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Antioxidant interventions reduced cytokine-induced
pyroptosis of peripheral MAIT cells in patients with
HBV-related cirrhosis
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Abstract

Background: Mucosal-associated invariant T (MAIT) cells are diminished in

various liver diseases, but the underlying mechanism remains unclear. This

study aimed to investigate the characteristics and underlying mechanisms of

MAIT cell depletion in HBV-related cirrhosis.

Methods: Peripheral blood samples were collected from 20 healthy

controls and 40 patients with HBV-related cirrhosis, divided into

compensated (20) and decompensated (20) liver cirrhosis groups.

Flow cytometry, single-cell RNA sequencing (scRNA-seq), multiplex

immunofluorescence, and ELISA were used to assess MAIT cell

characteristics.

Results: In patients with HBV-related cirrhosis, MAIT cells were signifi-

cantly reduced and hyperactivated. The levels of pyroptosis and oxidative

stress were elevated, particularly in those with decompensated liver cir-

rhosis (DLC). As disease severity increased, both pyroptosis and oxida-

tive stress in MAIT cells rose, negatively correlating with MAIT cell

frequency. Additionally, MAIT cells from patients with compensated liver

cirrhosis (CLC) and DLC had lower levels of interferon-gamma (IFN-γ),
tumor necrosis factor-alpha (TNF-α), granzyme B (GZMB), and CD107a,

but higher IL-17A levels. Blocking IL-12 and IL-18 pathways reduced MAIT

cell activation and pyroptosis, while antioxidants effectively decreased

pyroptosis in vitro.

Conclusions: Pyroptosis contributes to the decline of MAIT cells

in HBV-related cirrhosis, while antioxidants can reduce this process.

Abbreviations: APC, activate antigen-presenting cell; CHB, chronic hepatitis B; CLC, compensated liver cirrhosis; DLC, decompensated liver cirrhosis; FLICA,
fluorochrome-labeled inhibitors of caspase; GO, Gene Ontology; GSDMD, gasdermin D; GZMB, granzyme B; HC, healthy control; HLA-DR, Human leukocyte antigen-
DR; IFN-γ, Interferon-gamma; KEGG, Kyoto Encyclopedia of Genes and Genomes; LC, liver cirrhosis; MAIT, mucosal-associated invariant T cell; MR1, major
histocompatibility complex-I molecule; MTA, mitochondria-targeted antioxidants; PBMC, peripheral blood mononuclear cell; ROS, reactive oxygen species; scRNA-
seq, single-cell RNA sequencing; TCR, T-cell receptor; TNF-α, tumor necrosis factor-alpha; UMAP, uniform manifold approximation and projection.
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INTRODUCTION

HBV-related cirrhosis refers to the diffuse liver damage
caused by the progression of chronic hepatitis B (CHB)
infection into its advanced stages. The annual incidence of
liver cirrhosis (LC) in CHB patients who have not received
antiviral treatment ranges from 0.1% to 9.7% per 100
person-years.[1] When liver function continuously deterio-
rates, it can lead to serious complications, such as ascites
and hepatic encephalopathy. These complications indi-
cate that HBV-related cirrhosis has advanced from
compensated liver cirrhosis (CLC) to decompensated
liver cirrhosis (DLC), with an annual progression rate of
about 15% over 5 years.[2–4] Once DLC is established, the
5-year survival rate plummets to a mere 14%.[5]

The liver serves as a vital immune organ within the
human body, and there is a close link between liver
diseases and the immune system. In HBV-related
cirrhosis, many immune cells are activated, leading to
significant changes in their quantity and functionality.
These modifications can markedly influence the course of
the disease.[6]

Mucosal-associated invariant T (MAIT) cells are a
unique subset of innate-like T cells that were initially
identified by Porcelli et al[7] in human intestinal mucosal
lymphoid tissue. Subsequent studies revealed that
MAIT cells constitute ~1%–10% of the total T cell
population in peripheral blood, with their proportion of all
T cells in the liver soaring up to 50%,[8] underscoring
their critical role in liver immunity. MAIT cells possess
semi-invariant αβ T-cell receptors (TCRs) that are
capable of recognizing riboflavin (vitamin B2) metabo-
lites derived from bacteria and presented by the major
histocompatibility complex-I molecule (MR1).[9] The
invariant nature of MR1 facilitates the swift activation
of MAIT cells during the initial stages of the immune
response.[10] In addition to MR1-dependent activation,
MAIT cells can also be triggered by cytokines, such as
IL-12 and IL-18, with other cytokines, including inter-
feron-γ (IFN-γ), IL-7, and IL-15, further potentiating this
activation.[11,12] Bacteria that cannot synthesize ribofla-
vin can activate antigen-presenting cells (APCs)
through toll-like receptor ligands (TLRLs), thereby
providing an alternative activation pathway for MAIT
cells. Upon activation, MAIT cells generate a range of
effector molecules, including IFN-γ, tumor necrosis
factor-α (TNF-α), IL-17A, granzyme B (GZMB), and
CD107a, which play pivotal roles in immune responses
and disease pathogenesis.[12,13]

Several studies have investigated the role of MAIT
cells in liver disease. In alcoholic fatty liver disease,

chronic and excessive alcohol intake increases intestinal
permeability, impairing antibacterial defenses and leading
to a reduction in MAIT numbers.[14] A similar decline in
MAIT cells is observed in viral hepatitis. In patients with
the HCV, MAIT cells in the liver are activated and
subsequently depleted by the cytokine IL-18.[15] In the
case of HBV, conjugated bilirubin can directly trigger
MAIT cells’ apoptosis and inhibit their proliferation upon
activation by TCRs.[16] HCC is associated with a reduction
in MAIT cells, which is attributed more to immune
exhaustion than to apoptosis, with tumor cells expressing
MR1 redirecting MAIT cells from an antitumor to a pro-
tumor stance.[17] Collectively, the diminished presence of
MAIT cells is a recurring theme in chronic liver diseases,
with their antibacterial capabilities and cytokine secretion
compromised as the disease evolves. Gaining insights
into the diverse mechanisms of MAIT cells’ activation and
demise across various diseases is essential for elucidat-
ing their involvement in liver disorders.

Pyroptosis is a form of programmed cell death
characterized by the activation of caspase-1. This process
cleaves gasdermin D (GSDMD), causing cell membrane
rupture and the release of pro-inflammatory cytokines,[18]

which play a crucial role in the innate immune response
against pathogens.[19] Many innate-like T cells exhibit the
characteristics of innate cells, such as natural killer T cells,
which undergo pyroptosis during diseases.[20] MAIT,
classified as innate-like T cells, also exhibit this character-
istic. Research shows that in patients with HIV-1 infection
and alcoholic liver disease, the markers of pyroptosis are
significantly higher in MAIT cells.[21,22] However, it remains
unclear whether MAIT cells undergo pyroptosis in HBV-
related cirrhosis. Oxidative stress, caused by an
imbalance of reactive oxygen species (ROS), can lead to
cellular dysfunction or death and is considered a key factor
in pyroptosis.[23] Overexpression of ROS may induce
NLRP3 expression and impair lysosomal function, ulti-
mately triggering cell pyroptosis.[24] We propose that MAIT
cells undergo alterations in quantity and functionality and
tend toward pyroptosis in HBV-related cirrhosis. Antiox-
idant interventions may partially alleviate MAIT pyroptosis,
suggesting a potential therapeutic approach.

METHODS

Participants

A total of 60 participants were recruited from the Fifth
Medical Center of the PLA General Hospital between
March 2022 and February 2024. The participants
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comprised 20 patients with CLC, 20 patients with DLC,
and 20 healthy controls (HCs). The diagnosis of HBV-
related cirrhosis was confirmed by establishing the
presence of HBV infection along with cirrhosis, which
was verified through either liver biopsy or clinical
evidence. The clinical evidence included tests and
examinations, such as clinical manifestations, laboratory
tests, liver stiffness measurements, and imaging results.
Decompensated cirrhosis was identified when cirrhosis
was complicated by issues such as ascites, hemorrhage
from gastroesophageal varices, sepsis, hepatic ence-
phalopathy, or hepatorenal syndrome.[25] Exclusion
criteria for the study were other types of hepatitis
infections, liver cancer, metabolic liver diseases,

rheumatic and connective tissue diseases, and steroid
use. The patients’ clinical characteristics are summarized
in Table 1. This study was conducted in accordance with
the Declaration of Helsinki and approved by the Ethics
Committee of the Fifth Medical Center of PLA General
Hospital (Number: KY-2022-4-30-1). All participants
provided informed consent before enrollment.

Antibodies and flow cytometric analysis

Fluorescence-conjugated reagents and antibodies were
obtained from BioLegend, including anti-CD3-BV605
(OKT3), anti-TCRVα7.2-BV421 (3C10), anti-CD161-PE

TABLE 1 Participant characteristics

CLCs (n=20) DLCs (n= 20) p

Age (y) 61.15 (47, 77) 58.40 (46, 72) 0.327

Male/female 11/8 14/6 0.514

Regular blood test

White blood cell (×109/L) 4.22 (2.1, 7.74) 3.57 (1.52, 7.46) 0.183

Red blood cell (×109/L) 4.34 (2.93, 6.01) 3.79 (1.92, 5.52) 0.108

Neutrophils (×109/L) 2.26 (0.85, 4.19) 2.42 (0.72, 6.56) 0.779

Lymphocytes (×109/L) 1.48 (0.60, 2.87) 1.04 (0.31, 2.34) 0.023

Monocytes (×109/L) 0.28 (0.12, 0.43) 0.33 (0.09, 0.55) 0.265

Platelet (×109/L) 129.00 (27, 215) 77.65 (23, 180) 0.005

Hemoglobin (g/L) 134.65 (84, 166) 110.50 (66, 161) 0.011

Coagulation indicators

Prothrombin time (s) 12.29 (11.40, 14.40) 13.80 (11.10, 21.00) 0.006

International normalized ratio 1.11 (0.99, 1.68) 1.36 (0.96, 2.21) 0.002

Prothrombin time activity (%) 89.68 (40.40, 110.40) 69.93 (19.10, 117.70) 0.013

Liver function indicators

Total bilirubin (μmol/L) 16.75 (8.20, 34.30) 40.36 (8.0, 165.60) 0.001

Direct bilirubin (μmol/L) 5.29 (2.50, 14.40) 18.88 (3.70, 98.70) <0.001

Indirect bilirubin (μmol/L) 11.46 (5.20, 19.90) 21.48 (4.30, 66.90) 0.060

Total bile acid (μmol/L) 12.50 (2.00, 47.00) 75.85 (2.00, 105.00) <0.001

ALT (U/L) 20.95 (9.00, 33.00) 41.40 (16.00, 129.00) 0.192

AST (U/L) 26.00 (18.00, 41.00) 27.90 (9.00, 66.00) 0.004

Albumin (g/L) 40.80 (29.00, 77.00) 32.15 (18.00, 42.00) <0.001

Blood ammonia (mmol/L) 35.87 (5.70, 90.00) 55.41 (17.40, 117.70) 0.018

Creatinine (μmol/L) 79.85 (56.00, 104.00) 77.80 (46.00, 172.00) 0.201

MELD score 7.60 (6.00, 9.00) 11.55 (6.00, 24.00) <0.001

Child–Pugh score 5.20 (5.00, 7.00) 6.95 (5.00, 11.00) <0.001

Virological indicators

HBsAg (COI) 3215.20 (0.60, 7771.00) 2721.87 (0.51, 7269.00) 0.730

HBeAg (COI) 0.18 (0.07, 0.62) 29.69 (0.07, 489.60) 0.480

Inflammation indicators

C-reactive protein (mg/dL) 1.68 (0.10, 6.94) 4.83 (0.10, 25.10) 0.201

Procalcitonin (ng/mL) 0.05 (0.03, 0.11) 0.16 (0.03, 0.46) 0.037

Interleukin-6 (pg/mL) 12.44 (1.40, 32.28) 19.42 (3.22, 95.51) 0.660

Note: Data are presented as median (IQR) or number (%).
Abbreviations: Child–Pugh score, Child–Pugh liver function score; CLC, compensated liver cirrhosis; DLC, decompensated liver cirrhosis.
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(W18070C), anti-CD38-BV605 (HIT2), anti-HLA-DR-
Percp/Cyanine5.5 (L243), anti-GZMB-FITC (QA16A02),
anti-CD107a-PE/Cyanine7 (1D4B), anti-TNF-α-BV510
(MAb11), anti-IL-17A-APC (BL168), and anti-IFN-γ-PE/
Percp/Cyanine5.5 (4S.B3). The fluorochrome-labeled
inhibitors of caspases (FLICA) caspase-1 reagent (Bio-
Rad) was utilized to assess the pyroptosis of MAIT cells,
and the ROS Assay Kit-Highly Sensitive DCFH-DA
(Dojindo) was utilized to assess the levels of oxidative
stress of MAIT cells. Fixable Viability Stain 700 (BD
Biosciences) was used to distinguish viable from
nonviable peripheral blood mononuclear cells (PBMCs).

The PBMCs were first stained using live/dead cell
staining, followed by incubation with FLICA caspase-1
and DCFH-DA at 37 °C for 1 hour. Next, surface
antibody staining was performed at 4 °C for 30 minutes.
After washing the cells, they were permeabilized and
fixed at 4 °C for 30 minutes. Finally, intracellular
antibodies were added and incubated at 4 °C for
30 minutes. Data were analyzed using NovoExpress
software (Acea Bioscience, Inc.) and FlowJo software
(FlowJo).

Single-cell RNA sequencing (scRNA-seq)
data processing, multiple dataset
integration, and cell-type annotation

The raw FASTQ single-cell RNA sequencing (scRNA-
seq) files from the liver tissues of 4 patients and 6
HCs were retrieved from the Genome Sequence Archive
at the Beijing Institute of Genomics Data Center (http://
bigd.big.ac.cn/gsa-human, accession HRA001730 and
HRA000069) and from the National Center for Bio-
technology Information (https://www.ncbi.nlm.nih.gov,
accession RPRJNA833766). The downloaded reads
were processed individually with the Cell Ranger count
pipeline (v.4.0.0; 10x Genomics, https://www.10xgenom-
ics.com), utilizing the GRCh38 human reference genome
to generate gene expression matrices. The subsequent
analyses were conducted using R scripts (v.4.0.2) with
the Seurat package (v.3.2.2). Genes expressed in at least
0.1% of the cells were retained for each sample, while
cells were filtered based on the following criteria: (1) a
minimum of 500 genes detected; (2) a minimum of 800
unique molecular identifiers; and (3) mitochondrial gene
expression not exceeding 10%. Cells failing tomeet these
criteria were excluded from further analysis. The datasets
from different samples across four conditions were
integrated into a unified dataset employing the standard
workflow outlined at https://satijalab.org/seurat/v3.2/inte-
gration.html. The integrated dataset was scaled, followed
by principal component analysis. The top 17 principal
components were selected to construct a shared nearest
neighbor network, and an unsupervised graph-based
clustering approach utilizing the Louvain algorithm was
applied, with a resolution parameter set to 0.5 for cell

clustering purposes. The clusters were classified and
annotated based on established marker genes. MAIT
cells were identified using SLC4A10 as a marker
encoding solute carrier family member 4, member 10,
and extracted into another dataset for downstream
analysis. Finally, uniform manifold approximation and
projection (UMAP) was employed to visualize the
clustering results in a 2-dimensional space.

Identification of differentially expressed
genes and enrichment analysis of Gene
Ontology and Kyoto Encyclopedia of
Genes and Genomes

To identify differentially expressed genes (DEGs)
across various clusters and conditions, the “Find
Markers” function within the Seurat package was
utilized with multiple threshold parameters, including
an average log2 (fold change) ≥ 0.5, a Benjamini–
Hochberg-corrected p value ≤0.01, and detection in at
least 10% of cells in one condition. The identified DEGs
were subsequently uploaded to the Metascape web tool
(https://www.metascape.org), where gene sets derived
from Gene Ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) were selected to
elucidate their functional profiles.

Multiplex immunofluorescence
measurement

Control liver tissue samples (n= 5) were procured
from deceased donors deemed suitable for liver
transplantation, while liver tissues (n= 5) from
patients with LC who underwent biopsies were
obtained from the Fifth Medical Center of the PLA
General Hospital and the First People’s Hospital of
Zhengzhou. The liver tissue sections (5 μm) were
incubated with purified primary antibodies: anti-CD3
(EP41, 1:300; Zhongshan Golden Bridge Bio-
technology), anti-MDR-1 (Ab170904, 1:280; Abcam),
anti-human GSDMD (1:550; Abcam), and anti-NRF-2
(1:18,000; Proteintech) for 60 minutes at 37 °C before
being washed with horseradish peroxidase-labeled
secondary antibodies. After amplification using ×1
tyrosine signal amplification solution and DAPI stain-
ing, images were acquired using an Aperio VERSA
scanning system (Leica).

Stimulation assay

The PBMCs were suspended in RPMI 1640 medium
(Sigma-Aldrich) supplemented with 10% fetal bovine
serum (Sigma-Aldrich) and a 1% penicillin-streptomycin
solution (100 IU/mL, 4A Biotech). Subsequently, the
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cells were treated in U-bottomed 96-well plates at a
density of 1×106 cells per well in a volume of 200 μL,
under conditions of 37 °C and 5% CO2. The treatments
included IL-12 or IL-18 (PeproTech) added at a 200 ng/
mL concentration. For cell stimulation and inhibition, the
treatments comprised (1) medium only and (2) Escher-
ichia coli DH5α fixed with 4% paraformaldehyde (PFA)
at a ratio of 10 bacteria per cell, either in the absence or
presence of an MR1-blocking antibody (clone 26.5), IL-
12p40/70-blocking antibody (5 µg/mL, eBioscience), or
IL-18-blocking antibody (20 µg/mL, R&D Systems). For
the intervention with antioxidants, the treatments
included the following: (1) medium only, (2) the addition
of IL-12 or IL-18 at a concentration of 200 ng/mL, and
(3) the same combination supplemented separately with
polyphenols (ie, resveratrol [5 μM, APExBIO] and
oleuropein [0.25 μM, APExBIO]); iACAT (ie, avasimibe
[0.25 μM, Selleck], and K-604 [0.05 μM, MCE]; and
mitochondria-targeted antioxidants (MTA) (ie, Mito-
TEMPO [5 μM, Merk] and MitoQ [0.05 μM, MCE]). All
cells were cultivated for 24 hours.

ELISA

The soluble IL-12p70 (R&D Systems) and IL-18 kits
(R&D Systems) were utilized to quantify the plasma
concentrations of IL-12p70 and IL-18, strictly adhering
to the manufacturer’s protocols. Each sample was
analyzed in duplicate to ensure accuracy and
reproducibility.

Statistical analysis

All statistical analyses were conducted using IBM SPSS
Statistics version 21. The distribution characteristics of
the data were assessed using the Kolmogorov–Smirnov
normality test. For 2 groups of non-normally distributed
variables, nonparametric Mann–Whitney U tests were
employed, while the Wilcoxon signed-rank test was
utilized for matched pairs. Correlations between varia-
bles were evaluated using the Spearman rank correla-
tion coefficient. Statistical significance was defined as
p<0.05, with *p< 0.05, **p< 0.01, and ***p<0.001
indicating increasing significance levels.

RESULTS

The frequencies of MAIT cells decrease
with the severity of HBV-related cirrhosis

We analyzed the frequency of peripheral MAIT cells in 20
patients with CLC, 20 patients with DLC, and 20 HCs. The
MAIT cells in the PBMCs were identified as
CD3+Vα7.2+CD161high cells. The frequency of MAIT cells

in patients with HBV-related cirrhosis was significantly
lower than that observed in the HCs (Figures 1A, B).
Additionally, when comparing the patients with CLC to
thosewith DLC, a marked reduction in MAIT numbers was
noted among the latter.

Immunofluorescence imaging revealed a decreased
density of MAIT cells (marked by CD3+MDR-1+)[21] in
the liver tissues of the patients with CLC and DLC than
in the HCs (Figure 1C). The correlation analysis results
showed that the frequency of MAIT cells was negatively
correlated with the clinical indicators that represent
disease severity (ie, the Child–Pugh liver function
score, the MELD score, and total bile acid levels)
(Figure 1D).

MAIT cells are activated, undergo
pyroptosis, and have their functionality
impaired in HBV-related cirrhosis

We evaluated MAIT cells’ activation and pyroptosis
along with the expression levels of related functional
factors during HBV-related cirrhosis. We found that the
peripheral MAIT cells in patients with HBV-related
cirrhosis exhibited elevated levels of HLA-DR and
CD38 compared to the HCs. Additionally, the expres-
sion of HLA-DR and CD38 was significantly higher in
the patients with DLC than in those with CLC (Figures
2A, B). FLICA caspase-1 and intracellular staining with
antibodies were used to specifically recognize the
active forms of caspase-1 and caspase-3.[26,27] The
MAIT cells in the patients with HBV-related cirrhosis
displayed increased levels of FLICA caspase-1 and
were particularly pronounced in the patients with DLC
(Figure 2C). Further analysis revealed that the expres-
sion levels of FLICA caspase-1 exhibited a positive
correlation with the severity of liver disease, as
indicated by the Child–Pugh score, MELD score, and
total bile acid concentrations (Figure 2I).

Regarding the functional changes of MAIT cells in
HBV-related cirrhosis, we detected representative key
cytokines in the PBMCs, including pro-inflammatory
cytokines, such as IFN-γ and TNF-α, cytotoxic and
antibacterial molecules, such as CD107a and GZMB,
and the tissue repair cytokine IL-17A. The expression
of IFN-γ, TNF-α, CD107a, and GZMB was diminished
in the disease groups compared to the HCs, and
particularly pronounced in the patients with DLC,
where these intracellular proteins exhibited notable
downregulation (Figures 2D–G). Interestingly, there
was an opposing trend in the expression of IL-17A
compared to other intracellular factors, showing an
increase in the disease group, especially in the
patients with DLC (Figure 2H). These data suggest
that the ability of MAIT cells to secrete intracellular
factors generally declines during the progression of
HBV-related cirrhosis.
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scRNA-seq analyses reveal the
transcriptional characterization of MAIT
cells in patients with HBV-related cirrhosis

Single-cell transcriptomic data from 3 previous studies
were integrated to characterize the phenotypic and
molecular features of MAIT cells during HBV-related
cirrhosis.[28–30] We obtained 65487 immune cells derived
from healthy livers (n=6) and livers with HBV-related
cirrhosis (n=4). UMAP and unsupervised graph-based
clustering partitioned the cells into 7 clusters based on
themost significant marker genes (Figures 3A, C). Based
on their transcriptional programs and surface protein
expression profiles, 5 CD8+ (C1, C2, C7, C10, and C12)
and 3 CD4+ (C3, C6, and C8) T cell subpopulations were
identified along with natural killer cells (C0), γδT cells
(C4), B cells (C9), myeloid cells (C11), plasma cells (C13,
C14), and MAIT cells (C5). Specifically, 6698 MAIT cells
were identified from the HCs and the patients with LC
based on the expression levels of the canonical marker
SLC4A10 (Figure 3B).

To comprehensively investigate the transcriptome
characteristics of MAIT cells, we initially compared the
gene expression profiles of MAIT cells with those of other
immune cells and identified 1924 DEGs. Upon compar-
ison of these DEGs, we found that 72 molecules were

significantly upregulated, while 20 were notably down-
regulated. The upregulated proteins and genes included
specific MAIT markers such as SLC4A10 and IL18RAP;
T cell activation markers including THEMIS, NRIP1, and
DPP4; inflammation-related markers such as IL18R1,
IL18RAP, TNF, and LTB; cell death indicators such as
TMEM117; and the endoplasmic reticulum stress marker
ERN1 (Figure 3D). GO and KEGG enrichment analyses
further revealed that the genes within MAIT cells were
significantly enriched in pathways related to cell activa-
tion (Regulation of T cell activation, Immune response-
activating signaling pathway, T cell receptor signaling
pathway), ROS regulation pathway (Response to oxida-
tive stress, Cellular response to oxidative stress,
Chemical carcinogenesis reactive oxygen species), and
cell death (Intrinsic apoptotic signaling pathway, Regu-
lation of apoptotic signaling pathway, Extrinsic apoptotic
signaling pathway, Apoptosis) (Figure 3E).

Next, we compared MAIT cells between the HC and
LC groups, identifying 23 upregulated and 75 down-
regulated genes (Figure 3F). The upregulated proteins
and genes of MAIT cells in HBV-related cirrhosis
included cell death markers such as IGFBP3 and
PTPN13; ROS regulation markers such as SDR42E2;
mediators of adaptive immunity such as CTLA4; medi-
ators of IL-17 secretion such as LEF1; and facilitators of
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cell adhesion such as THBS4-AS1, ADAM23, and
PDZD2. The downregulated proteins and genes of MAIT
cells in HBV-related cirrhosis included cytokine secretion
markers such as IFNG, CSF1, and CD70; cell chemo-
taxis and adhesion markers such as CCL3 and
PECAM1; and lipid metabolism markers such as LIPC,
OSBPL5, and SCD. GO and KEGG enrichment analyses
indicated that MAIT cells from the LC group were
associated with IL-17A production (Th17 cell differentia-
tion), ROS regulation pathway (Regulation of reactive
oxygen species metabolic process, Reactive oxygen
species metabolic process, Cellular response to oxida-
tive stress, Chemical carcinogenesis reactive oxygen
species, Response to mitochondrial depolarization), and
cell death pathways (Intrinsic apoptotic signaling path-
way, Extrinsic apoptotic signaling pathway, Apoptosis,

Necroptosis) (Figure 3G). These data illustrate the
genetic characteristics of MAIT cells in HBV-related
cirrhosis.

The proportion of MAIT cells experiencing
oxidative stress and their expression is
associated with pyroptosis

To further validate the findings from the scRNA-seq
analysis, we evaluated oxidative stress in MAIT cells
across different cohorts and employed the mean
fluorescence intensity of DCFH-DA Mean Fluorescence
Intensity (MFI) as a surrogate marker for ROS
expression in MAIT cells. We found elevated DCFH-
DA MFI levels in the MAIT cells of the patients with
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HBV-related cirrhosis compared to the HCs, with
significantly higher levels observed in the patients with
DLC than those with CLC (Figures 4A, B). The
correlation analysis indicated that the expression of
DCFH-DA MFI was positively correlated with the
expression levels of FLICA caspase-1 in the MAIT cells
(Figure 4C). Subsequently, multicolor immuno-
fluorescence staining of the liver tissue from the LC
patients revealed that the MAIT cells (CD3+MDR-1+)
exhibited markers of oxidative stress (NRF-2+)[31] and
pyroptosis (GSDMD+) (Figure 4D). These results

confirm that MAIT cells undergo oxidative stress and
pyroptosis in HBV-related cirrhosis.

Exposure to E. coli triggers the activation
and pyroptosis of MAIT cells, with this
stimulation mediated by cytokines

To clarify the key factors that induce oxidative stress
and pyroptosis in MAIT cells, we stimulated PBMCs
from patients with HBV-related cirrhosis and HCs
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in vitro using PFA-fixed E. coli DH5α. We then
separately blocked IL-12/IL-18 and MR1 to elucidate
the primary activation pathways. The results demon-
strated significant upregulation of CD38 and HLA-DR in
the MAIT cells (Figures 5A, B). In addition, compared to
the control medium, there was a marked increase in
DCFH-DA MFI and FLICA caspase-1 expression in the
MAIT cells stimulated by PFA-fixed E. coli DH5α
(Figures 5C, D). Blocking IL-12/IL-18 and MR1 allowed
us to determine which pathway played a decisive role in
MAIT activation under experimental conditions. Block-
ing MR1 did not alter the expression levels of CD38,
HLA-DR, DCFH-DA MFI, or FLICA caspase-1 (Figures
5E–H). However, when IL-12/IL-18 was inhibited, the
expressions of CD38, HLA-DR, DCFH-DA MFI, and
FLICA caspase-1 were significantly downregulated
(Figures 5A–D). The plasma levels of IL-12 and IL-18
were measured in the subjects. The expression of IL-12
was higher in patients with DLC compared to HCs.
Furthermore, IL-18 levels were notably elevated in
patients with HBV-related cirrhosis compared to HCs,
and patients with DLC exhibited higher IL-18 expression
than those with CLC (Figure 5I), suggesting that IL-12/

18 constitutes the crucial factors mediating the activa-
tion and depletion of MAIT cells in HBV-related
cirrhosis.

Antioxidants reduce cytokine-induced
pyroptosis of MAIT cells

Given that cellular oxidative stress may be an upstream
event in the pyroptosis process,[24,32] we aimed to
regulate pyroptosis by applying antioxidants and
assessing whether reducing oxidative stress levels
could facilitate MAIT cells’ recovery. Three types of
antioxidants and related inhibitors were used as
interventions: polyphenols from plants known for their
extensive antioxidant properties, MTA, and the inhibitor
of acetyl-CoA carboxylase transferase (iACAT) to
modulate the MAIT cells activated by IL-12/18. Follow-
ing the interventions, the DCFH-DA and FLICA cas-
pase-1 levels in the MAIT cells were significantly
decreased compared with those in the IL-12/18-stimu-
lated group (Figures 6A, B). Among the comparisons
between the 3 different antioxidants, the expression of

DCFH-DA
-103 103 1040

Gated on MAITs(A)

(D)

HC

CLC

DLC

105

(B) (C)

40000

****
* *

30000

20000

10000

0

GSDMD

NRF-2

MDR-1

CD3

merge

HCs CLCsD
C

FH
-D

A 
M

FI
 in

 M
AI

Ts

DLCs

%
 F

LI
C

A
C

as
pa

se
1+  

in
 M

AI
Ts 15

10

5

0
0 10000

r=0.891 p<0.001

20000
DCFH-DA MFI in MAITs

30000 40000

F IGURE 4 The proportion of mucosal-associated invariant T (MAIT) cells under oxidative stress increased with the severity of the patients. (A)
Representative offset plots of DCFH-DA on the MAIT cells in the healthy controls (HCs), the patients with CLC, and the patients with DLC. (B) The
MFI of DCFH-DA from the HCs, the patients with CLC, and the patients with DLC was detected by flow cytometry. (C) Correlation analysis of
pyroptotic MAIT cells’ frequencies and the level of DCFH-DA MFI in the MAIT cells. (D) MAIT cells (CD3+MDR-1+) in the liver tissue of the patients
with HBV-related cirrhosis were co-stained with GSDMD and NRF-2. (B) Nonparametric Mann–Whitney U tests. (C) Spearman rank correlation
test. *p< 0.05, ***p< 0.001, ****p<0.0001. Abbreviations: CLC, compensated liver cirrhosis; DLC, decompensated liver cirrhosis; GSDMD,
gasdermin D; HC, healthy control; MAIT, mucosal-associated invariant T cell; MDR-1, Multidrug resistance gene-1; MFI, mean fluorescence
intensity; NRF-2, nuclear factor erythroid 2-related factor 2.

ANTIOXIDANTS MITIGATE MAIT PYROPTOSIS | 9



FLICA caspase-1 was higher in the MTA-treated group
than in the polyphenol-treated group and the iACAT-
treated group. Considering the potential impact of these
antioxidants on functionality, we further evaluated
cytokine and protein secretion by the MAIT cells. While
the secretion levels of IFN-γ, TNF-α, CD107a, GZMB,
and IL-17A in the MAIT cells were diminished following
the antioxidant interventions compared to the IL-12/18-
stimulated group, these levels remained significantly
elevated when compared with those in the medium-only
group (Figures 6C–G). Notably, among the tested
antioxidants, the MTA-treated MAIT cells exhibited
higher levels of IFN-γ, TNF-α, CD107a, GZMB, and
IL-17A than those treated with polyphenol or iACAT.
These results suggest that MTA can reduce oxidative

stress and pyroptosis while maintaining the proper
functioning of MAIT cells.

DISCUSSION

MAIT cells represent a distinctive subset of T lympho-
cytes that exhibit characteristics of both innate and
adaptive immunity.[33] Their presence in the liver high-
lights their potential involvement in liver disease.
Studies have shown that MAIT cells are significantly
reduced in chronic inflammatory diseases, with their
decline becoming more pronounced as the disease
progresses.[34] In this study, we found that MAIT cells
are highly activated and undergo pyroptosis in HBV-
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related cirrhosis, particularly in DLC. This pyroptosis
correlates with the disease severity, and similar findings
have been observed in HIV-1 infection and alcoholic
cirrhosis,[21,22] suggesting that pyroptosis may contrib-
ute to MAIT loss. Our scRNA-seq analysis indicated
that MAIT cells were more activated and proliferative
than other immune cells. In patients with HBV-related
cirrhosis, MAIT cells showed higher oxidative stress
and increased markers of cell death compared to the
HCs, suggesting a swift response to infection and a
tendency for rapid programmed cell death. Why do
MAIT cells prefer pyroptosis over apoptosis? This may
be characteristic of immune-like T cells. During patho-
gen invasion, MAIT pyroptosis helps eliminate bacteria
and promote inflammation, which can activate other T
cells.[35] In HBV-related cirrhosis, chronic inflammation
leads to cytokine release, mitochondrial dysfunction,
and ROS. This accumulation of ROS activates the
NLRP3 inflammasome, triggering pyroptosis.[24] We
hypothesized that high ROS levels in MAIT cells during

HBV-related cirrhosis are closely linked to their pyrop-
totic response.

Under healthy conditions, ROS are vital for cellular
signaling, immune defense, and metabolic balance.
However, an excess of ROS can cause oxidative
stress, which is associated with the onset and
progression of diseases such as cancer, neuro-
degenerative disorders, cardiovascular diseases, and
diabetes.[36] Our research shows that MAIT cells
undergo oxidative stress and pyroptosis in HBV-
related cirrhosis, with a significant correlation between
the two. Consequently, we anticipate that the pyrop-
tosis of MAIT cells could be modulated by employing
antioxidant strategies.

Excessive oxidative stress in cells can be managed
through strategies such as using antioxidants, activating
endogenous antioxidant enzymes, and inhibiting ROS-
generating enzymes.[37] Among these approaches, anti-
oxidants provide a convenient and rapid intervention. To
explore the effects of oxidative stress on pyroptosis in
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MAIT cells, 3 antioxidants were used: polyphenols and
MTA, which directly target mitochondrial function,[38] and
iACAT, which indirectly affects mitochondrial activity by
regulating fatty acid oxidation. Our results showed that
antioxidants can reduce pyroptosis in MAIT cells,
possibly compensating for their loss in HBV-related
cirrhosis contexts. Recent studies have emphasized that
oxidative stress is a key driver of apoptosis, pyroptosis,
and ferroptosis.[23,24] Notably, its impact on ferroptosis
and pyroptosis is particularly pronounced.[39,40] Certain
stimuli primarily promote pyroptosis by activating the
NLRP3 inflammasome,[24] while antioxidants such as
polyphenols effectively inhibit this process,[41] which is
consistent with the inhibitory effects we have observed.
Furthermore, our results also indicate that in addition to
polyphenols, the antioxidants MTA and iACAT can both
effectively reduce pyroptosis in MAIT cells. Some
findings suggest that MTA can alleviate oxidative stress
by improving mitochondrial function,[38] while iACAT
mainly indirectly affects oxidative stress by regulating
cholesterol metabolism.[42] However, their specific mech-
anisms of action within cells still require further explora-
tion. Although some studies have suggested that
antioxidants might suppress cytokine secretion during
immune regulation,[43,44] we found that MTA significantly
alleviates oxidative stress and pyroptosis in MAIT cells
while preserving their functional capabilities. It is note-
worthy that MTA has already been used in clinical trials,
with ample documentation on its safety and efficacy.[38] In
particular, compared to non-targeted cell antioxidants,
MTA has been shown to exhibit a greater protective
effect. MitoQ is currently the only commercially available
MTA (provided as a dietary supplement).[38] Whether
supplementation with MitoQ can improve pyroptosis in
MAIT cells and subsequently increase their numbers in
patients with HBV-related cirrhosis will be the focus of our
next research direction.

To study the activation of MAIT cells and pyropto-
sis, E. coli was used to stimulate MAIT cells in vitro,[45]

with the hypothesis that MAIT cells would be activated
under disease conditions, leading to oxidative stress
and pyroptosis. The cytokines IL-12 and IL-18 play an
important role in activating MAIT cells,[46] which are
involved in this process. As supported by previous
studies, the activation and demise of MAIT cells in
CHB and alcoholic liver disease were predominantly
mediated by cytokines,[47] suggesting a distinct role for
cytokines in MAIT regulation compared to that of
TCRs. In stark contrast, there was a marked upregu-
lation of the pro-inflammatory cytokine IL-17A. IL-17A
has been implicated in facilitating the transition from
liver fibrosis to cirrhosis by stimulating the activation of
HSCs, thereby exacerbating the severity and progno-
sis of liver pathologies.[48] This may be due to the
immune environment influencing the functional phe-
notype shift of MAIT cells in HBV-related cirrhosis, or
MAIT cells expressing IL-17A may be resistant to

pyroptosis. This aligns with the characteristics of MAIT
cells seen in other chronic diseases. In adult patients
with type 1 diabetes, MAIT cells show reduced
production of IL-2, IFN-γ, and TNF-α, while IL-17 and
IL-4 levels are increased.[49] Additionally, research
conducted by Hegde et al[50] indicated that MAIT cells
from patients with cirrhosis are inclined to secrete
higher amounts of IL-17, potentially exacerbating
fibrosis. These functional modifications in MAIT cells
suggest that their roles in disease pathogenesis may
be more complex and variable than previously
understood.

In HBV-related cirrhosis, we observed a substantial
reduction in MAIT cells, accompanied by functional
impairment and pyroptosis, which is strongly correlated
with disease severity. Cytokines play a pivotal role in
the activation and pyroptotic response of MAIT cells.
There is a close association between MAIT cells’
oxidative stress and pyroptosis, and we found that the
use of antioxidants can significantly mitigate pyroptosis
in these cells. However, given that our investigation was
conducted in vitro, it remains uncertain whether
antioxidants would exert a similar effect on MAIT cells’
pyroptosis in vivo in patients suffering from HBV-related
cirrhosis. This uncertainty will guide our forthcoming
research endeavors.
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