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Ferrostatin-1 reduces the inflammatory @
response of rheumatoid arthritis

by decreasing the antigen presenting function

of fibroblast-like synoviocytes
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Jingyao Yan', Haoyuan Sun?, Yanlei Ge* and Zhiyi Zhang'"

Abstract

Rheumatoid arthritis (RA) is a systemic chronic autoimmune disease with complex mechanism. Currently,
ferroptosis is believed to play a role in it, but the specific mechanism is unknown, especially in immune response.
In this study, we demonstrated that the high expression of major histocompatibility complex | (MHC-I) molecules in
RA fibroblast-like synoviocytes (FLSs) is an antigen-presenting cell property and that this property is closely related
to the increase in antigens after citrullination. Moreover, we detected higher levels of ferroptosis among FLSs from
RA patient than among FLSs from OA patients. Ferroptosis can increase the expression of citrullinated histone

H3 (cit-h3) by promoting the production of peptidyl arginine deiminase 4 (PAD4), which further promotes the
expression of MHC-I molecules. We cocultured RA-FLSs treated with ferroptosis drugs with selected CD8+T cells to
assess the effect of ferroptosis on the endogenous antigen-presenting function of RA-FLSs. Ferroptosis promoted
the proliferation of CD8+T cells and the release of the inflammatory factors Tumor necrosis factor-a (TNF-a) and
Interferon-gamma (IFN-y), which enhanced the inflammatory effect. This phenomenon was also observed in a
collagen-induced arthritis (CIA) mouse model. Finally, ferrostatin-1 (fer-1), a ferroptosis inhibitor, inhibited the above
effects and reduced the release of inflammatory factors, indicating that ferroptosis may play a therapeutic role in
RA and providing new ideas for the treatment of RA in the field of immunity.
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Introduction

Rheumatoid arthritis (RA) is one of the most com-
mon chronic systemic inflammatory diseases, with joint
destruction as its most characteristic clinical manifesta-
tion. This destruction is driven by chronic inflamma-
tion, immune and stromal cell activation, and synovial
cell layer invasion into adjacent cartilage and underly-
ing bone. Phenotypic changes in synovial cells play cru-
cial roles in this process [1, 2]. During the activation of
the autoimmune response, synovial cells are believed to
undergo significant proliferation and exhibit invasive and
destructive behaviours, further promoting inflamma-
tion. The inflammatory environment, in turn, accelerates
synovial proliferation and destructive effects, creating
a positive feedback loop [3, 4]. Additionally, under the
stimulation of inflammatory factors, synovial fibro-
blasts can exhibit antigen-presenting functions, thereby
enhancing the inflammatory response [5-7].

Citrullination is the posttranslational modification
of arginine in proteins to the nonstandard amino acid
citrulline; this modification is catalysed by a calcium ion-
dependent PAD enzyme [8]. Protein citrullination can
produce new epitopes that lead to the formation of new
autoantigens; the modified protein has stronger immu-
nogenicity and increased uptake by antigen-presenting
cells [9]. Citrullination is currently considered a marker
of early cell damage; thus, it appears to be involved in all
cell death pathways [10].

Ferroptosis is an iron-dependent form of programmed
cell death characterized by the accumulation of iron ions
and lipid peroxides [11]. This phenomenon was discov-
ered in 2012 by Brent Stockwell’s laboratory at Columbia
University while studying the role of the small molecule
compound erastin in tumour mutation mechanisms [12].
Ferroptosis primarily occurs due to the depletion of glu-
tathione (GSH) and the inactivation of glutathione perox-
idase 4 (GPX4), with GPX4 identified as a key inhibitory
factor [11]. Numerous studies have revealed the involve-
ment of ferroptosis in the development of various
diseases, including tumours, kidney diseases, and car-
diovascular diseases [13—16]. However, researchers have
focused mostly on the effects of cell death induced by
ferroptosis, while the potential amplification of inflam-
matory diseases through the accumulation of reactive
oxygen species (ROS) remains underexplored. Although
ferroptosis is closely related to immune-inflammatory
mechanisms and plays a role in the development of
immune diseases [17-19], no studies have yet been con-
ducted in the context of RA.

Therefore, in this study, we focused on the influence
of changes in the microenvironment inside cells on the
citrullination mechanism in RA during ferroptosis, which
led to the enhancement of the antigen-presenting func-
tion of synovial fibroblasts and a series of inflammatory
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effects, and further explored the mechanism of ferrop-
tosis in RA. Based on this theory, we found that ferrop-
tosis inhibitor can effectively inhibit the inflammatory
response of RA.

Materials and methods

OA and RA patients

The samples for this study were obtained from patients
with osteoarthritis (OA) and rheumatoid arthritis (RA)
who attended the Rheumatology and Immunology
Department and Orthopedic Outpatient and Inpatient
Departments of the First Affiliated Hospital of Harbin
Medical University. The diagnoses of RA and OA were
made according to the criteria established by the Ameri-
can College of Rheumatology in 2010 [20] and 1991 [21].
A total of 24 RA patients were included for peripheral
blood collection to sort CD8+T cells. All patients had
positive CCP antibodies, and all belonged to patients
with moderate and severe disease activity. In addition,
20 patients who underwent joint replacement and syno-
vial clearance in our department of Orthopedics were
included for the extraction of FLSs. All patients had no
other chronic or joint diseases and were not treated with
disease-modifying anti-rheumatic drugs (DMARDs), but
could be treated with oral NSAIDs.

This study was approved by the Ethics Committee of
the First Affiliated Hospital of Harbin Medical Univer-
sity, and informed consent was obtained from all patients
(NO. 2025]S17).

Cellisolation and cell culture

Peripheral blood mononuclear cells (PBMCs) from RA
patients were isolated using density gradient centrifu-
gation. CD8+ T cells were separated using an EasySep™
Human CD8+ T Cell Isolation Kit (Stemcell Technolo-
gies) following the manufacturer’s instructions. The
sorted cells were seeded at a density of 1x10° cells/mL
in 6-well plates and stimulated with a CD3/CD28/CD2
T cell activator (25 pL/mL; Stemcell Technologies) and
IL-2 (100 U/mL, MCE) in RPMI-1640 medium (Biologi-
cal Industries) supplemented with 10% heat-inactivated
foetal bovine serum (FBS; Gibco).

RA fibroblast-like synoviocytes (FLSs) were iso-
lated from the synovium of RA patients undergoing
joint replacement surgery. The specific methods were
described in a previous publication by the correspond-
ing author [22]. The cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% FBS. Adherent FLSs were passaged at a ratio of 1:3
when they reached 70-80% confluence and were used
for experiments at passages 4 to 7. Serum starvation was
performed for 24 h in DMEM containing 1% FBS before
treatment.
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RA FLSs were treated with or without the ferroptosis
activator erastin (0, 2.5, 5, or 7.5 uM, MCE) or the fer-
roptosis inhibitor fer-1 (0, 5, 10, or 15 uM, MCE) for 48 h.
The PAD4 enzyme inhibitor GSK484 (10 uM, MCE) was
added to the erastin-containing medium. Cells were cul-
tured for 6 h.

Coculture of synovial cells and CD8 +T cells

For cocultures, 1x10° T cells were cocultured with RA-
FLS target cells at a 1:1 ratio in one well of a 6-well cul-
ture plate. Prior to coculture, RA-FLSs were extensively
washed to remove residual drug. After 48 h, the T cells
were stained for CFSE, IFN-y, TNF-a, and CD8 expres-
sion for flow cytometric analysis.

Flow cytometry

For the intracellular staining of CD8+T cells, APC-
TNF-a (BioLegend) and PE-IEN-y (BioLegend) were
used, while for surface staining, FITC-CD8a (Bio-
Legend) and PE/Cy7-CD69 (BioLegend) were used.
Nuclear staining was performed with a secondary anti-
body (goat anti-rabbit IgG (H+L) FITC-conjugated,
1:500, Abcam) labelled with anti-cit-h3 (1:500, Abcam).
APC-CD8a and FITC-CFSE (BioLegend) were used to
assess CD8+ T cell proliferation. FLSs were stained with
C11BODIPY581/591 (BODIPY) and FITC-HLA A2 (Bio-
Legend). Briefly, for surface staining, after treatment, cells
were collected and resuspended in ice-cold PBS contain-
ing 3% FBS and a primary antibody. Following a 25-min
incubation on ice and protected from light, the cells were
washed twice, resuspended in ice-cold PBS, and analysed
using a BD FACSCalibur (BD Biosciences, New Jersey,
USA). For intracellular staining, the cells were incubated
with appropriate concentrations of cell stimulants and
blockers (BioLegend) for 4-5 h in a cell culture incubator
(37 °C, 5% CO,), fixed and permeabilized. The cells were
subsequently stained according to the aforementioned
steps. Nuclear staining was performed according to the
manufacturer’s instructions for the True-Nuclear™ Tran-
scription Factor Buffer Set (BioLegend). Data analysis
was performed using FlowJo software (Tree Star, USA).

Collagen-induced arthritis (CIA) mouse model

Male DBA/1] mice (8 weeks old, weighing 21+2 g, SPFE,
SLAC, Jiangsu, China) were selected to establish a CIA
model. The CIA mouse model was established as previ-
ously described [23]. In brief, 2 g/L bovine type II colla-
gen (CII, Chondrex, Redmond, WA, USA) was emulsified
in an equal concentration of complete Freund’s adjuvant
(CFA) at a 1:1 ratio on ice, and 100 pL of the emulsion
was injected into the base of the mouse tail to complete
the first immunization. On day 21, prepared CII was
emulsified with the same dose of incomplete Freund’s
adjuvant (IFA) and injected into the base of the mouse
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tail in the same manner to complete the second immuni-
zation. The general condition, weight, and degree of joint
swelling of the mice were regularly monitored. After the
CIA model was established (day 21), the mice were ran-
domly divided into the following groups (each group con-
sisted of 5 mice): CIA control group; erastin group [CIA
model mice treated with erastin at a dose of 5 mg/kg/day;
intraperitoneal injection one week before and two weeks
after the second immunization, twice a week for a total
of 6 times); fer-1 group (CIA model mice treated with
fer-1 at a dose of 10 mg/kg/day according to the afore-
mentioned dosing regimen); and erastin + GSK484 group
(intraperitoneal injection of 10 mg/kg, three times a week
for a total of 6 times, starting two weeks after the second
immunization). All the animal experiments were con-
ducted following the Guidelines for the Care and Use of
Laboratory Animals of the National Institutes of Health
and were approved by the Institutional Animal Care
and Use Committee of Harbin Medical University (NO.
2022076). Specimen providers and data statisticians were
blinded to the group allocation.

Real-time quantitative polymerase chain reaction (RT-
qPCR)

Total RNA was extracted from FLSs using an RNA Kit
(Omega), and reverse transcription was performed
using ReverTra Ace® qPCR RT Master Mix with gDNA
Remover (TOYOBO) according to the manufacturer’s
protocol. The generated complementary DNA (cDNA)
served as the template for qPCR amplification, which
was conducted using iTaq Universal SYBR Green Super-
mix (Bio-Rad). The gene primers used are listed in sup-
plementary Table 1. Gene expression was normalized to
that of GAPDH using the 2724 method.Specimen pro-
viders and data statisticians were blinded to the group
allocation.

Western blot analysis

After digestion with Accutase (Solarbio), the FLSs were
washed with PBS. The FLSs were subsequently lysed in
cold lysis buffer with rotation every 10 min for a total of
30 min. Subsequently, the lysates were centrifuged, and
the supernatants were collected. The samples were then
heated at 95 °C for 10 min in loading buffer. Protein
extracts containing 30 pg of protein were separated via
10% SDS-PAGE and transferred onto NC membranes.
Western blot analysis was performed using primary anti-
bodies against HLA Class I (1:5000, Proteintech), PAD4
(1:5000, Proteintech), GPX4 (1:1000, Abcam), and either
GAPDH or a-tubulin, followed by secondary antibodies
conjugated to horseradish peroxidase (HRP), such as goat
anti-rabbit IgG or anti-mouse IgG (1:5000, Abbkine). The
results were visualized using an Odyssey CLx Infrared
Imaging System.
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Specimen providers and data statisticians were blinded
to the group allocation.

ELISA

After drug treatment, the cells were washed with sterile
PBS and cocultured with an equal volume of medium
containing CD8+ T cells. The supernatant was collected
for ELISAs. The detection of IFN-y (Jianglai Bioscience)
and TNF-a (Jianglai Bioscience) was performed accord-
ing to the manufacturer’s instructions.Specimen pro-
viders and data statisticians were blinded to the group
allocation.

Histological and immunohistochemistry analysis

The hind paws of mice were fixed in 10% neutral buff-
ered formalin, decalcified in 10% EDTA for 3 weeks, and
then embedded in paraffin wax. Sections were prepared
from tissue blocks and stained with haematoxylin and
eosin. Histological scoring of joint inflammation, syno-
vial hyperplasia and bone erosion were performed as
described previously [24, 25]. Immunostaining was con-
ducted using the following primary antibodies: anti-HLA
class I (Proteintech), anti-PAD4 (Proteintech), anti-GPX4
(Abcam) and anti-CD8 (Abcam).

Microcomputed tomography (micro-CT) imaging

We employed microcomputed tomography (micro-CT)
imaging technology using the Quantum GX system from
Perkin Elmer, Waltham, USA, to reconstruct the hind
paws of the mice into three-dimensional (3D) bone struc-
tures, enabling the observation of joint damage. To assess
bone loss, we utilized Caliper Analyze software (Analyze
Direct, Kansas, USA) to calculate the average CT value.

Statistical analysis

All analyses were completed using GraphPad Prism 10
(GraphPad Prism Software, CA, USA). The data are pre-
sented as means + S.D.s. Paired ¢ tests were used to com-
pare the two groups. The Mann-Whitney U test was
applied for data with nonnormal distributions. For the
analysis of differences between groups, one-way ANOVA
or two-way ANOVA was used depending on the num-
ber of groups and the nature of the comparisons. P val-
ues < 0.05 were considered significant. *P<0.05, **P<0.01,
***P<0.001, and ****P<0.0001.

Results

Elevated levels of ferroptosis in synovial cells from RA
patients

RA is characterized primarily by synovial inflamma-
tion. Changes in the synovial cells of affected joints most
directly reflect the pathogenesis of RA. To assess the
levels of ferroptosis in RA, we measured the expression
of the ferroptosis marker GPX4 in synovial cells from
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RA patients using PCR and Western blotting (WB). The
results indicated a significant decrease in GPX4 expres-
sion in RA synovial cells (Fig. 1la and b). Using the
C11-BODIPY probe and flow cytometry, we assessed
intracellular lipid peroxidation levels, which were sig-
nificantly increased in RA patients (Fig. 1c). Additionally,
fluorescence microscopy revealed increased ferrous ion
and reactive oxygen species (ROS) levels in the synovial
cells of RA patients (Fig. 1d and e). These findings col-
lectively suggest that ferroptosis levels are greater in the
synovial cells of RA patients than in those of osteoarthri-
tis (OA) patients.

Antigen-presenting characteristics of synovial cells from
RA patients

RA is characterized by the significant presence of citrulli-
nated antigens. Using citrullinated histone H3 as a repre-
sentative marker, we found markedly greater citrullinated
histone H3 levels in RA fibroblast-like synoviocytes (RA-
FLSs) than in osteoarthritis fibroblast-like synoviocytes
(OA-FLSs) (Fig. 1i). These modified antigens have a rel-
atively high affinity for MHC molecules. To determine
whether synovial cells from RA patients can function as
antigen-presenting cells and promote inflammation in
synovial tissue, we assessed the expression of HLA class
I antigens in RA-FLSs via Western blotting (WB). Addi-
tionally, we used flow cytometry and PCR to analyse
HLA-A2 expression levels. Compared with those in OA-
ELSs, the levels of both genes in RA-FLSs were signifi-
cantly greater (Fig. 1f-h). These findings suggest that the
increased presence of citrullinated antigens in RA pro-
motes the expression of MHC class I molecules in RA-
FLSs and facilitates the transformation of RA-FLSs into
an antigen-presenting cell phenotype.

Ferroptosis affects HLA class | molecule expression in
RA-FLSs

To delve into the role of ferroptosis in RA, we initially
investigated the cytotoxic effects of various concentra-
tions of the ferroptosis inducer erastin and the ferrop-
tosis inhibitor Fer-1 on synovial cells. The CCK-8 assay
revealed a dose-dependent increase in erastin-induced
cytotoxicity in RA-FLSs. Notably, there was no signifi-
cant difference in cytotoxicity between 10 and 15 uM fer-
1, with survival rates surpassing 50% across all the tested
concentrations (Supplementary Fig. 1a and b).

To gauge the responsiveness of ferroptosis markers
to different drug concentrations, we evaluated GPX4
expression via PCR and WB. The results revealed that
erastin robustly inhibited GPX4 expression at relatively
high concentrations, while fer-1 tended to increase GPX4
mRNA levels, although protein levels decreased at 15 uM
fer-1 (Supplementary Fig. 1d-g).
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Fig. 1 Ferroptosis and increased MHC-I levels in rheumatoid arthritis

(a, b) gPCR and WB analyse the expression of GPX4 in FLSs and the statistical result of the relative fold values (normalized the OA control group) (n=5-6);
(€) Flow cytometry analysis of FLSs after staining with 1 uM C11-BODIPY>6"?" (n=3-5); (d) Immuno-fluoresence of FLSs stained for DCFH-DA and the
statistical result of mean fluorescence intensity (MFI) (n=4-6); (e) Immuno-fluoresence of FLSs stained for FerroOrange (green) and the statistical result
of mean fluorescence intensity (MFI) (n=5); (f, g) gPCR and WB analyse the expression of HLA-I in FLSs and the statistical result of the relative fold values
(normalized the OA control group) (n=6-7); (h) Flow cytometry analysis the expression of HLA-A2 in FLS(n=5); (i) Flow cytometry analysis the expression
of cit-h3 in FLSs (n=4); Data are shown as the mean +5.D,; Each dot plot represents an individual sample; All data were statistically analyzed using Mann-

OA RA

Whitney U test. *P < 0.05, **P<0.01, ***P<0.001

To explore the interplay between elevated ferroptosis
levels in RA patients and synovial cell antigen-presenting
molecules, we investigated the impact of varying eras-
tin and fer-1 concentrations on MHC class I molecules.
All erastin concentrations increased the surface expres-
sion of MHC class I on RA-FLSs, with 5 uM resulting in
the most potent effect (P<0.05, Fig. 2a-c). Conversely, 10
uM fer-1 had the most pronounced inhibitory effect on
MHC class I expression (P<0.05, Fig. 2d and e), with flow
cytometry corroborating similar inhibition at 10 and 15
uM fer-1 (Fig. 2f).

Ferroptosis affects the production of citrullinated histone
H3 by PAD4 enzyme

Ferroptosis can cause RA-FLSs to express MHC-I mol-
ecules. We explored whether this effect is related to an
increase in citrullinated antigens. The generation of
citrullinated proteins requires the catalytic action of PAD
enzymes. Therefore, we examined the expression of the
PAD4 enzyme under different concentrations of ferrop-
tosis-inducing drugs. The results indicated that 5 pM
erastin significantly promoted PAD4 expression (Fig. 2g),
whereas Fer-1 inhibited PAD4 expression, with the stron-
gest effect at 10 pM (Fig. 2h). Thus, we propose that fer-
roptosis promotes the generation of citrullinated proteins
by increasing PAD4 enzyme production.
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On the basis of the cytotoxicity data, ferroptosis
marker expression, and MHC-I expression under differ-
ent concentrations of erastin and fer-1, we determined
that the optimal concentrations of erastin and fer-1 were
5 uM and 10 pM, respectively. Flow cytometry analysis
confirmed that erastin promotes the generation of cit-h3,
which can be inhibited by the PAD4 enzyme inhibitor
GSK484, whereas fer-1 inhibits the generation of cit-h3
(Fig. 2i).

Ferroptosis influences the antigen presentation function of
RA-FLSs via the PAD4 enzyme, thereby further impacting
the release of inflammatory factors

To investigate the mechanism by which ferroptosis
enhances antigen presentation in RA-FLSs, we treated
the cells with erastin and the PAD4 inhibitor GSK484
and then measured HLA-I levels. We found that the

erastin-induced increase in HLA-I was inhibited by
GSK484 (Fig. 3a-c). The effect of GSK484 on cell viability
is shown in Supplementary Fig. 1c.

Next, we cocultured RA-FLSs with CD8+T cells.
Using flow cytometry, we examined the expression of the
CD8+T cell activation markers CD69, TNF-a, and IFN-
y. The results revealed that the levels of activation mark-
ers of CD8 + T cells significantly increased after coculture
with RA-FLSs, although they were still lower than those
after stimulation with IL-2 and CD3/CD28/CD2, a find-
ing that was in line with expectations. Because the
extracted CD8+T cells were highly individualized, we
classified the coculture group as 1 and calculated the
correlation between the positive control group and this
group. Although the stimulatory function of RA-FLSs
could not be directly explained, the percentage of RA-
FLSs in the coculture group was not significantly different
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Fig. 3 Ferroptosis Promotes Antigen Presentation in RA-FLSs through PAD4 Enzyme, however, ferroptosis inhibitor fer-1 inhibits antigen presentation
and reduce inflammatory cytokine release

(a, b) gPCR and WB analyse the expression of HLA-I in FLSs that treatment with different drugs (n=4-6); (c) Flow cytometry analysis the expression of
HLA-A2 in FLSs that treatment with different drugs(n =6); (d-f) CD8+T cells were purified from CCP + RA patients and co-cultured with RA-FLSs without
additional stimul for 48 h. RA-FLSs need to be stimulated by different drugs and then participate in co-culture. Representative flow cytometric images of
CD8+T cells and percentage of (d) CD69 + cells(n=6) (e) TNF-a+cells (n=5) (f) IFN-y+cells (n=6); (g) CD8+T cells purified from CCP+RA patients were
labeled with 1 uM CFSE for 5 min at RT in PBS and then PBS containing 10%FCS was added to halt the reaction. Labeled CD8+T cells were co-cultured
with RA-FLSs without additional stimul for 48 h. RA-FLSs need to be stimulated by different drugs and then participate in co-culture. Flow cytometry
analysis the percentage of cells labeled with CFSE (n=8); (h, i) Collect the cell supernatant after co-culture. ELISA analyse the expression of TNF-a and
IFN-y in supernatant (n=4-6); The FLSs need to treat with different drugs as follow: 5 uM erastin for 48 h, 10 uM fer-1 for 48 h and 5 uM erastin for 48 h
combine with 10 uM GSK484 for 6 h (add after the effect of erastin has ended). All statistical results are expressed as relative folded values (normalized
the untreated control group). The dotted line in the histogram represent the reference lines for statistical positive percentage. Data are expressed as
mean +S.D. Each dot plot represents an individual sample; For statistical analysis, one-way ANOVA followed by Dunnett’s method for multiple compari-
sons. *P<0.05; **P<0.01, ***P<0.001,****P<0.0001
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from that in the positive control group according to the
polyclonal stimulation data of the positive control group.
We added a group of unstimulated CD8+T cells as a
blank control, but the cells had poor survival ability in
vitro. Surprisingly, the cells in the coculture group grew
normally. The same trend was observed for cell prolif-
eration as determined by CFSE staining (Supplementary
Fig. 2a-d). In addition, the content of inflammatory fac-
tor protein in the cell supernatant of CD8 group alone,
FLS group alone and co-culture group was detected by
ELISA, and it was found that the sum of inflammatory
factors in the two separate culture groups was much
lower than that in the co-culture group (Supplementary
Fig. 2e and f). Therefore, we speculate that RA-FLSs can
significantly stimulate the activation of CD8+T cells. T
cell activation marker expression increased with erastin
treatment and was inhibited by GSK484, whereas they
decreased with fer-1 treatment (Fig. 3d-f). CFSE staining
further revealed that CD8 + T cell proliferation followed a
similar trend (Fig. 3g).

Additionally, ELISAs of the coculture supernatant
confirmed the same patterns for TNF-a and IFN-y lev-
els, providing further evidence of the antigen-presenting
function of RA-FLSs in RA, a phenomenon associated
with ferroptosis levels (Fig. 3h and i).

In summary, fer-1, an ferroptosis inhibitor, can effec-
tively inhibit the endogenous antigen presenting function
of RA-FLSs and reduce the release of inflammatory fac-
tors. The mechanism may be related to the effect of fer-
roptosis on PAD4 enzyme.

Ferroptosis influences joint inflammation and damage
through PAD4 in a CIA mouse model

Previous in vitro experiments demonstrated that the lev-
els of ferroptosis can influence antigen presentation func-
tion in RA-FLSs. To explore that finding, we constructed
a CIA mouse model and administered intraperitoneal
injections of erastin, fer-1, or GSK484. The paws of mice
in the CIA group exhibited significant swelling compared
with those of mice in the NC group, with inflammation
scores reaching arthritis levels. Erastin exacerbated paw
inflammation, which was inhibited by GSK484, and fer-1
reduced inflammation. Additionally, erastin increased
paw thickness, an effect inhibited by GSK484, and fer-1
reduced paw thickness (Fig. 4b and c).

Micro-CT revealed that erastin exacerbated bone
destruction in the paws, as strongly reflected by a
decrease in calcification in images. This damage was
inhibited by GSK484, and Fer-1 alleviated bone destruc-
tion (Fig. 4d). HE staining results revealed that CIA led
to inflammatory cell infiltration, synovial hyperpla-
sia, and local joint damage. The erastin group exhibited
extensive inflammatory cell infiltration, with proliferating
synovial tissue markedly invading the articular cartilage
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and causing joint surface destruction. Cotreatment with
GSK484 slightly alleviated these symptoms, whereas
Fer-1 significantly reduced them (Fig. 5a-d).

In summary, ferroptosis aggravated joint inflamma-
tion and damage in a CIA mouse model, however, fer-1
inhibited the progression of arthritis in CIA mouse mod-
els and played a therapeutic role. The effects could be
blocked by modulating the PAD4 enzyme.

Ferroptosis influences antigen presentation and
inflammatory response in CIA mice via the production of
PAD4 and citrullinated histone H3

Previous findings demonstrated the role and mecha-
nism of ferroptosis in enhancing antigen presentation
functions in RA-FLSs. To determine whether ferropto-
sis influences antigen-presenting function in the syno-
vial tissue of CIA mice and promotes inflammation, we
examined the expression of MHC-I and CD8. The erastin
group presented significant increases in MHC-I and CD8
expression levels, which were reduced in mice cotreated
with GSK484; conversely, the fer-1 group showed marked
inhibition (Fig. 5e), suggesting that ferroptosis trig-
gers endogenous antigen presentation in synovial cells,
recruiting many CD8 + T cells.

Furthermore, we assessed the expression of cit-h3
and PAD4. Erastin promoted the expression of both
genes, an effect that was decreased by GSK484, whereas
fer-1 inhibited the expression cit-h3 and PAD4. Finally,
the results of the immunohistochemical analysis of the
TNE-a and IFN-y levels were consistent with our in vitro
experiments (Fig. 5e).

In summary, our results indicate that RA-FLSs possess
antigen-presenting capabilities, contributing to proin-
flammatory effects. Ferroptosis affects cit-h3 expression
in RA-FLSs via PAD4 regulation, leading to the change
of HLA-I (MHC-I) molecules and antigen presentation-
induced inflammation.

Discussion

Rheumatoid arthritis (RA) is a prevalent autoimmune
disease, and previous research has focused primarily on
immune cells and cytokines involved in its pathogen-
esis [1]. The initiation of autoimmune responses in RA
starts with T cells recognizing self-antigens presented by
antigen-presenting cells (APCs). Synovial cells, crucial
effectors in RA, also exhibit nonprofessional antigen-pre-
senting capabilities [2, 26]; however, their role in antigen
presentation within RA remains incompletely under-
stood, emphasizing the importance of identifying the fac-
tors that activate these cells.

Synovial cells in RA undergo phenotypic changes,
resulting in the adoption of an aggressive phenotype
[27]. These alterations include metabolic shifts (e.g., gly-
colysis) and the secretion of proinflammatory cytokines,
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(a) illustration of CIA mouse model therapy in vivo; (b) Representative photography of the hind limb from mice taken on day 22, day 28 and day 35; (C)
Arthritis score and paw thickness evaluated from day 20 to day 35; (d) Representative micro-computed tomography (micro-CT) images; NC=normal
control. PBS=CIA mice group; Erastin=CIA mice treated with erastin group. Fer-1=CIA mice treated with fer-1 group. Erastin + GSK484 = CIA mice treated
with erastin and GSK484 group. Data are expressed as mean+S.D. For statistical analysis, one-way ANOVA followed by Dunnett’s method for multiple

comparisons. *P<0.05; **P<0.01, ***P<0.001,****F < 0.0001

stimulating synovial fibroblasts to adopt a proinflam-
matory and tissue-destructive phenotype and thereby
exacerbating RA [3]. The genetic predisposition to RA
involves single nucleotide polymorphisms (SNPs) in
immune regulation genes [28, 29], such as HLA-DRBI,
peptidyl arginine deiminase type IV (PADI4), and protein
tyrosine phosphatase, nonreceptor type 22 (PTPN22)
[30]. Notably, the HLA-DRB1 region of MHC-II is partic-
ularly implicated in seropositive RA patients [31]. There-
fore, scholars have focused on the response of CD4+T
cells. Studies have shown that in addition to directly
damaging joint tissue, synovial fibroblasts can express
costimulatory factors characteristic of APCs, activating
MHC-II-restricted T cell hybridomas specific for arth-
ritogenic peptides [5]. This is in line with the theoretical
hypothesis.

In contrast to previous findings, we focused on the envi-
ronmental changes inside FLSs during the occurrence of
ferroptosis, which are mainly triggered by endogenous
antigen presentation. So we mainly detected the changes
of endogenous antigen presentation marker HLA-I. Our
study revealed that RA-FLSs exhibit increased expression

of MHC-I molecules, which is supported by multiple
experimental findings indicating a significant increase in
HLA-A2 expression. Citrullinated antigens, crucial post-
translationally modified antigens in RA, play a significant
role in the diagnosis of RA [32]. These antigens fit snugly
into the binding grooves of SE-containing HLA-DR pro-
teins, facilitating antigen presentation to T cells [33]. We
speculate that RA-FLSs may harbour more endogenous
citrullinated antigens than OA-FLSs do, potentially lead-
ing to increased MHC-I molecules, a topic that warrants
further investigation.

In our study, we assessed the levels of cit-h3, a repre-
sentative citrullinated protein that is believed to be cor-
related with RA disease activity [34]. Our results revealed
significantly higher cit-h3 levels in RA-FLSs than in
control FLSs, providing additional support for our
hypothesis.

Moreover, we observed a greater level of ferroptosis
in RA-FLSs, exacerbating the onset of RA, which dif-
fers from the results of some investigators. Ferropto-
sis is a newly identified iron-dependent cellular demise
mechanism characterized by the accumulation of lipid
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(@) Image of hematoxylin and eosin staining of hind knee joint; (b-d) Histological scores of joint inflammation, synovial bone erosion and hyperplasia;
(e-f) Representative immunohistochemical staining of CD8, MHC-|, cit-h3, PAD4, TNF-a and IFN-y and quantitative analysis of the percentage of positive
cells. (n=3); NC=normal control; PBS=CIA mice group; Erastin=CIA mice treated with erastin group. Fer-1=CIA mice treated with fer-1 group. Eras-
tin+GSK484 =CIA mice treated with erastin and GSK484 group. Data are expressed as mean+S.D. Each dot plot represents an individual sample; For

statistical analysis, one-way ANOVA followed by Dunnett’s method for multiple comparisons. *P < 0.05; **P < 0.01, ***P < 0.001, ****P < 0.0001

reactive oxygen species (ROS) [35]; however, its role
in RA is controversial. Notably, from the perspective of
the tumour-like behaviour of RA-FLSs, fostering ferrop-
tosis effectively mitigates the proliferation and invasion
of RA-FLSs [36]. However, ferroptosis results in signifi-
cant ROS production, leading to an imbalance in oxida-
tive stress, which can escalate the inflammatory state of

RA-FLSs and contribute to bone destruction [37]. Our in
vivo findings suggest that erastin can stimulate prolifera-
tion and inflammatory responses in the synovium of CIA
model mice, contradicting the observations of Jiao Wu et
al. [38]. Nonetheless, in their study, erastin was adminis-
tered at a dosage four times greater than that used in our
study. Hence, we speculate that a high erastin dosage may
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induce FLS death, curtailing the release of inflammatory
factors in the synovium, whereas a low dosage of erastin
primarily triggers inflammation through ROS accumu-
lation, which is consistent with the results reported by
Chen Zhao et al. [39].

Previous findings highlighted an increase in citrul-
linated proteins in RA. Peptidylarginine deiminases
(PADs) catalyse the citrullination of arginine residues
in protein peptide chains [8]. Among the PAD family
members, PAD2 and PAD4 are notably abundant in the
synovium and play pivotal roles in RA pathogenesis [40].
Anti-PAD4 antibodies are linked with severe joint dam-
age [41, 42], whereas anti-PAD2 antibodies are associated
with milder joint damage and lung disease in RA patients
[43]. Additionally, autoantibodies in RA patients exhibit
a greater affinity for PAD4-citrullinated fibrinogen than
for PAD2 [44, 45]. Given that our tissue samples were
sourced from patients with severe joint damage neces-
sitating joint replacement, we identified PAD4 as the
primary factor driving increased citrullinated protein
levels in our study. Furthermore, PAD4-mediated histone
citrullination plays a crucial role in neutrophil extracellu-
lar trap (NET) formation, with PAD4 exhibiting the clos-
est association with histones [46], which partly explains
our selection of cit-h3 as a representative citrullinated
protein.

During instances of abnormal cell death, PAD enzymes
may undergo abnormal activation, leading to heightened
levels of protein citrullination [47, 48]. Consequently, we
hypothesize that during ferroptosis, the abnormal acti-
vation of PAD enzymes results in the increased expres-
sion of citrullinated proteins, thereby enhancing antigen
presentation in RA-FLSs. However, how does ferropto-
sis trigger the upregulation of PAD enzyme expression?
PADs are typically inactive under normal physiologi-
cal conditions, and PAD activity is calcium dependent.
However, PAD activity can be induced under certain
conditions, for example, high calcium levels, elevated
bicarbonate concentrations, and specific redox condi-
tions. Additionally, physiological injuries such as hypoxia
and oxidative potassium neurotoxins can also impact
PAD activity [49]. Consequently, we propose two mecha-
nisms through which ferroptosis influences PAD4: (1)
Ferroptosis leads to the accumulation of reactive oxygen
species (ROS), causing peroxidation damage to cell mem-
brane polyunsaturated fatty acids (PUFAs), which results
in unrestricted extracellular influx of calcium ions,
thereby triggering the abnormal activation of calcium-
dependent PADs; (2) Ferroptosis induces an imbalance in
oxidative stress. Our results indicate that different con-
centrations of erastin can stimulate PAD4 production,
which supports our hypothesis. Fer-1 caused an increase
in ROS levels at 5 uM and a significant decrease at 10
and 15 pM. Considering that small doses of fer-1 caused

Page 11 of 14

a decrease in ROS levels, the cell interior was more
inclined towards a reduced state, which was conducive to
the production of PAD4. However, with increasing con-
centration, the metabolic balance in the cell changed, and
the redox state may have also changed. This triggered an
inverse trend, which supports our hypothesis. The role of
ferroptosis in RA is extremely complex, and deviations in
the dose of a drug can lead to different effects but also
different mechanisms of action.

Our results clearly revealed that ferroptosis activates
the endogenous antigen presentation response in RA-
FLSs. Additionally, we observed inflammatory factor
activation in CD8+T cells and detected inflammatory
factor secretion into the supernatant. To increase the
rigor of our experiment, considering the possibility that
ferroptosis may also induce RA-FLSs to release inflam-
matory factors and that CD8+T cells themselves can
secrete such factors, we established separate groups of
supernatants from cultures of RA-FLSs and CD8 + T cells
alone. The results demonstrated that the total amount of
inflammatory factors in the supernatants of these indi-
vidual groups was significantly lower than that in the
coculture groups, thus confirming our hypothesis (Sup-
plementary Fig. 2e and f). These findings demonstrate
that synovial cells indeed play a role in activating CD8 + T
cells and that the role can be regulated by ferroptosis
drugs. Moreover, this regulation can be blocked by PAD4
enzyme inhibitors.

In addition, there are still limitations in our study. First,
regarding the selection of control group, since the extrac-
tion of synovium is an invasive operation and there is
no obvious proliferating synovium in normal people, we
chose the synovium of OA patients as the control group.
However, due to the influence of various factors in OA
(such as aging, metabolism, microinflammation, etc.),
the normal control group still cannot be completely
simulated. Nevertheless, we largely balanced certain fac-
tors during the case screening stage. Secondly, due to
the limitation of sampling conditions for RA, the avail-
able synovium sample size is small, and primary FLSs
are greatly affected by individual differences. Therefore,
we need to expand the sample size to further verify our
research results and increase the credibility of the data.
Next, we will utilize FLSs as the target cells to further elu-
cidate the mechanism by which ferroptosis affects citrul-
linated antigens, enhance our research on the process
of antigen presentation and processing, thereby making
this study more comprehensive and robust. Addition-
ally, further exploration of ferroptosis-related pathways is
essential to refine the drug concentration thresholds for
ferroptosis, accurately pinpointing the inflection points
of drug concentration. This will provide a stronger theo-
retical foundation for the future clinical translation of fer-
roptosis drugs, unlocking their greater clinical potential.
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Fig. 6 Mechanism model of antigen-presenting effect of RA-FLSs induced by ferroptosis
The high level of ferroptosis in RA-FLSs causes the increase of intracellular PAD4 enzyme and citrullinated protein, which promote the function of endoge-
nous antigen presenting and the aggregation of inflammatory factors. Ferrostatin-1 can inhibit the above reaction to achieve the therapeutic effect of RA

Conclusions

Ferroptosis can regulate the expression of cit-h3 in RA-
FLSs through PAD4, thereby causing RA-FLSs to express
high levels of HLA-I (MHC-I) molecules, triggering
antigen presentation effects. Ferroptosis inhibitor can
effectively reduce the antigen-presenting function of RA-
FLSs and reduce inflammatory response. These findings
suggest that ferroptosis plays a role in the inflammatory
response in RA and ferroptosis inhibitors may be a new
therapeutic approach for inhibiting the inflammatory
response in RA (Fig. 6).
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