce a Th1 or Th17
phenotype, respectively. The cells were then stimulated with conditioned
medium from ferroptotic neurons induced by RSL3 (10 μM, S8155, Selleck
Chemicals) or control medium for 12 h. The cells (3 × 107 cells) were
transferred into naïve recipients, and the mice were scored 5 days after the
cells were transferred.

Clinical score evaluation. The animals were randomly divided into control
or treatment groups. The EAE clinical score was recorded as follows: 0, no
clinical disease; 1, tail weakness; 2, hindlimb weakness; 3, complete
hindlimb paralysis; 4, hindlimb paralysis and some forelimb weakness; and
5, moribund or dead. The clinical scores were evaluated blindly. The
experiments were performed three times independently, and the results
from one experiment are shown. All animals with EAE phenotypes (score ≥
3) were included in the study and are shown in Figs. 1E, 5A, Figs. S7D, G,
S9A. For the rest of the EAE experiments, no animals were excluded.

Drug treatments
Liproxstatin-1 (10 mg/kg, S7699, Selleck Chemicals) or vehicle (2% DMSO
+ 40% PEG300+ 2% Tween 80+ ddH2O) was intraperitoneally adminis-
tered to C57BL/6 mice 17 days postimmunization for 7 days (repeatedly
every other day). Human ceruloplasmin (Cp, H130212, Biofarma, Ukraine)
[25] or vehicle (saline) was intraperitoneally administered to C57BL/6 mice
17 days postimmunization for 7 days (repeatedly every other day).

Mouse tissue preparation
The mice were anesthetized with an overdose of pentobarbitone (100mg/
kg, P11011, Bioreagent) and perfused with ice-cold PBS (0.01 M, pH 7.4).
The cortex and spinal cord weight were recorded, and the tissue was
stored at −80 °C before use.

Western blot analysis
Samples were homogenized in cell lysis buffer (P0013, Beyotime)
supplemented with the protease inhibitor phenylmethylsulfonyl fluoride
(1:100, ST507, Beyotime) and centrifuged at 12,000 × g for 30 min. The
supernatant was collected, and the total protein concentration was
determined with a BCA protein assay kit (P0011, Beyotime). Equal amounts
of protein were separated in 4–12% bis-Tris gels with MOPs running buffer
at 140 V for 1.5 h and then transferred to nitrocellulose membranes by a
Trans-Blot system at 100 V for 1 h. Then, the membranes were washed with
1 × TBST for 5 min at room temperature (20 °C), shaken, and blocked with
5% skim milk in 1 × TBST for 1 h at room temperature. For immunoblot
analysis of protein phosphorylation, naïve CD4+ T cells were isolated from
the spleen and LNs of C57BL/6 mice (6–8 weeks old) using magnetic beads
(Miltenyi Biotec) and cultured for 1 h with medium harvested from primary
neurons treated with the GPX4 inhibitor RSL3 (10 μM, 24 hr) or directly with
RSL3 (10 μM). The cells were stimulated with anti-CD3 (1 μg/ml) and anti-
CD28 (1 μg/ml) in treated medium for different times and lysed in kinase
cell lysis buffer supplemented with phosphatase inhibitors [26, 27] for
western blotting. In this study, the following antibodies were diluted in 1 ×
TBST as indicated: 1:10,000 for anti-ACSL4 (ab155282, Abcam); 1:5000
for anti-GPX4 (ab125066, Abcam); 1:1000 for anti-Akt (9272, Cell
Signaling Technology); 1:1000 for anti-phospho-Akt (Ser473) (4060,
Cell Signaling Technology); 1:1000 for anti-p44/42 MAPK (Erk1/2) (9102,
Cell Signaling Technology); 1:1000 for anti-phospho-p44/42 MAPK (Erk1/2)
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(Thr202/Tyr204) (4370, Cell Signaling Technology); 1:10,000 for anti-mouse
Ig (A9044, Sigma-Aldrich); 1:10,000 for anti-rabbit Ig (A0545, Sigma-
Aldrich); 1:10,000 for anti-GAPDH (G8795, Sigma-Aldrich); 1:10,000 for anti-
β-actin (A5441, Sigma-Aldrich). All uncropped images of the western blots
are shown in Supplementary Fig. S10.

Lipid peroxide assay
A Lipid Hydroperoxide (LPO) Assay Kit (A106, Nanjing Jiancheng
Bioengineering Institute) was used to measure the lipid peroxidase level
in brain tissue or spinal cord lysates. Briefly, the tissue samples were
homogenized in PBS (0.01 M, pH 7.4) and centrifuged at 12,000 × g for
10min. The supernatant was collected, and the total protein concentration
was determined with a BCA protein assay kit (Beyotime). The pellet was
used for the lipid peroxide assay. Lipid peroxidation produced a stable
chromophore at 45 °C for 60min, with a maximum absorption peak at 586
nm. The concentration of malondialdehyde (MDA) in mouse tissue was
measured using a Lipid Peroxidation MDA Assay Kit (S013M, Beyotime).
Briefly, the tissue samples were homogenized in cell lysis buffer (P0013,
Beyotime) and centrifuged at 12,000 × g for 10 min. The supernatant was
collected, and the total protein concentration was determined with a BCA
protein assay kit (Beyotime). The pellet was used for the MDA assay. MDA
reacts with thiobarbituric acid (TBA) at 100 °C for 15min, with a maximum
absorption peak at 535 nm.

Lipid ROS assay
A single-cell suspension was prepared to quantify lipid peroxidation in
animal samples. Spinal cord tissue was removed and cut into small pieces,
and then the tissue was mechanically minced with a 70 μM cell strainer
and washed with PBS. The spinal cord mixed cells were digested by
Collagenase Type IV (0.1–0.3 mg/ml, 17104-019, Thermo Fisher) for 60min
at 37 °C in a water bath and centrifuged at 1500 rpm for 5min. Lipid
peroxidation in cells was assessed as previously described [22]. Briefly, cells
were incubated with BODIPY 581/591 C11 (1 μM; Thermo Fisher) for 30min
at 37 °C in a tissue culture incubator stained with BODIPY 581/591 C11.
Subsequently, the cells were resuspended in 500 μL of fresh PBS (DPBS,
Gibco), strained through a 40 μM cell strainer (BD Falcon), and analyzed
using the 488 nm laser on a flow cytometer (LSR Fortessa, BD) for
excitation. The signals from both nonoxidized C11 (PE channel) and
oxidized C11 (FITC channel) were measured. The ratio of the mean
fluorescence intensity (MFI) of FITC to the MFI of PE was calculated for each
sample. In other cases, only the signal from oxidized C11 was measured,
and the MFI of FITC was calculated. The data were normalized to control
samples as shown by the relative lipid reactive oxygen species (ROS) levels.
Data analysis was conducted using FlowJo 10.

Inductively coupled plasma–mass spectrometry (ICP–MS)
Tissue samples were freeze-dried by a lyophilizer, dissolved in 65% nitric
acid overnight at room temperature, and then boiled at 90 °C for 20min.
An equal volume of 30% H2O2 was added to the samples and incubated at
70 °C for 20min. Ion levels were measured by ICP–MS (7900, Agilent). The
results were normalized to the tissue wet weight.

RNA extraction, cDNA synthesis, and quantitative real-time
PCR
Total RNA was isolated from tissues by TRIzol reagent (15596026, Thermo
Fisher), and cDNA was synthesized using the SuperScriptTM IV First-Strand
Synthesis System (18091050, Invitrogen). Quantitative PCR was performed
using SYBR Green reagent (Bio–Rad). Gene expression was normalized to
GAPDH using the ΔΔCt method. The results are expressed as the fold
change and were normalized to the controls. The primer sequences are
listed in Table S3. Naïve CD4+ T cells were isolated from the spleen and
lymph nodes (LNs) of C57BL/6 mice (7–8 weeks old) using magnetic beads
(130-117-043, Miltenyi Biotec) and were immediately treated with medium
harvested from primary neurons treated with the ferroptosis activator RSL3
(10 μM, 24 h) or erastin (5 μM, 24 h), stimulated with plate-bound anti-CD3
(1 μg/ml) and anti-CD28 (1 μg/ml) in the presence of RSL3 or erastin for
different times, and then subjected to RNA extraction.

Transmission electron microscopy
The mice were anesthetized with pentobarbitone (100mg/kg, P11011,
Bioreagent) and perfused with ice-cold PBS (0.01 M, pH 7.4). The spinal
cord and cortex were removed and dissected into 1 mm3 sections and

then perfused with 2.5% glutaraldehyde for 4 h at 4 °C. The tissues were
treated with 1% osmium tetroxide for 2 h at 20 °C, dehydrated in gradient
ethanol (50–100%), embedded in epoxy resin, and polymerized for 48 h at
60 °C. The samples were stained with uranyl acetate (80 nm) and lead
citrate before transmission electron microscopy analysis (HT7700, HITA-
CHI). Images were captured with a Slow Scan CCD camera and iTEM
software (Ver: 01.07, Olympus Soft Imaging Solutions).

Histological analysis
The mice were anesthetized with pentobarbitone and perfused with ice-
cold PBS (0.01 M, pH 7.4). The spinal cord and cortex were removed,
dissected into 1mm3 sections, perfused with 4% paraformaldehyde and
postfixed overnight. The paraffin-embedded sections (5 μm) of spinal cord
were stained with H&E to visualize inflammatory infiltration, Luxol fast blue
(LFB) to evaluate demyelination, or Nissl to assess the number of neurons.
The images were analyzed with Pannoramic MIDI and CaseViewer software
2.4 (3DHIESTECH Ltd.).

Immunofluorescence analysis
All tissues (spinal cord and brain) were embedded in paraffin and cut to a
thickness of 5 μm. The tissue sections were incubated with 0.1% Triton
X-100 (diluted with PBS) after antigen retrieval for 30min and were
blocked with 5% goat serum (diluted with 0.1% Triton X-100) for 1 h. The
primary antibodies for immunofluorescence were anti-NeuN (62994, Cell
Signaling Technology, 1:100), anti-Myelin Basic Protein (78896, Cell
Signaling Technology, 1:100), anti-GFAP (3657, Cell Signaling Technology,
1:100), anti-ACSL4 (ab155282, Abcam, 1:500), and Alexa Fluor-labeled
antibodies (Invitrogen, 1:500). Fluorescently-labeled sections were visua-
lized on a confocal laser-scanning microscope (Nikon ECLIPSE Ti-S).
Brightness and contrast alterations were applied identically on captured
images using CaseViewer software 2.4.

Rotarod treadmill test
The motor coordination of the animals was measured after surgery and
treatment using a rotarod treadmill for mice (RWD, Shenzhen, China) in
the accelerating rotor mode (10 speeds from 4 to 40 r.p.m. for 5 min).
The interval from when the animal mounted the rod to when it fell off
was recorded as the retention time, and mice that lasted for 300 s on the
accelerating rotating rod were recorded as survivors. The animals were
trained for 2 days, 3 trials per day, and the mean duration on the rod was
recorded to obtain stable baseline values. Performance on the rotarod
test was measured three times per day in 1 week during Lip-1 or Cp
treatment.

Flow cytometry
Infiltrating T cells in the CNS were enriched using density gradient
centrifugation (Percoll, P1644, Sigma-Aldrich). The cell pellet was
stimulated with 1 μL of PMA (50 ng/mL, Sigma-Aldrich), 1 μL of ionomycin
(1 μg/mL, Sigma-Aldrich), and 1 μL of monensin (2 μM, Sigma-Aldrich) for 4
h and then stained with the following antibodies: anti-CD45 (APC-Cy7,
561037, BD Biosciences, 30-F11), anti-CD4 (FITC, 553046, BD Biosciences,
RM4-5), anti-CD8 (BV510, 563068, BD Biosciences, 53-6.7), anti-IFN-γ (APC,
505809, Biolegend, XMG1.2), and anti-IL-17A (PE, 506904, Biolegend, TC11-
18H10.1). The stained cells were analyzed by an LSR Fortessa II (BD
Biosciences), and the data were analyzed by FlowJo 10.

Primary neuronal culture and medium collection
Primary cortical neurons were harvested from C57BL/6 mice on embryonic
Day 14. The cortices were removed and separated from the meninges,
chopped into <1mm portions in cold KREBS buffer, and dissociated in
0.016% (w/v) trypsin (T2600000, Sigma-Aldrich). The neurons were plated
on poly-d-lysine–coated 6-well plates in Dulbecco’s modified Eagle’s
medium (supplemented with 10% fetal bovine serum, 5% horse serum, 50
µg/ml gentamicin (Life Technologies, Inc.)) and incubated overnight (37 °C,
5% CO2). The plating medium was replaced with neurobasal culture
medium (Gibco) supplemented with 2% B27 supplement (Life Technolo-
gies), 0.25% GlutaMAX (Life Technologies), and 50 µg/ml gentamicin (Life
Technologies). At 3 days in vitro (DIV), cytosine arabinoside (Sigma-Aldrich)
was added to the neurons in neurobasal medium to achieve a final
concentration of 2 μM (to reduce astrocytic growth). At 4 DIV and 11 DIV,
two-thirds of the medium was replaced with fresh neurobasal medium
before treatment on 14–15 DIV. The medium was collected 24 h after RSL3
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or erastin administration, centrifuged at 1500 × g for 10 min in a cold room
(4–8 °C), and stored at −80 °C until use.

Statistical analysis
The data are shown as individual values. Statistical analysis was performed
using GraphPad Prism 8.0 software, and the data are presented as the
mean ± SEM. Statistical methods are indicated in the figure legends. P
values <0.05 were considered significant.

RESULTS
Ferroptosis activation in the spinal cords of EAE mice
We first examined whether biochemical changes consistent with
ferroptosis were present in EAE mice. Iron levels in the spinal cord
were elevated in the EAE mouse model (~250%; p= 0.0044;
Fig. 1A), which was consistent with previous reports [6, 28, 29].
Copper, zinc, and calcium levels were not altered (Fig. S1A–C).
Significant increases in malondialdehyde (MDA), lipid ROS
(measured by C11-BODIPY581/591 staining) (Fig. 1B, C), and lipid
hydroperoxide (LPO) (Fig. S1D) accompanied the increase in iron
after EAE, which indicated ferroptosis. Mitochondrial shrinkage,
which is a morphological feature of ferroptosis, was also observed
in the spinal cords of EAE mice (Fig. 1D). Specific iron
accumulation was observed in the cortical tissue of EAE mice
(Fig. S1E–H), but there were no changes in lipid oxidative stress
markers (Fig. S1I, J), which was consistent with the pathology of
EAE in the spinal cord.
To exclude the possibility that adjuvant-induced nonspecific

inflammation may affect these observations, we compared the
model to CFA injection alone without MOG. The injection of CFA
without MOG did not induce EAE phenotypes (Fig. S2A) or cause
lipid peroxidation as indicated by MDA levels (Fig. S2B).
The ferroptosis inhibitor liproxstatin-1 (Lip-1, 10 mg/kg, repeat-

edly every other day, 17 days postimmunization for 7 days, i.p.)
significantly rescued the EAE phenotypes, as evidenced by
reduced clinical scores (Fig. 1E) and improved motor function on
the rotarod (Fig. 1F), without affecting overall survival. Lipid ROS
accumulation in EAE mice was also restored by Lip-1 treatment
(Fig. 1G), which was consistent with target engagement by this
radical trapping agent and the prevention of ferroptosis.
Histopathological analysis (Luxol fast blue staining and Nissl
staining) of the spinal cord revealed that Lip-1 ameliorated
demyelination and neuronal death (Fig. 1H–K). H&E staining
indicated that Lip-1 reduced the infiltration of inflammatory cells
into the CNS (Fig. S3A, B). Consistently, a marked reduction in
CD4+ T cells in the CNS of EAE mice treated with Lip-1 for 7 days
starting 17 days postimmunization (repeatedly every other day)
was observed, but there were no changes in CD8+ T cells, as
revealed by flow cytometry (Fig. 1L, M). These data suggest that
inhibiting ferroptosis after the onset of EAE can ameliorate
neuroinflammation, behavioral deficits, and neurodegeneration.

ACSL4 mediates ferroptosis in EAE mice
To identify key ferroptotic proteins involved in the pathogenesis
of EAE, we examined genes that were previously implicated in
ferroptosis [13] in the spinal cords of EAE mice. Several key genes,
including Acsl4, Gpx4, Fsp1, and Lpcat3, were significantly altered
in a manner that was consistent with the occurrence of ferroptosis
(Fig. 2A). Further validation at the protein level by western blotting
confirmed that ACSL4 was significantly increased as early as
10 days postimmunization, at a timepoint at which no clinical
symptoms of EAE were yet observed (Fig. 2B). GPX4 and FSP1
expression levels were downregulated only after symptom onset
17 days postimmunization (Fig. S4A, B). By reanalyzing published
RNA sequencing data from two small but independent clinical
cohorts [20, 21], we observed increases in Acsl4 levels in the
perilesional chronic active areas (Figs. 2C, S4C) of MS patients. We

further confirmed that Acsl4 was significantly expressed during
the peak stage of EAE in mice (Fig. S4D).
The spinal cord contains several types of cells, including

neurons, glial cells, and blood vessel cells [30]. We then
investigated the localization of ACSL4 in different cell types using
immunofluorescence staining and found that ACSL4 was mainly
expressed in NeuN+ neurons rather than oligodendrocytes (MBP)
or astrocytes (GFAP) (Fig. S5A, B).
Next, we knocked down Acsl4 by intramuscularly administrating

adeno-associated virus (AAV8)-EF-Cas9+ AAV8-mACSL4-sp.g3
(KD, 8 × 1012 genomes in 20 μl) or AAV8 empty vectors as the
control to investigate the effect of this gene on EAE progression
(Fig. 2D). EAE was induced 15 days after AAV injection, and
immunofluorescence analysis and western blotting confirmed the
significant reduction in ACSL4 protein expression in the spinal
cord 32 days after AAV injection (Figs. 2E, S6A) but not in cortical
tissue or the spleen, which produces T cells (Fig. S6B, C). Acsl4
knockdown markedly ameliorated EAE severity and improved the
clinical scores of EAE mice (Fig. 2F). Consistent with a reduction in
ferroptosis, the levels of MDA, lipid ROS, and LPO after EAE were
significantly reduced by Acsl4 knockdown (Figs. 2G, H, S6D).
Further analysis indicated that the recruitment of peripheral
immune cells to the CNS was limited in AAV8-Acsl4-KD mice
32 days post-AAV injection, as evidenced by significantly reduced
numbers of CD4+ T cells (Fig. 2I, J), Th1 cells and Th17 cells
(Fig. S6E, F). These data collectively suggest that Acsl4 knockdown
in the spinal cord limits the activation of ferroptosis, suppresses
the priming and differentiation of T cells, and consequently
prevents behavioral deficits after EAE induction.

Ferroptosis is an early pathological event in EAE
EAE is an autoimmune disorder that is driven by autoreactive
T cells [31]. It was previously reported that CD8+ T-cell activation
triggers ferroptosis in ovarian tumors and subcutaneous melano-
mas [17, 18]; however, consistent with previous reports [32, 33],
CD8+ T cells did not significantly accumulate after the induction of
EAE (Fig. 3A, B), as evidenced by a lack of change in the
percentage of CD8+ T cells in the spinal cord 10 days
postimmunization (without any behavioral phenotypes, priming
stage) and 17 days postimmunization (behavioral phenotypes
evident, peak stage). In contrast, the percentage of CD4+ T cells
was significantly elevated 17 days postimmunization (Fig. 3A, B)
but was unaltered at 10 days postimmunization. Therefore, CNS-
infiltrating T-cell (mainly CD4+ T cells) proliferation and differ-
entiation were associated with the behavioral phenotypes. The
percentages of Th1 (IFN-γ+) and Th17 (IL-17A+) cells were
increased at an early stage (10 days postimmunization, Fig. S7A,
B), indicating that MOG immunization triggered an immune
response.
Therefore, we hypothesized that ferroptotic stress may be an

early lesion that might stimulate inflammation. Consistent with
this hypothesis, we found that lipid peroxidation, as indicated by
MDA or LPO levels (Fig. 3C), was significantly elevated 10 days
postimmunization, which was an earlier timepoint than CD4+

T-cell activation (17 days postimmunization) and behavioral
phenotype manifestations (17 days postimmunization). Iron levels
in the spinal cord were unaltered at this timepoint (Fig. 3C), but an
increase in iron did not occur during ferroptosis.
To determine whether ferroptotic signaling drives T-cell

activation, we measured the T-cell response in EAE mice that
were pretreated with Lip-1. Pretreatment with Lip-1 (3 days
postimmunization, repeatedly every other day, i.p.) significantly
delayed the behavioral phenotypes (Fig. S7C). Treatment with a
single dose of Lip-1 during the priming stage (10 days post-
immunization, i.p.) significantly reduced the clinical score (Fig. 3D)
and the percentage of CD4+ T cells (Fig. 3E, F) 17 days
postimmunization.
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Fig. 1 Ferroptosis in EAE pathogenesis. A ICP–MS analyses of the spinal cord tissues of Ctrl and EAE mice on Day 17 postimmunization (n= 6).
The data were normalized to the tissue wet weight. B Lipid peroxidation (MDA) was measured in spinal cord homogenates by MDA assay kits
(n= 7) and normalized to the protein concentration. C Relative lipid ROS levels were quantified by C11-BODIPY581/591 (FL-1) in the spinal cord
tissues of Ctrl and EAE mice on Day 17 postimmunization (n= 5). The data are expressed relative to the Ctrl. D Transmission electron
microscopy images of neurons in the spinal cords of Ctrl and EAE mice on Day 17 postimmunization. Yellow arrowheads indicate shrunken
mitochondria. Scale bars, 2 μm and 500 nm, as indicated. EMean clinical scores after EAE induction, and Lip-1 treatment was started on Day 17
postimmunization (n= 6). **P < 0.01; ***P < 0.001. F Motor impairments in EAE mice were tested by the rotarod after Lip-1 treatment (n= 5).
G Relative lipid ROS levels were measured by FL-1 in the spinal cords of EAE mice treated with Lip-1. The data are expressed relative to the Ctrl
(n= 4). H–K Luxol fast blue (LFB) staining and Nissl staining of spinal cord sections was performed to visualize demyelination and neuronal
death, respectively (red arrows) (n= 3). Scale bars, 200 μm and 50 μm, as indicated. L, M Representative plot and summary graph showing
flow cytometric analysis of infiltrating CD4+ and CD8+ T cells in the CNS of EAE mice after Lip-1 treatment (n= 4). The data are presented as
the means ± SEM. T test (A–C), two-way ANOVA with Tukey’s multiple comparisons test (E, F), and one-way ANOVA with Tukey’s multiple
comparisons test (G, I, K, M) were used. P values are indicated on the graphs
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Fig. 2 The role of ACSL4 in mediating neuronal injury caused by ferroptosis. A Quantitative PCR (qPCR) analysis revealed elevated expression
of ferroptosis-regulating genes in the spinal cord (n= 3). **P < 0.01; ***P < 0.001. The data are normalized to Gapdh and expressed as the fold
change relative to the Ctrl. B Western blot analysis of ACSL4 in EAE mice (n= 6). The data are normalized to β-actin and expressed relative to
the Ctrl. C Acsl4 expression was upregulated in the white matter of MS patients, as measured by microarray analyses (n= 7). D Diagrammatic
drawing of the spinal cord AAV8-Acsl4-KD mice. E Immunofluorescent colabeling of ACSL4 (green) and neurons (pink). Scale bar, 100 μm, as
indicated. F Mean clinical scores of AAV8-Acsl4-KD mice and control AAV8-empty vector mice (n= 6). **P < 0.01; ***P < 0.001. G Lipid
peroxidation (MDA) in spinal cord homogenates was normalized to protein concentrations (n= 5). The data are expressed relative to the Ctrl.
H Relative lipid ROS levels in the spinal cords of AAV8-Acsl4-KD mice and controls on Day 17 postimmunization (n= 6). The data are expressed
relative to the Ctrl. I, J Representative plot and summary graph showing flow cytometric analysis of infiltrating CD4+ and CD8+ T cells in the
CNS of AAV8-Acsl4-KD mice and controls (n= 4). The data are presented as the means ± SEM. T test (A), one-way ANOVA with Tukey’s multiple
comparisons test (B, C, G, H, J), and two-way ANOVA with Tukey’s multiple comparisons test (F) were used. P values are indicated on
the graphs
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We further investigated ferroptotic stress in different stages of
EAE by injecting Lip-1 at different times after the onset of EAE. A
single dose of Lip-1 administered 17 days postimmunization
reduced the EAE behavioral phenotypes; however, this effect only
lasted for 2 days (Fig. 3G), after which the motor deficits remerged
(Fig. S7D). Injection of a single dose of Lip-1 40 days post-
immunization, which is a timepoint at which there was little
evidence of activated infiltrating T cells [33, 34] (Fig. S7E, F), did
not ameliorate the behavioral phenotypes (Fig. S7G). This finding
may indicate that Lip-1 is only effective if the infiltration of T cells
has occurred or the mice have developed muscle atrophy in the
late stage of EAE [35, 36].
To investigate the importance of the anatomical location of

ferroptotic stress, we injected AAV8-EF-Cas9+ AAV8-mACSL4-sp.
g3 or empty vectors directly into the cortical regions of mice

before inducing EAE. AAV injection reduced the regional
expression of ACSL4 in the cortex (Fig. 3H, I) without affecting
other tissues, such as the spinal cord (Fig. S7H). However, this
reduction in the brain only mildly prevented the onset of EAE, as
evidenced by reduced clinical scores (Fig. 3J) and T-cell activation,
infiltration and expansion (Fig. 3K, L, Fig. S7I, J), indicating that
ferroptosis also occurs in the cerebrum in the late stage of EAE.

Ferroptosis promotes T-cell activation by regulating TCR
signaling
Several reports have shown that ferroptosis is involved in T-cell-
mediated cytotoxicity and inflammation [10, 17]; however,
whether ferroptosis affects T-cell function is unknown. Our data
indicated that ferroptosis in neuronal cells might regulate T-cell
function in EAE mice. To examine this hypothesis, we cultured

Fig. 3 Ferroptosis is an early event in EAE mice. A, B Representative plot and summary graph showing flow cytometric analysis of infiltrating
CD4+ and CD8+ T cells in the CNS of EAE mice on different immunization days (n= 5). C The lipid peroxidation (MDA and LPO) and iron levels
in the spinal cords of EAE mice (n= 5). D Mean clinical scores of EAE mice treated with Lip-1 beginning on Day 10 postimmunization (n= 6).
***P < 0.001. E, F Representative plot and quantified percentages of flow cytometric analysis of immune cells infiltrating the CNS of EAE mice
treated with Lip-1 for 7 days beginning on Day 10 postimmunization (n= 4). G Mean clinical scores of EAE mice treated with Lip-1 on Days 17
and 23 postimmunization (n= 6). H Diagrammatic drawing of the generation of cortical AAV8-Acsl4-KD mice. I Immunofluorescent colabeling
of ACSL4 (green) and neurons (pink). Scale bar, 100 μm, as indicated. J Mean clinical scores of EAE mice with cortical Acsl4 knockdown (n= 6).
**P < 0.01; ***P < 0.001. K, L Representative plot and summary graph showing flow cytometric analysis of infiltrating CD4+ and CD8+ T cells in
the CNS of cortical Acsl4-knockdown mice and controls (n= 4). The data are presented as the means ± SEM. One-way ANOVA with Tukey’s
multiple comparisons test (B, C, F, L) and two-way ANOVA with Tukey’s multiple comparisons test (D, G) were used. P values are indicated
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naïve CD4+ T cells with medium harvested from primary neurons
treated with the ferroptosis inducer RSL3 (as a GPX4 inhibitor) or
erastin (targets xCT) [37] for 24 h. CD4+ T cells were then
stimulated with anti-CD3 and anti-CD28, and T-cell activation was
measured by cytokine production, as well as T-cell receptor (TCR)
proximal signaling events. Quantitative PCR analysis indicated that
the supernatant harvested from ferroptotic neurons enhanced the
expression of Il2 and Ifng (Fig. 4A), which suggests that ferroptosis
promotes T-cell activation. Consistently, immunoblot analysis of
TCR proximal signaling events further suggested that ferroptotic
stress could facilitate T-cell activation (Fig. 4B, C). This outcome
was also evidenced by the activation of several downstream
signaling kinases, including Akt and Erk (Fig. 4B, C). When RSL3
was directly cultured with T cells, the TCR signaling pathway was
not activated (Fig. S8A, B), indicating that the factors released by
ferroptotic neurons may be responsible for T-cell hyperactivation.
We further investigated this hypothesis in vivo using the

adoptive transfer EAE model in which T cells from ferroptosis-
treated neurons were injected into naive recipients. By transfer-
ring pathogenic Th1 or Th17 cells (pretreated with conditioned
medium from ferroptotic neurons induced with RSL3 or control
medium) into recipient mice, we found that culturing T cells with
ferroptotic medium significantly exacerbated EAE pathogenesis
(Fig. 4D, E), which was consistent with our in vitro findings. We
also found that Lip-1 treatment on Day 17 after MOG immuniza-
tion significantly reduced EAE clinical scores (Fig. 1E). CNS-
infiltrating T cells were isolated, and IFN-γ- and IL-17-producing
T cells were examined. Compared with T cells from vehicle-treated
mice, the T cells isolated from the CNS of Lip-1-treated mice
showed reduced IFN-γ and IL-17 production (Fig. 4F, G), indicating
impaired Th1 and Th17 activation. Collectively, these data indicate
that ferroptotic neurons promote T-cell activation, which exacer-
bates EAE progression.

Targeting ferroptosis with ceruloplasmin to attenuate EAE
progression
Ceruloplasmin (Cp) is an extracellular cuproenzyme that oxidizes
ferrous iron to ferric iron to promote iron efflux from cells [5] and

was previously reported to suppress ferroptosis [38]. Earlier studies
indicated the beneficial effects of peripheral Cp treatment in
animal models of Parkinson’s disease [39] and stroke [40], two
diseases in which ferroptosis is implicated [13, 14]. We examined
whether peripheral administration of Cp attenuated neuroinflam-
mation in EAE mice. First, we found that Cp (5 mg/kg, injected on
Day 17 postimmunization, and repeatedly every other day for
7 days, i.p.) attenuated EAE clinical scores (Fig. S9A). Moreover, Cp
treatment 17 days postimmunization dose-dependently amelio-
rated the clinical deficits of EAE mice (Fig. 5A) and ameliorated
motor impairment, as measured by the rotarod (Fig. 5B). Cp
treatment also reduced iron levels in the spinal cord (Fig. 5C) and
reduced LPO levels (Fig. 5D). Histopathological analysis revealed
reduced demyelination and neuronal death in EAE mice treated
with Cp (Fig. 5E–H).
We next investigated whether Cp affects T-cell activation in the

CNS of EAE mice. H&E staining showed significantly reduced
infiltrating inflammatory cells in EAE mice treated with Cp
compared to saline-treated mice (Fig. S9B, C). The flow cytometry
data indicated a significant reduction in CD4+ T cells in the CNS of
mice treated with Cp, but there were no alterations in CD8+ T cells
(Fig. 5I, J). Among CNS-infiltrating CD4+ T cells, the percentage of
IL-17-producing T cells (Th17 cells) was greatly reduced by Cp
treatment, and a decrease was observed in IFN-γ-producing
Th1 cells (Fig. S9D, E). Collectively, these results demonstrate a
potential therapeutic role of Cp in EAE pathogenesis, which may
be related to ferroptosis inhibition and/or iron chelation.

DISCUSSION
Here, we demonstrated that ACSL4-mediated ferroptosis induced
inflammation and promoted the CNS infiltration and activation of
T cells, which may drive neuroinflammation and demyelination in
EAE. In neurons, polyunsaturated fatty acids (PUFAs) are esterified
by ACSL4 and can be oxidized by iron to generate toxic
phospholipid hydroperoxides (PE-AA-OOH) that destroy cellular
membranes during ferroptosis. During EAE, ACSL4 and iron levels
are increased, resulting in the accumulation of lipid peroxides; this

Fig. 4 Ferroptosis promotes T-cell activation. A Quantitative PCR analysis of the relative mRNA expression of Il2 and Ifng in T cells treated with
or without conditioned medium from cells stimulated with RSL3/Erastin and with anti-CD3 and anti-CD28 antibodies. The data are normalized
to Gapdh and expressed relative to the Ctrl. B, C Immunoblot analysis of the indicated phosphorylated (p-) and total proteins in whole-cell
lysates if T cells stimulated with anti-CD3 and anti-CD28 antibodies. The data are normalized to the total protein and expressed relative to the
Ctrl. D, E Accelerated manifestations of EAE in Th1/Th17 cells cultured with ferroptotic neurons. Th1/Th17 cells (3 × 107 cells per mouse) were
adoptively transferred into naïve recipients that were monitored for signs of EAE (n= 6). F, G Flow cytometric analysis of Th1 (IFN-γ+) and Th17
(IL-17A+) cells among CD4+ T cells in the CNS of EAE mice treated with Lip-1 (n= 7). The data are presented as the means ± SEM. Two-way
ANOVA with Tukey’s multiple comparisons test (A, C, D, E) and one-way ANOVA with Tukey’s multiple comparisons test (G) were applied. P
values are indicated
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Fig. 5 Cp treatment ameliorates EAE in mice. A Mean clinical scores of EAE mice treated with different doses of Cp (n= 6). EAE (3) indicates
that the treatment was initiated when the mice reached a clinical score of 3. **P < 0.01; ***P < 0.001. B Motor impairments in EAE mice were
ameliorated by Cp treatment (n= 5). C ICP–MS analyses of the spinal cords of EAE mice treated with Cp (n= 7). The data are normalized to the
tissue wet weight. D Lipid peroxidation (LPO) was measured in spinal cord homogenates by MDA assay kits (n= 8) and normalized to the
protein concentration. E–H LFB staining and Nissl staining of spinal cord sections from EAE mice treated with Cp (red arrows) (n= 3). Scale
bars, 200 and 50 μm, as indicated. I, J Representative plot and summary graph showing flow cytometric analysis of infiltrating CD4+ and CD8+

T cells in the CNS of EAE mice after Cp treatment (n= 4). The data are presented as the means ± SEM. Two-way ANOVA with Tukey’s multiple
comparisons test (A, B) and one-way ANOVA with Tukey’s multiple comparisons test (C, D, F, H, J) were used. P values are indicated
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ferroptotic signaling and the resultant phenotypes were amelio-
rated by anti-ferroptotic compounds. Ferroptotic neurons secreted
factors that promoted T-cell activation and cytokine production in
Th1 and Th17 cells (Fig. 6).
There have been reports implicating oxidative stress and its

regulatory pathways in the pathogenesis of MS. General oxidative
damage is present in MS cortical tissues and may be related to
oligodendrocyte and neuronal injury [41]. Glutathione (GSH),
which is an important antioxidant in ferroptosis [13], was reported
to be decreased in EAE [42] and coincided with an increase in
oxidative stress. xCT, a control point for the production of
glutathione, is elevated during EAE, which may result from the
release of glutamate by activated macrophages/microglia [43, 44].
Specific reductions in xCT in immune cells prevents the damage
induced by EAE [44]. ACSL4 catalytically promotes the esterifica-
tion of arachidonic acid (AA), which makes it available for
ferroptosis [22], and it was previously reported that IFN-γ plus
AA induced ferroptosis in immunogenic tumors via ACSL4 [45]. We
showed that ACSL4 was elevated and colocalized with NeuN+

neurons in gray matter, and this increase may result in an increase
in PUFAs. Since the mRNA of Acsl4 was also elevated, we
hypothesized that the increase in ACSL4 observed during EAE
was transcriptionally regulated, which was previously linked with
the transcription factor Sp1 [46] or the transcription coactivator
Yes-associated protein (YAP) [47]. Both Sp1 and YAP have been
implicated in EAE through their regulation of other proteins
[48, 49], and it would be interesting to investigate their links
with ACSL4.
We found that during the pathogenesis of EAE, iron accumula-

tion did not occur during the priming stage (Fig. 3C), which was
consistent with previous reports [28, 29], but the regulation of
ferroptosis and markers of lipid peroxidation were altered. These
ferroptotic markers were changed earlier than the proliferation
and differentiation of CNS-infiltrating CD4+ T cells, and we
demonstrated that ferroptosis promoted T-cell activation. It is
known that sufficient free intracellular iron and membrane PUFAs
are both prerequisites for ferroptosis [13, 37]. In MS patients, iron
was previously reported to be released after the death of
oligodendrocytes [7], which may promote neurotoxicity. However,
RSL3 inactivates Gpx4, leading to lipid ROS accumulation without
affecting iron levels, which can trigger ferroptosis [12]. Similarly,
the iron chelator deferoxamine (DFO) inhibits ferroptosis, even
when iron has not accumulated [12]. Therefore, iron is required for

ferroptosis, and the abundance of iron dictates ferroptotic
susceptibility, but an increase in iron does not occur during
ferroptosis. In this study, we observed a significant increase in lipid
ROS in the spinal cord in an early stage of EAE onset without iron
accumulation (Fig. 3C), and this effect was inhibited by Lip-1
(Fig. S7C), indicating that iron accumulation in EAE may be a
downstream event that exacerbates ferroptotic stress rather than
being the initial trigger of ferroptosis.
We further treated EAE mice with Cp. Cp can transport iron out

of neurons [25], prevent ferroptosis [38], and act as a general
antioxidant [50]. It was previously reported that Cp-knockout mice
developed mild EAE phenotypes at an early stage (13–17 days)
and recovered after Day 18 [51]. Another study indicated that Cp
was upregulated during the early stage, and iron accumulation
was observed during the remission/progressive and late stages
[28]. Iron efflux may be impaired during EAE, which causes iron
accumulation at a later stage [28]. Mice with complete removal of
Cp (knockout mice) are vulnerable to stresses related to iron, such
as EAE, and the mice develop MS-like phenotypes [51].
Consistently, we found that adding Cp ameliorated the EAE
phenotypes, while iron levels, as well as a specific marker of
ferroptosis, were reduced (Fig. 5). Therefore, Cp upregulation may
be a mechanism to protect the cells from iron accumulation but is
not the cause of iron accumulation, which has been observed in
other neuronal disease models, such as Parkinson’s disease and
ischemic stroke [25, 40].
It has been reported that the ferroptotic checkpoint Gpx4

mediates the removal of phospholipid hydroperoxides that can
regulate T-cell immunity [52], and enhanced CD8+ T-cell function
results in ferroptosis during cancer immunotherapy [17]. In this
study, we found that ferroptosis inhibitors reduced neuroinflam-
mation by regulating T-cell activation in the CNS of EAE mice,
providing further evidence that ferroptosis participates in the
regulation of immune processes. We found that naïve T-cell
activation was enhanced after the cells were cultured with
medium harvested from primary neurons treated with ferroptosis
inducers. TCR signaling is crucial for the T-cell response and
controlling T-cell differentiation [53, 54]. The classic intracellular
signals activated by the TCR include mitogen-activated protein
kinases (MAPKs, such as the ERK1/2 signaling pathway) [55, 56]
and the Akt signaling pathway [57, 58]. The increased TCR
signaling in naïve T cells observed in the present study indicates
that ferroptotic neurons promote T-cell activation. We further

Fig. 6 Working model of ferroptosis in EAE pathogenesis. During EAE development, ACSL4 mediates ferroptosis to induce inflammation and
promote the activation of T cells through the TCR signaling pathway, thus driving T-cell-mediated neuroinflammation and demyelination in
the spinal cord, which induces EAE pathology. This fiugre was created with BioRender.com.
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stimulated Th1 or Th17 cells with conditioned medium from
ferroptotic neurons induced with RSL3, and after transferring the
cells into recipient mice, we found that T cells cultured with
ferroptotic medium significantly exacerbated EAE pathogenesis,
further supporting our proposed mechanism.
Cell death and immunity are two evolutionarily conserved

processes that maintain homeostasis through complex molecular
and cellular interactions [59]. Release or exposure of intracellular
molecules from dead or dying cells can trigger adaptive immunity,
which is beneficial in responding to intracellular pathogens and
tumor-associated antigens, but this process may also accelerate the
progression of immune diseases such as MS [60]. It was previously
reported that the release of danger-associated molecular patterns
(DAMPs, such as HMGB1 and ATP) from ferroptotic cancer cells
contributed to the maturation of DCs, thereby triggering cytotoxic T-
cell-mediated adaptive immunity [61]. Similarly, we propose that
ferroptotic neurons regulate the expression of cytokines or
chemokines that promote T-cell activation, thus affecting the
proliferation and differentiation of T cells.
The function of CD8+ T cells in EAE is not clear. It was previously

reported that myelin basic protein (MBP)-specific CD8+ T cells
contributed to EAE pathogenesis through the Fas-FasL pathway
[62]; CD8+ T cells in EAE can be inhibitory and suppress CD4+

T-cell proliferation [33]. The in vivo data we obtained in the
present study suggest that the conditioned medium of ferroptotic
neurons enhanced TCR signaling and activation in CD4+ T cells,
and it is feasible that CD8+ T cells were also affected by
ferroptosis. However, we found that CD8+ T cells were not
changed at the time of our analysis (24 days postimmunization),
nor did Lip-1 treatment affect CD8+ cells, indicating that CD8+

T cells may not be essential in the priming stage of EAE.
We have demonstrated that ferroptosis inhibition either by

small inhibitors, ceruloplasmin protein therapy, or genetic editing
prevents early injuries in EAE caused by neuroinflammation.
Furthermore, we have provided evidence that preventing
ferroptosis may be beneficial for secondary neurodegeneration.
Further clinical trials may be warranted to test the efficacy of these
compounds, but the development of therapeutic strategies to
specifically target ferroptosis-mediated T-cell activation might be
useful for inhibiting CNS inflammation and treating MS.

DATA AVAILABILITY
Data supporting this study are available from the corresponding authors upon
request.
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