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ABSTRACT
Malignant pleural effusion (MPE) is a functional ‘cold’ tumor microenvironment in which the antitumor 
activity of CD8+ T cells and natural killer T (NKT)-like cells is suppressed and the function of regulatory 
T (Treg) cells is enhanced. Using flow cytometry and immunofluorescence staining, we detected a distinct 
subset of NKT-like cells expressing FOXP3 in MPE. Through single-cell RNA sequencing (scRNA-seq) 
analysis, we found that the glycolysis pathway and pyruvate metabolism were highly activated in 
FOXP3+ NKT-like cells. Similar to Treg cells, FOXP3+ NKT-like cells highly expressed monocarboxylate 
transporter 1 (MCT1) and lactate dehydrogenase B to uptake and utilize lactate, thereby maintaining 
their immunosuppressive function and hyperlactylation in MPE. Furthermore, we found that MCT1 small 
molecule inhibitor 7ACC2 significantly reduced FOXP3 expression and histone lactylation levels in NKT- 
like cells in vitro. In conclusion, we reveal for the first time the altered phenotypic and metabolic features 
of FOXP3+ NKT-like cells in human MPE.
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Introduction

Malignant pleural effusion (MPE) is usually caused by the 
invasion of the pleura by malignant pleural mesothelioma, 
lung cancer, or other malignancies.1 In non-small lung 
cancer (NSCLC), MPE is an independent prognostic mar-
ker, and patients with MPE have a median survival of 
fewer than 5 months.2,3 MPE is a unique liquid tumor 
microenvironment (TME) in which the antitumor activity 
of innate immune pathways such as natural killer (NK) 
cells and adaptive immune pathways such as CD8+ T cells 
is suppressed.4 Elevated metabolites such as lactate and 
complicated cell components such as tumor cells, tumor- 
associated macrophages (TAMs), tumor-associated neutro-
phils (TANs), cancer-associated fibroblasts (CAFs), and 
regulatory T (Treg) cells work together to maintain the 
immunosuppression in MPE.5–7

CD3+CD56+ natural killer T (NKT)-like cells express NK 
and T cell surface markers and act as a bridge between innate 
and adaptive immunity.8 Recently, NKT-like cells have been 
reported to be a heterogeneous lymphocyte population includ-
ing CD4+, CD8+, TCRγδ+, mucosal-associated invariant 
T (MAIT), and invariant NKT (iNKT) cells.8 NKT-like cells 
are widely distributed in human tissues and organs, especially 
in normal liver tissue.9 Furthermore, NKT-like cells are 
involved in various lung diseases, including respiratory infec-
tion, lung fibrosis, and lung cancer.10–12 In the TME, the 
effector functions of NKT-like are significantly inhibited, and 
immune checkpoint inhibitor (ICI) therapy, such as PD-1 
blockade, helps restore the antitumor activity of exhausted 
NKT-like cells.9 Interestingly, tumor-infiltrating NKT-like 
cells have been reported to contain a distinct subpopulation 
expressing forkhead box P3 (FOXP3), a key transcription fac-
tor for Treg cells.13 The proportion of FOXP3+ NKT-likes in 
hepatocellular carcinoma (HCC) tissue was significantly 
increased and negatively correlated with the prognosis of 
patients with HCC.13 However, few studies have focused on 
the characteristics and roles of FOXP3+ NKT-likes in 
human MPE.

To study the phenotypic and metabolic features of FOXP3+ 

NKT-like cells in MPE patients, we collected pleural effusion 
mononuclear cells (PEMCs) from MPE patients and per-
formed flow cytometry analysis and single-cell RNA sequen-
cing (scRNA-seq) analysis. Compared with FOXP3− NKT-like 
cells, FOXP3+ NKT-like cells had increased immunosuppres-
sive function and decreased antitumor function. We also found 
that the glycolysis pathway and pyruvate metabolism were 
highly activated in FOXP3+ NKT-like cells, and the expressions 
of monocarboxylate transporter 1 (MCT1, also termed solute 
carrier family 16 member 1, SLC16A1) and lactate dehydro-
genase B (LDHB) were higher in FOXP3+ NKT-like cells. In 
addition, we found that MCT1 small molecule inhibitor 
7ACC2 significantly reduced FOXP3 expression and histone 
lactylation levels in NKT-like cells in vitro. Our findings might 
advance the current understanding of FOXP3+ NKT-like cells 
in human MPE and provide new insights into the control of 
MPE from a metabolic perspective.

Materials and methods

Patients and clinical data collection

The collection of MPE, PEMCs, peripheral blood (PB), and 
peripheral blood mononuclear cells (PBMCs) samples was 
approved by the ethics committee of Union Hospital, Tongji 
Medical College, Huazhong University of Science and 
Technology (2019-S809). All patients gave informed consent. 
Patients who received any anti-cancer therapy, anti-tuberculosis 
therapy, corticosteroids, or other non-steroidal anti- 
inflammatory drugs were excluded. Clinical data of patients 
with MPE were obtained from the electronic medical records 
of Union Hospital, Tongji Medical College, Huazhong 
University of Science and Technology (Supplementary Table 1).

Isolation of human NKT-like cells

PEMCs from patients with MPE were isolated by Ficoll density 
gradient centrifugation according to our previous study.14 

PEMCs were cultured in RPMI-1640 medium (Hyclone, USA) 
supplemented with 10% fetal bovine serum (FBS) (GIBCO, 
USA) under different conditions, including control-Dimethyl 
sulfoxide (DMSO, Sigma-Aldrich), 10 mM lactate (L-lactate, 
Solarbio), 100 nM 7ACC2 (MedChemExpress), or 10 mM lac-
tate plus 100 nM 7ACC2. Replace half of the supernatant with 
fresh medium on day 3. After 7 days, cultured human NKT-like 
cells were positively selected using flow cytometry sorting or 
CD3+CD56+ NKT Cell Isolation Kit human (Miltenyi Biotech) 
according to the product instructions. PEMCs were cultured in 
a humidified incubator at 37°C and 5% CO2.

Measurement of lactate concentration

L-lactate was measured in the supernatants from human MPE 
and PB using the L-lactate Concentration Assay Kit (Nanjing 
Jiancheng Institute of Biological Engineering) according to the 
product instructions. Briefly, the enzyme working solution and 
chromogenic agent were added to the incubation MPE or PB 
supernatant. After incubating in the 37°C water bath for 10 min-
utes, the Termination reagent was added to the supernatant. The 
absorbance of the sample was measured at the wavelength of 
530 nm on a full-wavelength microplate reader (Thermo Fisher 
Scientific). The concentration of lactate in the MPE supernatant 
or PB supernatant was calculated based on the absorbance.

Immunofluorescence staining and confocal microscope

CD56+ cells were sorted from human MPE using EasySepTM 

Human CD56 Positive Selection Kit II (STEMCELLTM 

TECHNOLOGIES) and then stained for triple immunofluor-
escence, including 4′,6-diamidino-2-phenylindole (DAPI, 
nuclei, blue), CD56 (green), and FOXP3 (red). Primary anti-
bodies for immunofluorescence staining were all diluted 100 
times. More details about antibodies were shown in 
Supplementary Table 2. Finally, the immunofluorescence 
images were obtained under a confocal microscope 
(Olympus, BX53; Melville, NY, USA).
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Western blotting

The protein was obtained from radioimmunoprecipitation 
assay (RIPA) lysate of sorted NKT-like cells containing phe-
nylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich, St. Louis, 
MO, USA) and protease inhibitor cocktail (Sigma-Aldrich). 
The protein concentration was determined by PierceTM BCA 
Protein Assay Kit (Thermo Fisher Scientific). 10–15% sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) was used to separate proteins, then transferred to the 
polyvinylidene difluoride (PVDF) membrane (Sigma-Aldrich), 
and finally exposed using ECL chemiluminescence detection 
kit (VazymeTM, Nanjing, China). The antibodies used were as 
follows: Lactyl-Histone H3 (Lys18) (H3K18la) rabbit antibody 
(PTM-1406RM; 1:1000 dilution), anti-Histone H3 rabbit mAb 
(PTM-6600; 1:1000 dilution), HRP-labeled goat anti-rabbit 
IgG (Thermo Fisher Scientific, 31460, 1:10000 dilution).

Flow cytometry and intracellular cytokine staining

Human samples were blocked with Human BD Fc Block™ 
(BD Biosciences) for 10 minutes at room temperature 
before staining. For surface markers, cells were stained 
with antibodies conjugated with phycoerythrin or fluores-
cein isothiocyanate for 30 minutes, then washed with stain-
ing buffer, and kept at 4°C away from light until analysis. 
For intracellular staining, cells were stimulated with 50 ng/ 
mL PMA (Sigma-Aldrich, St. Louis, MO, USA) and 1 μM 
ionomycin (Sigma-Aldrich) in the presence of brefeldin 
A (1X; eBioscience) for 5 hours. After surface staining 
and permeabilization using Foxp3/Transcription Factor 
Staining Buffer Set (eBioscience), cells were stained with 
intracellular markers for 30 minutes. Died cells were 
excluded using Fixable Viability Stain 780 (BD 
Biosciences). A list of antibodies and tetramers used for 
flow cytometry was shown in Supplementary Table 2. All 
flow cytometry analyses were performed on BD 
LSRFORTESSA X-20 (BD Biosciences, USA) or ID7000™ 
Spectral Cell Analyzer (Sony Biotechnology, Japan). 
Fluorescence-activated single cell sorting (FACS) data 
were analyzed using FlowJo software (version 10.0.7, 
Becton Dickinson, USA).

Chromatin immunoprecipitation quantitative real-time 
PCR (ChIP-qPCR)

The ChIP-qPCR assay was performed using SimpleChIP® 
Enzymatic Chromatin IP Kit (CST, USA). Sorted NKT-like 
cells were cross-linked using 1% formaldehyde for 10 min at 
room temperature and treated with the micrococcal nuclease 
according to the manufacturer’s instructions. Lactyl-Histone 
H3 (Lys18) (H3K18la) rabbit antibody (PTM Biolabs; PTM- 
1406RM) or control IgG antibody was added to the chromatin 
samples. Three pairs of primers were designed according to the 
possible H3K18la sites in the promoter region of the FOXP3 
gene (www.ncbi.nlm.nih.gov/gene/50943). Finally, qPCR was 
performed to analyze the enrichment differences between the 
H3K18la group and the IgG group. Primers for ChIP-qPCR 
were as fellow: −500bp – 0bp from Transcription start site 

(TSS) forward 5′- GCCAGCCGGGACACATCTC-3′ and 
reverse 5′- ATCTTCTCGACGGCTGGCA-3′; −1000bp – 
−500bp from TSS forward 5′- AACCTGCCCCACACCTTG- 
3′ and reverse 5′-GACACAGTCCCTGTCTGGT-3′; −1500bp – 
−1000bp from TSS forward 5′-GCCCAGCTCTGTCTCGATC 
-3′ and reverse 5′-GTAGGGGGAATCCTGCCAC-3′.

scRNA-seq data analysis

To identify the metabolic features of FOXP3+ NKT-like cells in 
the TME, we performed scRNA-seq analysis of NKT-like cells 
in human NSCLC (GSE99254) and human MPE (GSE185058) 
using Seurat (version 4.0).15–17 Analysis of differentially 
expressed genes was performed by the differentialGeneTest 
function and the compareCluster function 
(fun = “enrichGO”) of Monocle 3 according to our previous 
study.16 Metabolism pathway signature genes were down-
loaded from the Kyoto Encyclopedia of Genes and Genomes 
(KEGG).18 Enriched metabolic pathways in FOXP3+ NKT-like 
cells were determined by Gene Set Variation Analysis (GSVA) 
score and metabolic score according to our previous study.16,19

Statistical analysis

Data were scored for normality by Shapiro-Wilk test and for 
homogeneity of variance by Levene’s test, then presented as the 
mean with SD. For parametric data, two-tailed Student’s t-test, 
one-way ANOVA with post hoc Tukey HSD test, or one-way 
ANOVA with post hoc Bonferroni was used. For non- 
parametric data, Mann-Whitney test, Kruskal-Wallis test with 
post hoc Dunnett’s test, or Kruskal-Wallis test with post hoc 
Dunn’s test was used. For paired data, Wilcoxon paired sign- 
rank test was used. Statistical significance was defined as p< .05. 
All statistical analyses were performed using GraphPad Prism 
version 9.1.1 software (GraphPad Software) and R version 4.2.1 
(R project).

Results

Phenotypic characteristics of NKT-like cells in MPE

To evaluate the numerical changes of FOXP3+CD3+CD56+ 

NKT-like cells in MPE patients, the proportion of FOXP3+ 

NKT-like cells in MPE and corresponding PB from MPE 
patients was firstly assessed. We found that the proportion 
of FOXP3+ NKT-like cells was significantly higher in human 
MPE than in corresponding PB (Figure 1a, b). In addition, 
the presence of FOXP3+ NKT-like cells was detected using 
immunofluorescence staining and confocal microscopy 
(Supplementary Figure 1). Notably, the majority of 
FOXP3+ NKT-like cells were CD4 positive (Figure 1a), simi-
lar to CD4+CD25hiFOXP3+ Treg cells known for their potent 
immunomodulatory functions. To explore the association 
between FOXP3+ NKT-like cells and clinical indicators, 
detailed data such as tumor proportion in MPE, patient 
performance status (PS) score, and patient prognosis were 
collected after obtaining informed consent from all patients. 
Consistent with our expectations and previous studies,13 

higher proportions of FOXP3+ NKT-like cells in MPE were 
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Figure 1. Phenotypic characteristics of NKT-like cells in MPE. (a) FOXP3+CD3+CD56+ NKT-like cells from MPE and PB were identified using flow cytometry. (b) The 
proportion of FOXP3+ NKT-like cells in NKT-like cells in MPE was significantly higher than that in corresponding PB (n = 7). Wilcoxon paired sign-rank test. Data were 
shown as mean ± SD. (c) The proportion of FOXP3+ NKT-like cells in MPE in the high tumor proportion group (n = 10) was significantly higher than that in the low tumor 
proportion group (n = 13). Mann-Whitney test. Data were shown as mean ± SD. (d) The proportion of FOXP3+ NKT-like cells in MPE in the high PS score group (n = 13) 
was significantly higher than that in the low PS score group (n = 10). Mann-Whitney test. Data were shown as mean ± SD. (e) The prognosis of patients with a high 
proportion of FOXP3+ NKT-like cells in NKT-like cells (≥5%, n = 11) was poorer than that with a low proportion of FOXP3+ NKT-like in NKT-like cells (<5%, n = 12). Log- 
rank test. Data were shown as Kaplan-Meier curves. (f) Compared with FOXP3− NKT-like cells, FOXP3+ NKT-like cells expressed higher levels of ICOS, CTLA-4, GITR, TIGIT, 
PD-1, LAG-3, Helios, PD-L1, IL-4, IL-10, and TGF-β, and lower levels of CD69, CD161, Fas, TNF-α, IFN-γ, GZMB, and perforin. All experiments were repeated at least three 
times. Only representative FACS profiles were shown. * P < .05, ** P < .01, *** P < .001, **** P < .0001, ns, not significant.
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positively associated with higher tumor proportions (Figure 1c), 
higher PS score (Figure 1d), and worse prognosis (Figure 1e). To 
assess the functional features of FOXP3+ NKT-like cells, we 
performed multicolor flow cytometry analysis (Figure 1f). 
Compared with FOXP3− NKT-like cells, FOXP3+ NKT-like 
cells highly expressed inducible T-cell costimulator (ICOS), 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), gluco-
corticoid-induced tumor necrosis factor receptor-related protein 
(GITR), T cell immunoreceptor with Ig and ITIM domains 
(TIGIT), programmed death 1 (PD-1), lymphocyte activating 3 
(LAG-3), Helios, programmed cell death-Ligand 1 (PD-L1), 
interleukin 4 (IL-4), IL-10, and transforming growth factor- 
beta (TGF-β), indicating that the immunosuppressive function 
of FOXP3+ NKT-like cells was highly activated. In contrast, the 
expression of CD69, CD161, fas cell surface death receptor (Fas), 
tumor necrosis factor-alpha (TNF-α), interferon-gamma (IFN- 
γ), granzyme B (GZMB), and perforin was significantly higher 
in FOXP3− NKT-like cells, indicating that FOXP3− NKT-like 
cells had stronger antitumor activity. Taken together, these 
results suggest that FOXP3+ NKT-like cells in MPE have 
increased immunomodulatory function and decreased antitu-
mor function.

Metabolic characteristics of NKT-like cells in MPE

To further evaluate the importance of tumor-infiltrating NKT- 
like cells, we next assessed the functional status of NKT-like 
cells in a scRNA-seq dataset (GSE99254) of T cells collected 
from human NSCLC tissue (Figure 2a) and a scRNA-seq data-
set (GSE185058) of PEMCs collected from human MPE 
(Supplementary Figure 2). Unbiased analysis of scRNA-seq 
data revealed two major clusters of tumor-infiltrating NKT- 
like cells, including cytotoxic NKT-like (NKT-like_cyto) cells 
and regulatory NKT-like (NKT-like_reg) cells (Figure 2a). 
NKT-like_reg cells identified as highly expressing CD3D, 
NCAM1 (CD56), FOXP3, CD4, IL2RA, CTLA4, ICOS, TIGIT, 
TNFRSF18 (GITR), HAVCR2 (TIM-3), and PDCD1 were con-
sistent with FOXP3+ NKT-like cells (Figure 2b). In addition, 
NKT-like_cyto cells identified as highly expressing GNLY, 
CD8A, CD69, KLRB1 (CD161), and GZMB were consistent 
with FOXP3− NKT-like cells (Figure 2b). More details on 
differentially expressed genes between NKT-like_reg cells and 
NKT-like_cyto cells were shown in Supplementary Figure 3. 
Interestingly, analysis of differentially expressed genes revealed 
that the expression of SLC16A1 (also termed MCT1) was sig-
nificantly higher in NKT-like_reg cells (Supplementary 

Figure 2. Metabolic characteristics of NKT-like cells in MPE. (a) Schematic diagram and UMAP plot of single-cell transcriptomes of CD3+CD56+ NKT-like cells from NSCLC 
(GSE99254) and MPE (GSE185058). Unbiased analysis of scRNA-seq data revealed two major clusters of NKT-like cells, including cytotoxic NKT-like (NKT-like_cyto) cells 
and regulatory NKT-like (NKT-like_reg) cells. (b) UMAP plot showed the expressions and distributions of CD3D, NCAM1 (CD56), FOXP3, GNLY, CD4, CD8A, IL2RA, CD69, 
CTLA4, ICOS, TIGIT, TNFRSF18, KLRB1, GZMB, HAVCR2, and PDCD1 among NKT-like cells. (c) GSVA score showed that pyruvate metabolism and glycolysis pathway were 
highly activated in NKT-like_reg cells, while natural killer cell-mediated cytotoxicity pathway was highly activated in NKT-like_cyto cells. (d) The lactate levels in the MPE 
supernatant were significantly higher than those in the PB supernatant (n = 18). Mann-Whitney test. Data were represented as mean ± SD. (e) The lactate level was 
positively correlated with the proportion of FOXP3+ NKT-like cells in NKT-like cells in MPE. Spearman correlation analysis. (f, g) Representative FACS profiles and mean 
fluorescent intensity (MFI) analysis showed that FOXP3+ NKT-like cells highly expressed MCT1 and LDHB compared to FOXP3− NKT-like cells (n = 4). Mann-Whitney test. 
Data were represented as mean ± SD. * P < .05, ** P < .01, *** P < .001, **** P < .0001, ns, not significant.
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Figure 3). Furthermore, GSVA scores indicated that pyruvate 
metabolism and glycolysis pathway were highly activated in 
NKT-like_reg cells (Figure 2c). Taken together, these bioinfor-
matics analyses strongly suggested a correlation between lac-
tate metabolism and FOXP3+ NKT-like cells. With this doubt 
in mind, we measured the lactate concentration in the super-
natant of MPE and corresponding PB and found that lactate 
levels in MPE were significantly higher than in PB (Figure 2d). 
Not only that, lactate levels were positively associated with the 
proportion of FOXP3+ NKT-like cells in MPE (Figure 2e). 
Next, we measured MCT1 expression in NKT-like cells in 
MPE and found that MCT1 expression was higher in 
FOXP3+ NKT-like cells (Figure 2f, g). Hypoxic cancer cells 
and CAFs have been reported to contribute to maintaining 
a high-lactate TME through MCT4-mediated lactate efflux.5 

Therefore, we also measured MCT4 expression in NKT-like 
cells in MPE (Supplementary Figure 4). However, there was no 
significant difference in MCT4 expression between FOXP3+ 

NKT-like cells and FOXP3− NKT-like cells (Supplementary 
Figure 4). As shown in the above results (Figure 1), FOXP3+ 

NKT-like cells were similar to Treg cells. Previous studies have 
reported that metabolically reprogrammed Treg cells highly 
express LDHB to maintain their immunomodulatory functions 
in the high-lactate TME.20,21 Therefore, we also measured the 
expression of LDHB in NKT-like cells in MPE and found that 
FOXP3+ NKT-like cells expressed higher levels of LDHB 
(Figure 2f, g). These results indicate that FOXP3+ NKT-like 
cells in MPE have activated lactate metabolism.

Chronic high lactate increased FOXP3 expression in 
NKT-like cells in MPE

Recent studies reported that lactate increased FOXP3 expres-
sion in human PBMCs and mouse naïve T cells.22,23 

Furthermore, tumor-infiltrating Treg cells in the hypoxic 
TME overexpressed MCT1 to uptake and utilize lactate, 
thereby maintaining their immunomodulatory functions.21 

High lactate then increased PD-1 expression in tumor- 
infiltrating Treg cells and attenuated the efficacy of PD-1 
blockade therapy.21 Notably, MCT1 inhibitors significantly 
reduced FOXP3 expression in PBMCs and restored the effi-
cacy of PD-1 blockade therapy.21,22 Given the similarities 
between FOXP3+ NKT-like cells and Treg cells, it is reasonable 
to speculate that lactate metabolism also plays the same role 
in NKT-like cells. To explore the role of lactate metabolism in 
NKT-like cells, we isolated PEMCs from human MPE using 
Ficoll density gradient centrifugation (Figure 3a). PEMCs 
were cultured in RPMI-1640 medium supplemented with 
10% FBS under different conditions, including DMSO, 
10 mM lactate, 100 nM 7ACC2, or 10 mM lactate plus 
100 nM 7ACC2 (Figure 3a). Cultured PEMCs were collected 
and analyzed by flow cytometry on day 0 and day 7, respec-
tively (Figure 3b). The proportion of NKT-like in the CD45+ 

immune cells did not change significantly (Figure 3b). 
Consistent with our hypothesis, chronic high lactate signifi-
cantly increased FOXP3 expression in NKT-like cells, 
whereas 7ACC2 had the opposite effect (Figure 3c, d). As 
shown in the above results (Figure 2), FOXP3+ NKT-like 
cells also overexpressed LDHB. Therefore, we also explored 

the role of lactate dehydrogenase (LDH) inhibitors in NKT- 
like cells (Supplementary Figure 5). Although LDH inhibitors 
also inhibited FOXP3 expression in NKT-like cells, their 
inhibitory effect was lower than that of 7ACC2 and was easily 
reversed by chronic high lactate (Supplementary Figure 5). 
Since accumulating studies have shown that histone lactyla-
tion (H3K18la) is an important and widespread epigenetic 
modification,24 we speculate that H3K18la may be partially 
involved in the induction of FOXP3 expression in NKT-like 
cells. PEMCs were isolated from human MPE and cultured 
under different conditions. On day 7, cultured NKT-like cells 
were collected by flow cytometry sorting or magnetic bead 
sorting. Using western blot, we found that chronic high lac-
tate increased H3K18la levels in NKT-like cells, whereas 
7ACC2 decreased H3K18la levels in NKT-like cells 
(Figure 3e). Furthermore, ChIP-qPCR revealed the presence 
of lactylation sites in the promoter region of the FOXP3 gene 
in NKT-like cells (Figure 3f, g). Taken together, these results 
suggest that lactate metabolism plays an important role in the 
induction of FOXP3 expression in NKT-like cells.

Discussion

CD3+CD56+ NKT-like cells are identified as a heterogeneous 
lymphocyte subset, comprising CD4+ cells, CD8+ cells, 
TCRγδ+ cells, MAIT cells, and a few iNKT cells.8 A previous 
study revealed a distinct subpopulation of NKT-like cells 
expressing FOXP3 in human HCC tissue.13 The proportion 
of FOXP3+ NKT-like was significantly increased in HCC tissue 
and was negatively correlated with the prognosis of HCC 
patients.13 Another recent study reported a decrease in anti-
tumor cytokines such as TNF-α and IFN-γ and an increase in 
exhaustion markers such as PD-1 and TIM-3 in circulating 
NKT-like cells from HCC patients.9 However, studies evaluat-
ing NKT-like cells, especially FOXP3+ NKT-like cells, in 
patients with MPE are quite limited.

Our study demonstrated for the first time the phenotypic 
characteristics of FOXP3+ NKT-like cells in human MPE. 
FOXP3+ NKT-like cells in MPE were identified with high 
expression of CD4, CD25, ICOS, CTLA-4, GITR, TIGIT, PD- 
1, TIM-3, LAG-3, PD-L1, IL-4, IL-10, and TGF-β and low 
expression of CD8, CD69, CD161, Fas, TNF-α, IFN-γ, 
GZMB, and perforin. Higher proportions of FOXP3+ NKT- 
like cells were positively associated with higher tumor propor-
tions, higher PS scores, and worse prognosis of MPE patients. 
Our study also demonstrated for the first time the metabolic 
features of FOXP3+ NKT-like cells through scRNA-seq analy-
sis. Notably, lactate metabolism was highly activated in 
FOXP3+ NKT-like cells compared to FOXP3− NKT-like cells. 
Furthermore, we found that lactate levels were higher in MPE 
than in PB, and lactate levels were positively associated with the 
proportion of FOXP3+ NKT-like cells in MPE. Compared with 
FOXP3− NKT-like cells, FOXP3+ NKT-like cells highly 
expressed MCT1 and LDHB, enabling them to take in and 
utilize lactate in MPE.

Since accumulating studies showed that lactate induced 
FOXP3 expression in both human PBMCs and mouse naïve 
T cells,22,23 we reasoned that lactate might play the same role in 
NKT-like cells. We isolated PEMCs from human MPE and 
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cultured them under different conditions. Interestingly, we 
found that chronic high lactate significantly increased FOXP3 
expression in NKT-like cells without altering the proportion of 
NKT-like cells in CD45+ cells. Considering an increasing num-
ber of studies showing that lactate also regulates immune 
responses through epigenetic mechanisms such as histone lac-
tylation, we speculate that lactylation may be partially involved 
in the induction of FOXP3 expression in NKT-like cells. We 
sorted NKT-like cells from cultured PEMCs and performed 
western blotting analysis. We then found that chronic high 
lactate significantly increased H3K18la levels in NKT-like 
cells. Notably, the MCT1 inhibitor 7ACC2 had opposite effects 
on the induction of FOXP3 expression and H3K18la levels in 
NKT-like cells compared to lactate. Next, we performed ChIP- 
qPCR analysis and detected the presence of lactylation sites in 
the promoter region of the FOXP3 gene in NKT-like cells. 
Overall, these results suggest that chemical and genetic pertur-
bations of lactate metabolism remodel the epigenome and 
transcriptome of NKT-like cells toward a Treg-like state in 
a high-lactate MPE environment.

However, there are still some limitations in our study. 
Considering the difficulty of isolating FOXP3+ NKT-like cells, 
we performed all experiments using total NKT-like cells. To 
focus on the distinct functions of FOXP3+ NKT-like cells, 
further studies are needed to explore a novel protocol of high- 
purity FOXP3+ NKT-like cell isolation. Considering that 
scRNA-seq analysis of NKT-like cells in MPE is not identical 
to that in NSCLC, deeper scRNA-seq and more comprehensive 
analysis are needed to explore the features of FOXP3+ NKT-like 
cells in MPE. Furthermore, more detailed experiments are 
needed to explore the interaction of FOXP3+ NKT-like cells 
with other cells in vitro and in vivo.

In conclusion, our study demonstrates for the first time the 
unique characteristics of FOXP3+ NKT-like cells in human 
MPE. These findings provide metabolic insights for NKT-like 
cell-based therapy to control MPE progression.
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