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Abstract
Oral squamous cell carcinoma (OSCC), one of the most prevalent and aggressive forms of head and neck squamous cell 
carcinoma, has a five-year survival rate of about 50% ~ 60%, emphasizing the urgent need for more effective therapeutic 
strategies. Solute carrier family 7 member 11 (SLC7A11) is overexpressed in various cancers and represents a potential 
therapeutic target. Sulfasalazine (SAS), a Food and Drug Administration-approved drug, is a potent inhibiter of SLC7A11. 
However, SAS can also increase the levels of pro-inflammatory cytokines such as IL-1β, which may suppress the immune 
response. Here, we investigate the effect of SAS combined with anti-IL-1β monoclonal antibody (anti-IL-1β mAb) as a 
novel treatment strategy for OSCC. In this study, SLC7A11 was markedly increased in OSCC tissues, and high SLC7A11 
expression predicted poor prognosis. SAS treatment was shown to suppress OSCC cell proliferation and trigger ferrop-
tosis, as evidenced by elevated reactive oxygen species, reduced glutathione and enhanced lipid peroxidation. SAS also 
elevated IL-1β levels, leading to T cell exhaustion. Combining SAS with anti-IL-1β mAb reversed T cell exhaustion and 
amplified the anti-tumor effects in vitro. In the 4-nitroquinoline-1-oxide-induced oral cancergenisis model, the combina-
tion treatment significantly inhibited oral carcinogenesis compared to monotherapy. Our results suggest that combining 
SAS with anti-IL-1β mAb enhances the anti-tumor efficacy against OSCC through tumor growth inhibition and immune 
modulation, offering a promising therapeutic strategy.
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Introduction

Oral cancer is a prevalent global health issue, with approxi-
mately 300,000 new cases and 150,000 deaths reported 
annually [1–3]. Oral squamous cell carcinoma (OSCC), one 
of the most common types of head and neck squamous cell 
carcinoma (HNSCC), continues to pose challenges despite 
advances in surgery, chemotherapy, and radiotherapy [2, 
3]. The five-year overall survival rate of OSCC remains 
approximately 50% ~ 60% [4], emphasizing the urgent need 
for more effective therapeutic strategies.

Solute carrier family 7 member 11 (SLC7A11, also 
known as xCT) is a multi-pass transmembrane protein 
involved in glutathione (GSH) biosynthesis and antioxidant 
defense. It was highly expressed in many cancers, and high 
expression of SLC7A11 was associated with poor clinical 
outcomes [5–7]. Inhibiting SLC7A11 can lead to deplet-
ing GSH, making cells more vulnerable to reactive oxy-
gen species (ROS) damage [8]. Considerable interest has 
been directed toward understanding the role of SLC7A11 
in tumor biology and therapeutically targeting SLC7A11 
in cancer therapy. Sulfasalazine (SAS), a Food and Drug 
Administration (FDA)-approved drug commonly used to 

treat chronic inflammatory diseases such as rheumatoid 
arthritis, has been identified as a SLC7A11 inhibitor [9]. 
Previous studies have demonstrated that SAS inhibited 
the growth of glioma, melanoma, prostate cancer and non-
small-cell lung cancer [10–13], suggesting the therapeutic 
potential of SAS for cancer treatment. However, the thera-
peutic effect of SAS in OSCC remains to be fully explored.

SLC7A11 inhibition by SAS induces ferroptosis and oxi-
dative stress, leading to the release of damage-associated 
molecular patterns (DAMPs), which regulates the immune 
response and further complicate the immune microenviron-
ment, crucial to OSCC progression and treatment response 
[14–16]. Emerging evidence suggests a potential link 
between ferroptosis and the IL-1 pathway, where ferroptosis 
triggers the release of pro-inflammatory cytokines, includ-
ing IL-1β [17–19]. Thus, our study elucidates the role of 
SAS in modulating IL-1β and proposes a strategy to opti-
mize the therapeutic efficacy of SAS while mitigating its 
associated limitations in OSCC.

In this study, we investigates the effects of SAS in OSCC, 
focusing on its role in ferroptosis and specific immune mod-
ulatory effects. The combined approach targeting SLC7A11 
and IL-1β blockade could reverse IL-1β-dependent 
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immunosuppression and improve treatment outcomes for 
OSCC both in vitro and in vivo.

Materials and methods

Cell lines and cell culture

Human normal oral keratinocytes (NOK), human OSCC 
cell lines SCC1, Cal33, HSC4, human malignant melanoma 
cell A375 and human breast cancer cell MDA-MB231 were 
obtained from ATCC (Manassas, VA, USA). NOK, SCC1, 
Cal33, HSC4, A375 and MDA-MB231 cells were main-
tained in a Dulbecco’s modified Eagle medium (DMEM) 
high-glucose culture medium (C11995500BT, Gibco, USA) 
supplemented with 10% (v/v) fetal bovine serum (FS301-02, 
TransGen Biotech, China), 1% (v/v) penicillin streptomycin 
(15140122, GIBCO, USA). All cell lines were cultured at 
37 °C in a humidified atmosphere containing 5% CO2.

SLC7A11 expression analysis and survival analysis

The expression level of SLC7A11 gene in a variety of can-
cer tissues was obtained through the “Gene_DE” module 
in the TIMER 2.0 (http://timer.cistrome.org/), and the ​s​t​
a​t​i​s​t​i​c​a​l significance of differential expression was evalu-
ated using the Wilcoxon test [20]. The RNA-seq data of 
normal and tumor samples were collected from The Can-
cer Genome Atlas (TCGA) (http://cancergenome.nih.gov). 
GEPIA (Gene Expression Profiling Interactive Analysis, 
http://gepia.cancer-pku.cn/) is a well-organized website, 
composed of RNA sequencing data of tumor and normal 
samples from TCGA and The Genotype-Tissue Expres-
sion (GTEx). We employed GEPIA to compare SLC7A11 
mRNA expression in normal and HNSCC samples.

Human OSCC samples

Human OSCC samples were obtained from the Hospital of 
Stomatology, Sun Yat-sen University and informed consent 
was obtained from each patient. The characteristics of the 
OSCC patients included in the immunohistochemistry and 
peripheral blood mononuclear cells analyses were detailed 
in Supplementary Table 1. The study was approved by the 
Ethics Committee of the Hospital of Stomatology, Sun Yat-
sen University (KQEC-2020-03-17).

Western blot (WB) analysis

SCC1 was cultured in 6-well plates and treated with 800 
µM sulfasalazine (SAS) (HY-14655, MedchemExpress, 
USA) or/and 50 pM anti-human IL-1β monoclonal antibody 

(anti-IL-1β mAb) (A2446, Selleck, USA). Protein samples 
were collected using lysis buffer mixed with a proteinase 
inhibitor (CW2200S, CWBIO, China). BCA Protein Assay 
Kit (CW0014S, CWBIO, China) was used to determine 
protein concentrations. Equal amounts of protein were 
loaded and separated via 10% sodium dodecyl sulfate 
(SDS) polyacrylamide gel (ET15010LGel, ACE, China) 
electrophoresis and transferred to polyvinylidene fluoride 
(PVDF) membranes (ISEQ00010, Merck millipore, USA). 
The primary antibodies used in this study were as fol-
lows: SLC7A11 (1:2000, DF12509, Affinity Biosciences, 
USA), PTGS2 (1:100000, 66351, Proteintech, USA), IL-1β 
(1:1000, ab283818, Abcam, UK) at 4 °C overnight. Bands 
were detected using Immobilon Western Chemiluminescent 
ECL Substrate (WBKLSO500, EMD Millipore, USA). The 
gray value of WB gels was analyzed through Image J soft-
ware (National Institutes of Health, USA).

Quantitative real-time PCR (q-PCR)

Total RNA of cells was extracted using RNA-Quick Puri-
fication Kit (RN001, ESscience, China) and cDNA was 
synthesized using a Hifair® III 1st Strand cDNA Synthe-
sis SuperMix for qPCR (11141ES60, Yeasen, China). The 
qPCR reactions were performed with a PerfectStart® Green 
qPCR SuperMix (AQ601-01, TransGen Biotech, China) 
and were run a cycle as preincubation (94 °C for 30s), fol-
lowed by 40 cycles of amplification (94 °C for 5s, 60 °C for 
15s and 72 °C for 10s), a cycle as the melting curve (95 °C 
for 5s, 65  °C for 60s and 97  °C for 1s) and a final cycle 
as cooling (40 °C for 10s) in the LightCycler® 96 System 
(Roche, Germany). The following PCR primers were pur-
chased from Tsingke (Guangzhou, China):

GAPDH-F: ​G​G​A​C​C​T​G​A​C​C​T​G​C​C​G​T​C​T​A​G, GAPDH-
R: ​G​T​A​G​C​C​C​A​G​G​A​T​G​C​C​C​T​T​G​A. SLC7A11-F: ​A​A​G​
G​T​G​C​C​A​C​T​G​T​T​C​A​T​C​C​C, SLC7A11-R: ​T​G​T​T​C​T​G​G​T​
T​A​T​T​T​T​C​T​C​C​G​A​C​A. PTGS2-F: ​C​T​C​C​C​T​T​G​G​G​T​G​T​C​
A​A​A​G​G​T, PTGS2-R: ​A​A​G​T​G​C​T​G​G​G​C​A​A​A​G​A​A​T​G​C. 
IL-1β-F: ​T​G​A​G​C​T​C​G​C​C​A​G​T​G​A​A​A​T​G​A, IL-1β-R: ​A​G​A​
T​T​C​G​T​A​G​C​T​G​G​A​T​G​C​C​G.

Cell Counting Kit-8 (CCK-8) and 5-Ethynyl-2′-
deoxyuridine (EdU) assays

SCC1 cells treated with 800 µM SAS or/and 50 pM anti-
IL-1β mAb were seeded into plates. Cell proliferation capa-
bility was assessed by Cell Counting Kit-8 (CCK-8) assay 
(T-0012-5000, Telenbiotech, China). EdU assay (C10310-1, 
RiboBio, China), which focuses on DNA duplication, was 
performed. Images were captured and analyzed by Image 
J software.
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temperature to remove floating dead cells and debris and 
store at − 80 °C for use.

Cytometric beads array (CBA)

The variations of cytokines including interleukin-8 (IL-8), 
interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-10 
(IL-10), tumor necrosis factor-alpha (TNF-α) and interleu-
kin-12p70 (IL-12p70) in the SAS conditioned medium were 
detected by Human Inflammatory CBA Kit (551811, BD 
Biosciences, USA) as the manufacturer’s instructions.

Peripheral blood mononuclear cells (PBMCs) 
isolation, culture and activation

PBMCs were isolated using Ficoll-Paque (TL171440, 
Telenbiotech, China) density gradient centrifugation from 
anticoagulant peripheral bloods of enrolled OSCC subjects. 
Blood cells were centrifuged at 500 g at 20 °C for 30 min 
with no brake, and PBMCs were collected and washed 
twice with PBS. PBMCs were plated (5 × 105 per well) in a 
U-bottom 96-well plate and cultured in RPMI 1640 contain-
ing 10% fetal bovine serum and 1 × penicillin/streptomycin 
at 37 °C. Cells were treated as follows: (1) control, (2) 40% 
SAS conditioned medium (prepared by mixing SAS treated 
supernatant with fresh medium at 2:3 ratio), (3) 30 pg/mL 
recombinant human IL-1β (CG93, Novoprotein), (4) 40% 
SAS conditioned medium + 50 pM anti-human IL-1β mAb. 
All groups were stimulated with anti-CD3/CD28 antibodies 
(final concentration: 1 µg/mL; Biolegend, 317326/302934) 
for 48 h.

PBMCs flow cytometry

For intracellular staining of PBMCs, cells were re-stimu-
lated with 50 ng/mL phorbol 12-myristate 13-acetate (PMA) 
and 100 ng/mL ionomycin (inh-ion, InvivoGen, France) for 
4 h in the presence of 1 × Brefeldin A (BFA; 423303, Biole-
gend, USA). Cells were blocked with Human TruStain FcX 
(Fc Receptor Blocking Solution; 422301, BioLegend, USA) 
on ice for 10 min. Cells were then centrifuged at 500 g for 
5 min at 4 °C and washed once with FACS buffer (1 × PBS 
with 3% FBS). Cells were incubated for 30 min in the dark 
at 4  °C with pre-conjugated fluorescence-labeled antibod-
ies including anti-CD4-Alexa Fluor 700 (317426, BioLe-
gend, USA) and anti-CD8-FITC (980908, BioLegend, 
USA). The cells were then washed once with FACS buffer. 
Following the washing step, cells were fixed with Fixation 
Buffer (420801, BioLegend, USA) for 30 min in the dark 
at 4 °C and then washed twice with Intracellular Staining 
Permeabilization Wash Buffer (421002, BioLegend, USA) 
and stained with anti-IFN-γ-BV421 (506538, BioLegend, 

Reactive oxygen species (ROS) detection

SCC1 was cultured in 6-well plates and treated with reagents 
as indicated. Cells were then loaded with 2’,7’-Dichlorodi-
hydrofluorescein diacetate (DCFH-DA), a fluorescent probe 
for ROS (CW0014S, Beyotime, China) at a concentration 
of 10 µM in all wells. After further culture for 20 min in 
the dark, the cells were washed twice with 1 mL 1× PBS, 
digested with trypsin to obtain cell pellets and suspended 
with 500 µL PBS. LSRFortessa (BD Biosciences, USA) 
flow cytometer was used to analyze changes in fluores-
cence. λex = 488 nm, λem = 530 ± 30 nm.

Glutathione (GSH) detection

SCC1 was cultured in 6-well plates and treated with reagents 
as indicated. The supernatant medium was collected and 
centrifuged at 500  g for 5  min at room temperature to 
remove floating dead cells and debris. The GSH Quantifica-
tion kit (BC1175, Solarbio, China) was used to assay GSH 
level. The measurements were carried out according to the 
manufacturer’s protocols.

Lipid peroxidation assay

Cells were seeded in 6-well plates and treated with drugs for 
an appropriate time on the next day and then treated with 
5 µM BODIPY 581/591 C11 (D3861, Thermo Fisher Sci-
entific, USA) and incubated at 37 °C for 30 min. The cells 
were then washed twice with 1 mL 1× PBS and the cells 
were detected by fluorescence spectrophotometer.

Transmission electron microscopy (TEM)

SCC1 cells were seeded in 10 cm culture dishes and incu-
bated overnight. After treated with SAS (800 µM, 24  h), 
the cells were trypsinized, rinsed with PBS and fixed with 
glutaric dialdehyde. Samples were stained with osmium 
tetroxide and the morphological changes occurring in cells 
were analyzed by TEM (Hitachi HT7800, Japan). The size 
of mitochondria was determined by analyzing TEM images 
with ImageJ software, measuring mitochondrial areas to 
assess relative size. Damaged mitochondria, identified by 
shrinkage, increased density, and decreased cristae, were 
counted manually.

Conditioned medium collection

SCC1 cells were seeded into 6-well plates. Upon treat-
ment with SAS (800 µM, 24 h), the conditioned medium 
was collected and centrifuged at 500 g for 5 min at room 

1 3

  216   Page 4 of 16



Sulfasalazine combined with anti-IL-1β mAb induces ferroptosis and immune modulation in oral squamous…

Histopathologic assessment of rat tongue samples

In this study, we followed a procedure that was similar to 
that in a previous study [21]. The histopathological changes 
were classified on a 9-point scale to score changes rang-
ing from normal-looking epithelia (a score of 0), to severe 
invasive carcinoma (a score of 8). The H&E scores were 
assessed in a blinded fashion by the expert pathologist as 
follows: 0 = normal; 1 = hyperplasia; 2 = mild dysplasia; 
3 = moderate dysplasia; 4 = severe dysplasia; 5 = carcinoma 
in situ; 6 = mild invasion carcinoma, malignant cells deep to 
basal cell layer, no invasion into 1/3 of the striated muscle; 
7 = moderate invasion into muscle, no more than 2/3 of the 
muscle; 8 = severe invasion more than 2/3 to the full depth 
of striated muscle. The results were expressed as the mean 
score of the histopathological changes for each experimen-
tal group.

Immunohistochemistry (IHC)

Immunohistochemical staining was performed according 
to the manufacturer’s instructions. Briefly, the sections of 
4NQO-rat tongues were incubated with primary antibod-
ies against SLC7A11 (1:100, DF12509, Affinity Biosci-
ences), PTGS2 (1:200, 66351, Proteintech, USA), IL-1β 
(1:500, ab283818, Abcam, USA), Ki67 (1:200, GB151499, 
Servicebio, China) at 4  °C overnight. Slides were stained 
using 3,3-diaminobenzidine (DAB; GK600710, Genetech, 
China) and counterstained using hematoxylin. Pathological 
sections were scanned and analyzed using an Apreio AT2 
digital whole slide scanner (Leica, Wetzlar, Germany). The 
positive cells were confirmed under 400 × magnification, 
and three randomly selected independent microscopic fields 
were evaluated for each sample to ensure that the data were 
representative and homogeneous.

Statistical analysis

All the data were analyzed with GraphPad Prism 8 (Graph-
Pad Software, USA). Results were representative of at least 
three independent experiments and presented as mean ± the 
standard error of the mean (SEM). Data normalization was 
performed relative to the control group. For each experi-
ment, the mean value of the control group was calculated 
as baseline, and the control and experimental groups were 
expressed as fold change relative to this baseline. Normal-
ity was assessed via the Shapiro-Wilk test. For comparisons 
between two groups, two-tailed unpaired Student’s t-test 
(parametric) or Mann-Whitney U test (nonparametric) was 
applied. One-way ANOVA was used for multiple group 
comparisons, and Kruskal-Wallis test with Dunn’s cor-
rection was selected for nonparametric data. All p-values 

USA), anti-PD-1- PE (621608, BioLegend, USA), anti-
CTLA-4-APC (369611, BioLegend, USA), and anti-TNF-
α-PE (502909, BioLegend, USA) for 30 min at 4 °C in the 
dark. Cells were then washed twice with Permeabilization 
Wash Buffer and fixed with 1% PFA. Cells were measured 
on a LSRFortessa (BD Biosciences, USA) using application 
settings and at least 20,000 events were collected. Data were 
then analyzed with FlowJo software (Version 10.0, USA).

Calcein/Propidium Iodide (PI) cell viability assay

SCC1 cells were seeded into 6-well plates and subsequently 
treated with 800 µM SAS or/and 50 pM anti-IL-1β mAb. 
Jurkat T cells were added to each well at a target-to-effector 
cell ratio of 1:10 and incubated for 24 h. Cells were then 
loaded with Calcein Acetoxymethyl Ester (Calcein AM) and 
PI, a Cell Viability/Cytotoxicity Assay Kit (C 2015 S, Beyo-
time, China). After further culture for 30 min in the dark, 
the cells were digested with trypsin to obtain cell pellets 
and suspended with 500 µL PBS. LSRFortessa (BD Biosci-
ences, USA) flow cytometer was used to analyze changes 
in fluorescence. Ex/Em (Calcein AM) = 494/517nm, Ex/Em 
(PI) = 535/617nm.

4-nitroquinoline-1-oxide (4NQO)-induced rat oral 
carcinogenesis model

The 4NQO-induced rat oral carcinogenesis model was 
established following the procedure in a previous study 
[21]. Sprague-Dawley (SD) rats (male, 4 weeks) were fed 
daily with 20 ppm 4NQO solution in their drinking water 
from week 0 to week 16. After the 16-week carcinogen 
treatment, the drinking water was switched to distilled 
water. The rats were divided into 4 groups (6 rats per group) 
and intratumorally treated from the week 16 as follows: 
(1) control (150 µL saline); (2) SAS (150 µL, 30 mg/kg); 
(3) anti-rat IL-1β monoclonal antibody (BE0246, biox-
cell, USA) (150 µL, 100 µg/kg); (4) SAS (150 µL, 30 mg/
kg) + anti-rat IL-1β monoclonal antibody (150 µL, 100 µg/
kg). The rats received intratumoral injections every 3 days 
for 4 weeks. At the end of week 20, the rats were sacrificed 
by intraperitoneal injection of pentobarbital sodium and the 
tongues were dissected, and a longitudinal mid-lingual inci-
sion was made. Half of the specimens were fixed in 4% PFA 
fix solution, embedded in paraffin and cut into 4 mm sec-
tions for hematoxylin and eosin (H&E) staining to confirm 
the pathological diagnosis. The other half of the specimens 
were stored at − 80 °C.

All of the animal procedures were conducted in accor-
dance with the Guidelines for the Care and Use of Laboratory 
Animals and were approved by the the Ethics Committee of 
Hospital of Stomatology, SYSU (KQEC-2020-014).
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indicated that higher SLC7A11 expression was associated 
with poorer overall survival in the HNSCC cohort (log rank 
P = 0.03) (Fig. 1E). These findings suggest that SLC7A11 
is upregulated in tumor tissues and high expression of 
SLC7A11 is associated with a poor prognosis in OSCC 
patients.

SAS suppresses OSCC cells proliferation via inducing 
ferroptosis in vitro

The half-maximal inhibitory concentration (IC50) of SAS 
for SCC1 was determined to be 830 µM in preparation for 
subsequent experiments (Fig. 2A). As shown in Fig. 2B and 
C, SAS was observed to significantly inhibit the viability 
and proliferation of SCC1 cells.

To further elucidate the role of SAS in OSCC cells, an 
increase in ROS was detected in SAS-treated SCC1 cells 
(Fig. 2D). As expected, the levels of GSH, a critical anti-
oxidant protecting cells from oxidative stress, significantly 
decreased in SCC1 cells following SAS treatment (Fig. 2E). 
Given that SAS is a potent ferroptosis inducer, we sought to 
confirm whether ferroptosis was indeed initiated in OSCC 

are presented exactly rather than using threshold cutoffs. 
P-value < 0.05 was considered to indicate a statistically sig-
nificant difference.

Results

High expression of SLC7A11 correlates with poor 
prognosis in OSCC patients

We first analyzed the expression of SLC7A11 in tumor sam-
ples and adjacent normal tissues to explore its vital role in 
human cancers. As illustrated in Fig. 1A and B, SLC7A11 
was significantly increased in most types of human cancers 
in the TCGA dataset, including OSCC, the most common 
type of HNSCC. Consistent with this, IHC demonstrated 
significantly higher levels of SLC7A11 expression in OSCC 
tissues compared to adjacent normal tissues (Fig. 1C). The 
demographics of these patients were presented in Table 
S1. WB analysis revealed the upregulation of SLC7A11 
in OSCC cell lines compared to human normal oral kera-
tinocytes (NOK) (Fig. 1D). Kaplan-Meier survival analysis 

Fig. 1  High expression of SLC7A11 correlates with poor prognosis 
in OSCC patients. (A) The differential expression between tumor 
and normal tissues for SLC7A11 across all TCGA tumors analyzed 
by TIMER2.0. (B) The expression of SLC7A11 in adjacent tissues 
and OSCC tissues from the TCGA database. (C) Representative IHC 
images (left) and quantitative analysis (right) of SLC7A11 expression 
in adjacent tissues and OSCC tissues from patients. Scale bar: 200 µm 

for 10 × magnification and 40 µm for 40 × magnification. (D) West-
ern blot analysis of SLC7A11 expression levels in OSCC cell lines 
compared with NOK. (E) Kaplan-Meier survival analysis of SLC7A11 
expression in HNSCC patients by using GEPIA. Values are presented 
as mean ± SEM. In A, Wilcoxon test; B, Mann-Whitney U test; C, 
unpaired Student’s t-test; D, one-way ANOVA; E, Log-rank test
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Fig. 2). TEM of SAS-treated SCC1 cells revealed shrunken 
mitochondria, increased density and disrupted mitochon-
drial cristae, indicative of ferroptosis initiation (Fig. 2I).

Taken together, these in vitro results indicate that SAS 
suppresses OSCC cell proliferation and induces ferroptosis.

cells. SAS was found to markedly induce the accumulation 
of lipid peroxidation products (Fig.  2F). The mRNA and 
protein levels of the ferroptosis marker PTGS2 were upregu-
lated in SAS-treated cells, and SLC7A11 levels were down-
regulated (Fig. 2G and H). We also observed the same effect 
in the OSCC cell lines Cal33 and HSC4 (Supplementary 

Fig. 2  SAS suppresses OSCC cells proliferation via inducing ferrop-
tosis in vitro. (A) Dose-response for SCC1 after exposure to indicated 
concentrations of SAS for 48 h. IC50 concentrations were listed and 
error bars indicated SEM for quadruplicate measurements. (B) Cell 
viability of SCC1 after 800 μM SAS treatment by CCK-8. The dif-
ferences were considered statistically significant if (*) P < 0.05, (**) 
P < 0.01, (***) P < 0.001, (****) P < 0.0001. (C) Cell proliferation of 
SCC1 after 800 µM SAS treatment for 24 h quantified by EdU assay. 
Scale bar = 100 μm. (D) Intracellular ROS levels of SCC1 after 800 
µM SAS treatment for 24 h measured by DCFH-DA staining via flow 
cytometry. (E) Intracellular GSH levels of SCC1 after 800 µM SAS 

treatment for 24 h measured by GSH Quantification Kit. (F) Lipid 
peroxidation of SCC1 after 800 µM SAS treatment for 24 h detected 
by BODIPY 581/591 C11. Scale bar = 100 µm. (G) Q-PCR experi-
ment of SLC7A11 and PTGS2 expressions in SCC1 after 800 µM SAS 
inducing for 24 h. (H) Quantitative analysis of WB for SLC7A11 and 
PTGS2 expressions in SCC1 after 800 µM SAS inducing for 24 h. (I) 
TEM images of SCC1 cells after 800 µM SAS treatment for 24 h with 
analyzed relative mitochondrial size and percentage of damaged mito-
chondria. Scale bars: 5 µm and 500 nm. Values are presented as mean 
± SEM. In B-I, unpaired Student’s t-test
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the combination group compared to either treatment alone, 
which was also validated in A375 human malignant mela-
noma cells and MDA-MB231 human breast cancer cells 
(Fig. 4A and Supplementary Table 2).

To further assess the effects of this combined therapy 
in the tumor microenvironment (TME), SCC1, A375 and 
MDA-MB231 cells were cocultured with T cells respec-
tively (Fig. 4B). The combination of SAS and anti-IL-1β 
mAb decreased the live cells in all three cell lines compared 
to SAS treatment alone (Fig. 4C).

We further investigated whether IL-1β blockade influ-
enced ferroptosis in SAS-treated SCC1 cells. The com-
bination of SAS and anti-IL-1β mAb suppressed SCC1 
proliferation more effectively than either treatment alone 
(Fig. 4D). Additionally, the combination treatment resulted 
in the highest levels of ROS (Fig. 4E) and the lowest levels 
of GSH (Fig. 4F), along with increased lipid peroxidation 
(Fig. 4G). Furthermore, the combination treatment signifi-
cantly reduced both mRNA and protein levels of SLC7A11, 
while markedly increasing those of PTGS2 (Fig.  4H and 
I). And the same effects were obserced in Cal33 and HSC4 
cells (Supplementary Fig. 3).

In conclusion, these results suggest that the combination 
of SAS and anti-IL-1β mAb enhances ferroptosis and inhib-
its OSCC cell growth.

Anti-IL-1β mAb enhances SAS treatment by 
reducing IL-1β level and T cell exhaustion

Reductions in both mRNA and protein levels of IL-1β were 
observed in the anti-IL-1β mAb group and the combination 
group, confirming the inhibitory effect of anti-IL-1β mAb 
on IL-1β level (Fig. 5A and B). ELISA results further con-
firmed a decreased concentration of IL-1β in the combina-
tion group compared to the SAS group (Fig. 5C).

To assess the impact of anti-IL-1β mAb on T cells and 
the potential reprogramming of the TME, the conditioned 

SAS-induced accumulation of IL-1β correlates with T 
cell exhaustion

The supernatant from SAS-treated SCC1 cells (SAS con-
ditioned medium, SAS CM) was collected for IL-1β mea-
surement and was subsequently used to treat T cells isolated 
from PBMCs of enrolled OSCC subjects (Fig.  3A). The 
levels of IL-8, IL-1β, IL-6, IL-10, TNF-α and IL-12p70 
in the SAS CM were analyzed to assess whether SAS 
increased pro-inflammatory cytokine secretion and altered 
the immune microenvironment. The analysis revealed that 
IL-1β and IL-10 levels in SAS CM were significantly ele-
vated compared to the control, and TNF-α and IL-12p70 
levels were reduced, while IL-8 and IL-6 levels showed 
no significant changes (Fig. 3B). Additionally, q-PCR and 
WB analyses demonstrated that SAS treatment increased 
IL-1β production in SCC1 cells (Fig. 3C and D), which was 
further confirmed by elevated IL-1β levels in SAS CM via 
ELISA (Fig. 3E).

The impact of SAS CM on T cells was further assessed. 
Results demonstrated an increase in immune checkpoints, 
including programmed death 1 (PD-1) and cytotoxic T-lym-
phocyte antigen 4 (CTLA-4), accompanied by the decrease 
in TNF-α and interferon-γ (IFN-γ) levels compared to the 
control (Fig. 3F). These results suggest that SAS CM exerts 
inhibitory effects on T cells. To confirm whether IL-1β was 
responsible for these effects, recombinant IL-1β was uti-
lized, which replicated the effects observed with SAS CM, 
confirming that IL-1β is a key factor driving these inhibitory 
effects (Fig. 3G).

To further elucidate the role of IL-1β in OSCC, bioin-
formatics analysis revealed that IL-1β expression was sig-
nificantly elevated in OSCC tissues compared to adjacent 
tissues in the TCGA dataset (Fig.  3H). This elevation in 
IL-1β was associated with a reduction of CD8+ T cells in 
OSCC patients (Fig. 3I). Additionally, high IL-1β expres-
sion levels were significantly related to poor survival out-
comes (Log rank P = 0.03) (Fig. 3J).

Collectively, these results demonstrate that SAS-induced 
IL-1β accumulation is associated with T cell exhaustion in 
the microenvironment.

Combination of SAS and anti-IL-1β mAb enhances 
ferroptosis and inhibits OSCC cell growth

According to the findings above, the inhibition of SLC7A11 
by SAS induced ferroptosis and was accompanied with 
elevated levels of IL-1β. To counteract the effect of IL-1β, 
anti-IL-1β mAb, a human monoclonal antibody targeting 
IL-1β, was introduced. The potential anticancer effects of 
combining SAS with anti-IL-1β mAb were investigated, 
revealing a significant reduction in OSCC cell viability in 

Fig. 3  SAS-induced accumulation of IL-1β correlates with T cell 
exhaustion. (A) Schematic view of SAS CM and T cells isolated from 
PBMCs. (B) The levels of IL-8, IL-1β, IL-6, IL-10, TNF-α and IL-
12p70 in the SAS CM analyzed by CBA. (C) Q-PCR experiment of 
IL-1β expression in SCC1 after SAS (800 µM) inducing for 24 h. (D) 
Quantitative analysis of WB for IL-1β expression in SCC1 after SAS 
(800 µM) inducing for 24 h. (E) The level of IL-1β in the SAS CM 
measured by ELISA. (F) Flow cytometric analysis detecting the levels 
of PD-1, CTLA-4, TNF-α and IFN-γ of 40% SAS CM treating CD8+T 
cells. (G) Flow cytometric analysis detecting the levels of PD-1, 
CTLA-4, TNF-α and IFN-γ of CD8+T cells treated by 30 pg/mL IL-1β 
for 24 h. (H) The expression of IL-1β in adjacent tissues and OSCC 
tissues from the TCGA database. (I) The correlation between CD8+ T 
cell infiltration and IL-1β expression for OSCC patients in the TCGA 
database. (J) Kaplan-Meir survival analysis of SLC7A11 expression 
for OSCC patients in the TCGA database. Values are presented as 
mean ± SEM. In B, unpaired Student’s t-test or Mann-Whitney U test; 
C, D, E, F, G and H, unpaired Student’s t-test; J, Log-rank test
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levels of PD-1 and CTLA-4 and enhanced production of 
TNF-α and IFN-γ (Fig. 5E).

In summary, the combined treatment of SAS with anti-
IL-1β mAb not only effectively inhibits IL-1β production 
but also alleviates T cell exhaustion.

medium from SCC1 cells treated with SAS (SAS CM), was 
collected and subsequently applied to T cells with or without 
the addition of anti-IL-1β mAb (Fig. 5D). Flow cytometry 
analysis revealed that SAS CM combined with anti-IL-1β 
mAb alleviated T cell exhaustion, as indicated by decreased 
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its potential to inhibit tumor growth in vivo. A 4NQO-
induced oral carcinogenesis rat model was established for 
this purpose. Following 16 weeks of 4NQO exposure, rats 
were randomly assigned to four treatment groups: control, 
SAS, anti-IL-1β mAb and SAS combined with anti-IL-1β 

Combination of SAS and anti-IL-1β mAb inhibits oral 
carcinogenesis in 4NQO induced rat model

Since the combination of SAS with anti-IL-1β mAb signifi-
cantly inhibited tumor cell growth in vitro, we investigated 
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Discussion

OSCC continues to pose a significant global health chal-
lenge, with numerous new cases and deaths reported annu-
ally [1]. Despite advances in surgical, chemotherapeutic and 
radiotherapeutic interventions, the overall five-year survival 
rate for OSCC remains disappointingly about 50% [4], high-
lighting the need for more effective therapeutic approaches.

To overcome the limitations of current OSCC treatments, 
the therapeutic potential of targeting SLC7A11, a key com-
ponent in glutathione synthesis and antioxidant defense, 
was examined in this study. Significant elevated expression 
of SLC7A11 in OSCC tissues was demonstrated, consistent 
with previous findings across various cancers, where high 
SLC7A11 expression correlated with poor prognosis [10–
13]. This was linked to its role in redox homeostasis and 
ferroptosis vulnerability [22], underscoring the importance 
of SLC7A11 as the biomarker and therapeutic target.

Following the identification of SLC7A11 as a therapeu-
tic target in OSCC, the potential of SAS, an FDA-approved 
drug for rheumatoid arthritis, was introduced in this study 
(Fig. 7). SAS effectively inhibited OSCC cell proliferation 
by inducing ferroptosis, characterized by increased ROS, 
lipid peroxidation, and elevated PTGS2 levels, along with 
decreased GSH and SLC7A11 expression. Additionally, 
the presence of numerous shrunken mitochondria, a hall-
mark of ferroptosis initiation, further supported the role of 
SAS in promoting cancer cell death. These findings aligned 
with previous studies where SAS inhibited cell proliferation 
and tumor progression in various cancer models, including 
non-small cell lung cancer and primary effusion lymphoma 
[13, 23]. Thus, SAS may represent a promising therapeutic 
approach for targeting SLC7A11 in OSCC.

Notably, our findings indicated that SAS-induced ferrop-
tosis in OSCC cells led to a significant increase in IL-1β 
levels, which contributed to T cell exhaustion and subse-
quent immunosuppression. IL-1β is known to regulate 
ferroptosis in various contexts. Studies suggested that fer-
roptotic cell death can trigger IL-1β release, contributing to 
inflammation and immune modulation [24, 25]. Conversely, 
IL-1β signaling may influence ferroptosis susceptibility in 
cancer cells through the inhibition of nicotinamide nucleo-
tide transhydrogenase acetylation [26]. Thus, there exists a 
complex interplay between IL-1β and ferroptosis. Although 
our data support ferroptosis as a key driver of IL-1β secre-
tion in SAS-treated OSCC, the causality is partially con-
founded due to the pleiotropic effects of SAS. Future studies 
employing IL-1β knockout models and temporal single-cell 
analyses are required to distinguish between direct and indi-
rect mechanisms. Additionally, the bidirectional regulation 
of ferroptosis by IL-1β highlights a complex feedback loop 
requiring further exploration.

mAb (Fig. 6A). Upon completion of the treatments, lesions 
in the control group developed into cancers accompanied 
by erosion and ulcers, whereas malignancy was inhibited to 
varied degrees in the SAS, anti-IL-1β mAb and combination 
treatment groups (Fig. 6B and C). Notably, the combination 
treatment group exhibited the most pronounced inhibitory 
effect, with a mean H&E score of 3.33, significantly lower 
than that of the control group (Fig. 6D). The SAS and anti-
IL-1β mAb monotherapy groups also showed significant 
inhibition, with mean H&E scores of 4, lower than those in 
the control group (Fig. 6D). Histopathologic assessment of 
rat tongue samples using H&E staining revealed that in the 
combination treatment group, only 1 out of 6 cases (16.6%) 
developed mild invasion carcinoma. In contrast, the con-
trol group exhibited more severe outcomes, with 1 out of 6 
cases (16.6%) developing carcinoma in situ, 4 out of 6 cases 
(66.6%) developing moderate invasive carcinoma, and 1 out 
of 6 cases (16.6%) developing severe invasive carcinoma 
(Fig. 6E). Monotherapy with either SAS or anti-IL-1β mAb 
showed some interruption of the malignant transformation 
process, but their effectiveness was notably less than in the 
combination treatment group (Fig. 6D and E).

IHC results indicated that SAS combined with anti-IL-1β 
mAb significantly reduced the positive rates of SLC7A11 
and IL-1β, while increasing the positive rate of PTGS2. 
Additionally, the number of Ki67+ cells significantly 
decreased in the combination group (Fig. 6F).

Collectively, these findings suggest that the combination 
of SAS with anti-IL-1β mAb significantly inhibits carcino-
genesis, potentially through the induction of ferroptosis and 
reverse T cell exhaustion in the 4NQO-induced rat model.

Fig. 4  Combination of SAS and anti-IL-1β mAb enhances ferroptosis 
and inhibits OSCC cell growth. (A) Cell viability of SCC1, A375 and 
MDA-MB231 after 800 μM SAS or/and 50 pM anti-IL-1β mAb treat-
ment by CCK-8. (B) A diagram of Jurkat T cells and cancer cells co-
culture model. (C) Live cells of SCC1, A375 and MDA-MB231 after 
800 μM SAS or/and 50 pM anti-IL-1β mAb treatment and co-culture 
with Jurkat T cells for 24 h. (D) EdU assay to quantify cell proliferation 
of SCC1 after 800 μM SAS or/and 50 pM anti-IL-1β mAb treatment 
for 24 h. Scale bar = 100 μm. (E) Intracellular ROS levels measured 
by DCFH-DA staining via flow cytometry. SCC1 cells were incubated 
with 800 μM SAS or/and 50 Pm anti-IL-1β mAb treatment for 24 h. 
(F) Intracellular GSH of SCC1 measured by a GSH Quantification Kit 
after 800 μM SAS or/and 50 pM anti-IL-1β mAb treatment for 24 h. 
(G) Lipid peroxidation of SCC1 detected by BODIPY 581/591 C11 
after 800 μM SAS or/and 50 pM anti-IL-1β mAb treatment for 24 h. 
Scale bar = 100 μm. (H) Q-PCR experiment of SLC7A11 and PTGS2 
expressions in SCC1 after 800 μM SAS or/and 50 pM anti-IL-1β mAb 
inducing for 24 h. (I) Quantitative analysis of WB for SLC7A11 and 
PTGS2 expressions in SCC1 after 800 μM SAS or/and 50 pM anti-IL-
1β mAb inducing for 24 h. Values are presented as mean ± SEM. In 
A, E, F, G, H and I, one-way ANOVA; C, unpaired Student’s t-test; D, 
Kruskal-Wallis test
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factors to achieve a more comprehensive understanding of 
the interplay between ferroptosis and tumor immunity.

Our data suggest IL-1β was a mediator of SAS CM-
induced T cell exhaustion, while the contribution of other 
factors present in the conditioned medium requires further 
elucidation. Future studies employing cytokine profiling 
or proteomic analysis of SAS CM may identify additional 

However, it is essential to acknowledge that the TME 
constitutes a complex ecosystem comprising diverse 
immune cells, stromal components, and additional cyto-
kines, which were not systematically explored in this study. 
Although our focus on IL-1β provides mechanistic clarity, 
future investigations should encompass these unexplored 

Fig. 5  Anti-IL-1β mAb enhances SAS treatment by reducing IL-1β 
level and T cell exhaustion. (A) Q-PCR experiment of IL-1 expres-
sion in SCC1 after 800 μM SAS or/and 50 pM anti-IL-1β mAb induc-
ing for 24 h. (B) Quantitative analysis of WB for IL-1β expression in 
SCC1 after 800 μM SAS or/and 50 pM anti-IL-1β mAb inducing for 
24 h. (C) The level of IL-1β in the SAS and SAS+ anti-IL-1β mAb 

CM measured by ELISA. (D) A schematic diagram for flow cytometry. 
(E) Flow cytometric analysis detecting the levels of PD-1, CTLA-4, 
TNF-α and IFN-γ of 40% SAS CM or with 50 pM anti-IL-1β mAb 
treating CD8+T cells. CD8+ T cells. Values are presented as mean ± 
SEM. In A and B, one-way ANOVA; C and D, unpaired Student’s t-test
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Fig. 6  Combination of SAS and anti-IL-1β mAb inhibits oral carcino-
genesis in 4NQO induced rat model. (A) Schematic overview of the 
4NQO model experimental design. (B) Gross observation of the rat 
tongues in different groups at the endpoint. Scale bars: 1 cm for gross. 
(C) Quantification of the histological degree of moderate dysplasia, 
severe dysplasia, and carcinoma in situ and invasive carcinoma in the 
four groups. (D) H&E scores of the histopathologic diagnoses in the 

four groups. (E) Representative H&E images of the rat tongues in dif-
ferent groups at the endpoint. Scale bars: 300 µm for 10 × magnifica-
tion. (F) Representative IHC staining of SLC7A11, PTGS2, IL-1β and 
Ki67. Data points represent individual rats (n = 6 per group). Scale 
bars: 50 µm. Values are presented as means ± SEM. In D and F, one-
way ANOVA
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could counter SAS-induced immunosuppression. Anti-
IL-1β mAb, an FDA-approved monoclonal antibody, has 
demonstrated significant efficacy in various immune-related 
disorders [31]. In a randomized, double-blind study, anti-IL-
1β mAb was associated with a significant reduction in the 
occurrence of fatal and non-fatal lung cancers [32]. In our 
study, the combination of SAS with anti-IL-1β mAb dem-
onstrated enhanced anti-tumor efficacy compared to either 
treatment alone. The combination therapy not only enhances 
the anti-proliferative effects of SAS but also reverses IL-1β-
dependent immunosuppression. This synergy is particu-
larly noteworthy as it addresses both the cancer cells and 
the immune components of the TME, potentially leading to 
improved overall treatment outcomes.

The efficacy of the combination therapy was fur-
ther supported via 4NQO-induced rat model. Our dos-
ing strategy for SAS was based on prior rodent studies 
demonstrating ferroptosis induction and antitumor effi-
cacy [23, 33]. And the dose of anti-IL-1β mAb demon-
strated potent neutralizing activity, consistent with doses 
reported in studies of IL-1β-driven inflammatory models 

regulators of this process. We also observed changes in other 
cytokines, such as IL-10, TNF-α, and IL-12p70. Although 
their absolute levels were low, even small concentrations of 
cytokines can exert significant biological effects within the 
TME [27–29]. Further studies are necessary to investigate 
the mechanistic roles of these cytokine networks and their 
therapeutic implications.

Our earlier studies identified IL-1β as a pivotal fac-
tor in OSCC progression, where its inhibition disrupted 
tumor growth by altering the TME [21, 30]. To address the 
observed immunosuppressive effects, the potential of com-
bining SAS with anti-IL-1β mAb therapy was investigated 
as a strategic approach.

The addition of anti-IL-1β mAb to SAS therapy dem-
onstrated significant potential for enhancing the overall 
therapeutic effect. This combination notably reduced IL-1β 
levels, alleviated T cell exhaustion and enhanced T cell 
function, as evidenced by decreased PD-1 and CTLA-4 
expression and increased TNF-α and IFN-γ production. 
These findings highlighted the role of IL-1β in immune sup-
pression within the TME and suggested that blocking IL-1β 

Fig. 7  Schematic model of the combination effect of SAS with anti-
IL-1β mAb. (A) SLC7A11 is a crucial transmembrane transporter 
involved in the extracellular uptake of cystine. Cystine enters cells via 
SLC7A11, facilitating the synthesis of the potent antioxidant GSH, 
which mitigates ROS accumulation, prevents lipid peroxidation, and 
reduces tumor cell death. Within the tumor microenvironment, T cells 
are present to target and eliminate tumor cells. (B) SAS acts as an 
inhibitor of SLC7A11. SLC7A11 inhibition decreases intracellular 
GSH levels, and increases ROS production and subsequent lipid per-

oxidation. Concurrently, the expression of PTGS2 rises, inducing fer-
roptosis in tumor cells. As ferroptosis progresses, a notable increase 
in IL-1β secretion is observed within the tumor microenvironment, 
resulting in T cell exhaustion. (C) This T cell dysfunction can be 
reversed by the addition of anti-IL-1β mAb. Combined therapy utiliz-
ing SAS and anti-IL-1β mAb effectively targets the vulnerability of 
iron-dependent cell death, thereby enhancing immune responses and 
promoting tumor cell destruction
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