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A B S T R A C T   

Objective: Asthma, a chronic inflammatory disease in which type 2 T helper cells (Th2) play a 
causative role in the development of T2 asthma. N6-methyladenosine (m6A) modification, an 
mRNA modification, and methyltransferase-like 3 (METTL3) is involved in the development of T2 
asthma by inhibiting Th2 cell differentiation. Sex determining region Y-box protein 5 (SOX5) is 
involved in regulating T cell differentiation, but its role in T2 asthma was unclear. The objective 
of this study was to explore the role of METTL3 and SOX5 in T2 asthma and whether there is an 
interaction between the two. 
Materials and methods: Adults diagnosed with T2 asthma (n = 14) underwent clinical information 
collection and pulmonary function tests. In vivo and in vitro T2 asthma models were established 
using female C57BL/6 mice and human bronchial epithelial cells (HBE). The expressions of 
METTL3 and SOX5 were detected by Western blot and qRT-PCR and Western blot. Th2 cell dif-
ferentiation was determined by flow cytometry and IL-4 level was detected by ELISA. m6A 
methylation level was determined by m6A quantitative assay. The relationship between METTL3 
expression and clinical parameters was determined by Spearman rank correlation analysis. The 
function of METTL3 and SOX5 genes in asthma was investigated in vitro and in vivo. The RNA 
immunoprecipitation assay detected the specific interaction between METTL3 and SOX5. 

* Corresponding author. 139 Middle Renmin Road, Changsha, Hunan, 410011, China. 
** Corresponding author. 139 Middle Renmin Road, Changsha, Hunan, 410011, China. 
*** Corresponding author. 28 Guiyi Street, Guiyang, Guizhou, 550004, China. 

E-mail addresses: jingsijia@csu.edu.cn (J. Jia), 183572401@qq.com (X. Ji), gsb510@csu.edu.cn (S. Gong).  

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2024.e28884 
Received 26 January 2024; Received in revised form 22 March 2024; Accepted 26 March 2024   

mailto:jingsijia@csu.edu.cn
mailto:183572401@qq.com
mailto:gsb510@csu.edu.cn
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2024.e28884
https://doi.org/10.1016/j.heliyon.2024.e28884
https://doi.org/10.1016/j.heliyon.2024.e28884
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 10 (2024) e28884

2

Results: Patients with T2 asthma displayed lower METTL3 levels compared to healthy controls. 
Within this group, a negative correlation was observed between METTL3 and Th2 cells, while a 
positive correlation was noted between METTL3 and clinical parameters as well as Th1 cells. In 
both in vitro and in vivo models representing T2 asthma, METTL3 levels decreased significantly, 
while SOX5 levels showed the opposite trend. Overexpression of METTL3 gene in HBE cells 
significantly inhibited Th2 cell differentiation and increased m6A methylation activity. From a 
mechanism perspective, low METTL3 negatively regulates SOX5 expression through m6A 
modification dependence, while high SOX5 expression is positively associated with T2 asthma 
severity. Cell transfection experiments confirmed that METTL3 regulates Th2 cell differentiation 
and IL-4 release through SOX5. 
Conclusions: Overall, our results indicate that METTL3 alleviates Th2 cell differentiation in T2 
asthma by modulating the m6A methylation activity of SOX5 in bronchial epithelial cells. This 
mechanism could potentially serve as a target for the prevention and management of T2 asthma.   

1. Introduction 

Asthma is a heterogeneous chronic respiratory condition, with allergic asthma being the prevalent phenotype. The pathogenesis of 
this phenotype is driven by the immune mechanism orchestrated by T helper type 2 (Th2) cells, also known as type 2 (T2) asthma [1]. 
Th2 cells promote the infiltration of eosinophilic inflammatory cells into the airways by releasing interleukin-4 (IL-4), IL-5, IL-13, and 
other cytokines, contributing to the development of asthma [2]. While inhaled corticosteroids can effectively reduce the development 
of T2 asthma, the challenges in preventing and treating asthma persist. Further exploration of the pathogenesis of T2 asthma is 
essential to improve treatment strategies. 

Multiple studies have indicated that human bronchial epithelial (HBE) cells have the ability to function as antigen presenting cells 
(APCs). When stimulated, these APCs present antigens to T cells, which facilitates the antigen presentation process and subsequent 
differentiation of T cells [3,4]. It has been reported that the use of HBE cells in the construction of asthma models can cause the increase 
of thymic stromal lymphopoietin, which is related to eosinophilia [5]. However, further investigation is needed to better understand 
the potential role of HBE cells as APCs in T2 asthma. 

In gene expression, N6-methyladenosine (m6A) is an important mRNA modification. According to research, m6A modification is 
predominantly facilitated by m6A “writers”, “erasers” and “readers”. Methyltransferase-like 3 (METTL3), a vital component of the 
m6A methyltransferase complex and categorized as a “writer,” is crucial for regulating the epigenome [6]. METTL3’s involvement in 
immune response regulation across various diseases is noteworthy. For instance, the targeted depletion of METTL3 in dendritic cells 
results in compromised cell phenotype and function, leading to an attenuated capacity to react to lipopolysaccharides (LPS). 
Consequently, this diminished response translates into a decreased capability to elicit T cell responses in vivo [7]. The deletion of 
METTL3 in macrophages restricts the expression of inflammatory factors upon LPS stimulation, diminishing effector responses. This 
scenario results in accelerated tumor growth and heightened vulnerability to bacterial infections [8]. Previous studies have shown that 
METTL3 reduces and negatively regulates Th2 cell differentiation in allergic asthma [9]. This has important implications for exploring 
potential targets for controlling T2 asthma. 

Sex determining region Y-box protein 5 (SOX5) belongs to the SOX transcription factor family and participates in various physi-
ological and pathological processes, including embryonic development, cell proliferation, apoptosis, and cellular senescence [10]. 
SOX5 expression has been found to elevate in rheumatoid arthritis, where it enhances the migration, invasion, and inflammatory 
response of fibroblast-like synovial cells, exacerbating the condition [11]. Ma et al. discovered that SOX5 plays a role in T cell dif-
ferentiation, and decreasing SOX5 expression can impair the differentiation process of T cells [12]. Both SOX2 and SOX5 are from the 
SOX transcription factor family, and it has been reported that METTL3 regulates SOX2 expression through m6A methylation [13]. 
Currently, the functions of SOX5 in T2 asthma remain uncertain, as does whether it is a target of METTL3. 

This study reveals a reduction in METTL3 expression in T2 asthma, showing a direct association with the severity of T2 asthma, and 
identifies SOX5 as a downstream target of METTL3. Moreover, upregulation of METTL3 inhibits Th2 cell differentiation in T2 asthma 
by modulating the m6A methylation activity of SOX5. In summary, our research indicates that targeting SOX5 through METTL3 holds 
promise as a potential therapeutic strategy for T2 asthma. 

2. Materials and methods 

2.1. Subjects 

The Ethics Review Committee of the Second Xiangya Hospital of Central South University approved this study (Ethical Code: 
LYF2023066), and all participants provided signed informed consent. The study recruited participants on a voluntary basis who met 
specific eligibility criteria. The inclusion criteria stipulated that all participants were non-smokers or former smokers with a smoking 
history of fewer than 10 pack-years. Asthma control was evaluated using an asthma control test (ACT) with a scoring range of 0–25. A 
score above 20 denoted effective asthma management, while a score below 20 indicated suboptimal asthma control [14]. Flow 
cytometry was utilized to determine the proportion of Th2 cells in peripheral blood samples to identify T2 asthma. The research 
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involved 14 patients with T2 asthma and 13 healthy controls (HCs) who were recruited from the Second Xiangya Hospital of Central 
South University. The inclusion criteria for patients with T2 asthma were as follows: (a) diagnosis of asthma based on GINA guidelines 
[15]; (b) no systemic corticosteroid therapy in the past three months; (c) FEV1%predicted above 60%; (d) intermittent presence of 
asthma symptoms, with ACT greater than 20; (e) aged 18 years or older; (f) treatment regimens at steps 4 or 5. Patients with conditions 
such as aspergillosis, cardiac asthma, or acute attacks, autoimmune disorders, hematological diseases, infection-related diseases, or 
women who were pregnant or nursing were excluded from the study. HCs did not have a background of long-term respiratory illness 
and were non-allergic. Fig. 1 provides a comprehensive flow diagram illustrating the process of recruiting voluntary patients for the 
study. 

2.2. Data collection 

Following the acquisition of written informed consent, the study documented participants’ gender, age, and smoking status. Height 
and weight were measured to determine the body mass index (BMI) of each participant. Various laboratory tests were conducted, 
including measuring immunoglobulin E (IgE) levels, blood eosinophils, and blood neutrophils. Additionally, ACT, fractionated exhaled 
nitric oxide (FeNO) and pulmonary function test (PFT) outcomes were documented, encompassing measurements of FEV1, forced vital 
capacity (FVC), and FEV1%predicted. 

2.3. Collecting blood samples and human CD4+ T cells, reagents, and culture condition 

Using Ficoll-Paque, peripheral blood mononuclear cells (PBMCs) were isolated through density centrifugation [16,17]. In short, 
whole blood is collected and gently overlaid onto the liquid surface of the lymphocyte separation solution (TBD Science, Tianjin, 
China). Subsequently, centrifuge 600g for 21 min. The PBMCs precipitate was collected in the intermediate layer between the plasma 
and the separation solution, the cells were carefully cleaned twice with 1X phosphate buffered saline (PBS), and centrifuged for further 
use. To isolate human CD4+ T cells from PBMCs, magnetic bead separation (130–045–101, Miltenyi Biotec, Germany) was employed. 

Fig. 1. Flow diagram of the study.  
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The human CD4+ T cells that were isolated were subsequently cultured in complete RPMI 1640 culture medium (Gibco), enriched with 
10% fetal bovine serum (Gibco), at a concentration of 1 × 106 cells/ml. To activate human CD4+ T cells, leukocyte activator (550583, 
BD Biosciences) was introduced, and the cells were cultured for 6 h. Following the incubation period, the cells were harvested for flow 
cytometry analysis. Additionally, serum and a fraction of PBMCs were obtained from all study participants and preserved at − 80 ◦C for 
subsequent analysis. 

2.4. Animal model 

Since female mice are easily induced into allergic asthma [18], the Animal Center of the Second Xiangya Hospital of Central South 
University supplied a total of 12 C57BL/6 female mice, aged 7–8 weeks, for the study. These mice were carefully maintained in an 
environment that was free from specific pathogens, ensuring their overall health and well-being. The experimental procedures con-
ducted in this study were approved by the Animal Care and Use Committee of the Second Xiangya Hospital of Central South University. 
A group of twelve female mice was randomly divided into either the normal control group or the T2 asthma group. Sensitization of the 
T2 asthma group was achieved by administering intraperitoneal injections of 100 μg ovalbumin (1 μg/μl, OVA, Sigma Aldrich) and 2 
mg aluminum hydroxide (Sigma Aldrich) dissolved in 200 μl saline on day 0 and day 7. Subsequently, atomization with a 6% OVA 
solution was administered for 30 min on days 14–20 [19,20]. The normal control group received saline injections and atomization 
under the same conditions as the T2 asthma group, with the injection site, dosage, timing, and atomization duration all being 
consistent. On day 21, all mice were euthanized for further analysis. 

2.5. Evaluation of airway hyperresponsiveness (AHR) 

On day 21, methacholine (Mch)-induced airway resistance was assessed using direct plethysmography equipment (Buxco Elec-
tronics, USA) [21]. Firstly, the baseline lung resistance (RL) of each mouse was measured for a duration of 1 min. Subsequently, the 
mice’s airways were exposed to 10 μl of aerosolized saline, followed by 10 μl of Mch at incremental doses. Following each dose, the RL 
measurements were taken once more. 

2.6. Bronchoalveolar lavage fluid 

Bronchoalveolar lavage fluid (BALF) was obtained by injecting 1 ml sterile saline into the lung through the trachea and then 
extracting and collecting. The process was repeated 3 times. After centrifugation at 1800 rpm at 4 ◦C for 5 min, particles containing 
inflammatory cells were re-suspended in PBS. The cells were fixed and underwent Wright-Giemsa staining. Following staining, a total 
of 200 cells were counted and differentially identified using a white light microscope counting chamber to quantify various types of 
inflammatory cells present in the BALF samples. 

2.7. Analysis of histopathology 

The lung tissue was preserved in 4% formalin and subsequently embedded in paraffin wax. The sections were cut to a thickness of 5 
μm. Subsequently, these sections were stained with hematoxylin and eosin (H&E) and subjected to immunohistochemical analysis 
using specific antibodies: METTL3 antibody (Proteintech, China), SOX5 antibody (Proteintech, China), and eosinophilic antibody 
(anti-ECP, Proteintech, China). Following this, specific sections stained for each group were gathered and assessed to quantify the 
expression levels of eosinophil proteins, METTL3, and SOX5. 

2.8. Cell asthma model and transfection 

For the induction of T2 asthma, HBE cells were treated with 100 μg/ml HDM (10 μg/μl, Greer Laboratories, USA) for 24 h, while for 
establishing the normal control, an equal volume of 1X PBS was administered [22]. We utilized lentiviral short hairpin (sh) RNA 
targeting human METTL3 and SOX5 (sh-METTL3, sh-SOX5) to silence the expression of METTL3 and SOX5 in HBE cells, while a 
negative control (sh-NC) was obtained from GeneChem (Shanghai, China). The METTL3 shRNA sequence was 5’-GAAGA-
CAAATCAACTGCAACG-3’ and the SOX5 shRNA sequence was 5’-GCACTTCAAATGACAACTTAA-3’. The overexpression plasmids for 
Human METTL3 and SOX5 (OE-METTL3, OE-SOX5) and the negative control (OE-NC) were acquired from HonorGene (Hunan, China). 
Transfection of shRNA and plasmid into HBE cells was performed using Lipofectamine 3000 (Invitrogen, USA) following the manu-
facturer’s instructions. After 48 h, the cells were exposed to 100 μg/ml HDM for 24 h. 

2.9. Isolation of mouse CD4+ T cells and cocultivation of human CD4+ T cells with HBE cells 

The process of magnetic bead separation (130-117-043, Miltenyi Biotec, Germany) was employed to isolate CD4+ T cells from 
mouse spleen. Similarly, human CD4+ T cells (TCs) were also isolated using magnetic beads. These isolated cells were then cocultured 
with an established cell asthma model and transfected HBE cells (HBEs) at a 10:1 ratio (TCs: HBEs) for 24h. During cocultivation, the 
cells were cultured in complete RPMI 1640 medium supplemented with soluble anti-CD28 (1 μg/ml, eBioscience) and soluble anti- 
CD3e (0.5 μg/ml, eBioscience). Twenty-four hours later, the floating cells were gathered for flow cytometry analysis to examine T 
cell subsets. A portion of the cocultured human CD4+ T cells and supernatant were preserved for supplementary examinations. 
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Moreover, total protein and RNA were extracted from HBE cells for additional analysis. 

2.10. Flow cytometry 

Both human and mouse CD4+ T cells were treated with a leukocyte activation cocktail and incubated at 37 ◦C with 5% CO2 for 6 h 
before being harvested for flow cytometry analysis. After the 6-h incubation, the cells were stained with a cell viability marker (Fixable 
Viability Stain 510 antibody, BD Pharmingen). Subsequently, the cells were treated with surface markers BB515-anti-human-CD4 (BD 
Pharmingen) and FITC-anti-mouse-CD4 (eBioscience) antibodies for staining. After staining, the cells were fixed and permeabilized 
with the Cytofix/Cytoperm Soln Kit (BD Pharmingen). Following the cells underwent intracellular staining with the following anti-
bodies: BV421-anti-human-IL-4, PE-Cy [7]-anti-human-IFN-γ, PE-anti-mouse-IL-4 (all from BD Pharmingen), and PerCP/Cyanine 
5.5-anti-mouse-IFN-γ (Biolegend) in permeabilization buffer. Isotype controls were employed in the control group for comparison 
purposes. Flow cytometry analysis was performed using FACS CantoII (Becton Dickinson), and the data were analyzed using FlowJo 
version X software. 

2.11. Western blot 

The lung and HBE cells underwent crushing and lysis. The resulting lysed proteins were subjected to electrophoresis and transferred 
to a PVDF membrane. Following this, the membranes were incubated overnight at 4 ◦C with appropriately diluted METTL3, β-actin 
(Proteintech, Wuhan, China), and SOX5 antibodies. Subsequently, images were captured using a chemiluminescent gel imaging 
system, and the band intensity was quantified using Image J software (National Institutes of Health). The relative expression levels of 
METTL3 and SOX5 were determined by calculating the ratio of the gray value of the target band to the gray value of β-actin. 

2.12. Quantitative real-time PCR 

Total RNA was extracted from PBMCs, lung tissue, spleen tissue, human CD4+ T cells, and HBE cells using TRIzol reagent (Invi-
trogen). Subsequently, the first strand cDNA was synthesized with the PrimeScript RT reverse transcriptase (Takara, Japan). Real-time 
fluorescence quantitative PCR (qRT-PCR) was carried out using the SYBR Premix Ex Taq (Takara, Japan), with mouse β-actin and 
human GAPDH serving as internal reference genes. The expression levels of the target genes were determined using the 2− ΔΔCt method 
based on the cycle threshold (Ct) values obtained from the samples. Primers for the target genes were synthesized by Sangon 
Biotechnology (Shanghai, China) and the primer sequences can be found in Table 2. 

2.13. Enzyme-linked immunosorbent assay 

We used enzyme-linked immunosorbent assay (ELISA) kits to measure the levels of IFN-γ and IL-4 in mouse serum, patient serum, 

Table 1 
Clinical characteristics of participants.  

Items Total HCs T2 asthma P value 

Subjects, n (%) 27 13 (48.1) 14 (51.9)  
Age(y), M ± SD 42.74 ± 7.31 44.31 ± 6.87 41.28 ± 7.66 0.290 
Sex M/F, n/n (%/%) 11/16 (40.7/59.3) 4/9 (30.8/69.2) 7/7 (50.0/50.0) 0.440 
BMI (kg/m2), M ± SD 23.88 ± 2.23 22.41 ± 1.45 25.24 ± 1.96 <0.001 
Smoking history, n (%)    0.901 
Never-smoker 19 (70.4) 9 (69.2) 10 (71.4)  
Ex-smoker 8 (29.6) 4 (30.8) 4 (28.6)  
ACT, M ± SD   22.64 ± 1.50  
Lung function indexes, median (IQR) 
FEV1 (L) 2.4 (1.8–2.6) 2.5 (2.3–2.9) 1.9 (1.7–2.4) 0.002 
FEV1/FVC (%) 78.1 (74.6–82.3) 81.4 (80.5–87.1) 74.7 (72.5–77.5) <0.001 
FEV1%predicted (%) 95.2 (80.4–102.3) 102.4 (96.1–109.6) 81.6 (71.5–95.4) <0.001 
Biochemical indexes, median (IQR)) 
IgE (mg/l) 318.8 (229.4–612.6) 249.6 (174.0–464.1) 588.8 (252.6–945.7) 0.014 
IL-4 (pg/ml) 17.59 ± 7.05 10.69 ± 2.0 23.98 ± 2.02 <0.001 
IFN-γ (pg/ml) 15.29 ± 5.92 21.11 ± 2.06 9.89 ± 0.88 <0.001 
FeNO (ppb) 22.96 ± 9.69 15.38 ± 5.68 30.00 ± 6.86 <0.001 
Blood eosinophils ( × 109) 0.18 ± 0.08 0.13 ± 0.07 0.22 ± 0.08 0.005 
Blood neutrophils ( × 109) 3.87 ± 1.18 3.78 ± 1.21 3.94 ± 1.19 0.730 
Th2 (%), M ± SD 3.39 ± 1.53 1.84 ± 0.13 4.83 ± 0.07 <0.001 
Th1 (%), M ± SD 3.34 ± 1.53 4.89 ± 0.08 1.90 ± 0.13 <0.001 

Note: Comparisons were determined using Student’s t-test, the Mann-Whitney U test and the chi-square test between the two groups. P < 0.05 was 
considered statistically significant. 
Abbreviations: M, male; F, female; BMI, body mass index; ACT, asthma control test; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; 
IgE, immune globulin E; FeNO, fractionated exhaled nitric oxide; Th2, T-helper cell type 2; Th1, T-helper cell type 1; M ± SD, mean ± standard 
deviation; IQR, interquartile range. 
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and cell supernatant. Specifically, the mouse IFN-γ (CSB-E04578 m, Cusabio, China), mouse IL-4 (CSB-E04634 m, Cusabio, China), 
human IFN-γ (KE00146, Proteintech, China), and human IL-4 (KE00232, Proteintech, China) were utilized for this purpose. 

2.14. RNA immunoprecipitation assay 

The RNA immunoprecipitation (RIP) assay was performed using the Imprint RIP Kit from Sigma Aldrich, following the manu-
facturer’s instructions. In summary, 5 μg of anti-METTL3 and anti-rabbit IgG (Proteintech, China) were incubated with 50 μL magnetic 
beads, which were then added to the cell lysate and incubated overnight at 4 ◦C. Subsequently, the RNA-protein IP complexes were 
subjected to 6 washes and treated with proteinase K digestion buffer to eliminate the proteins. The RNA was extracted using the 
phenol-chloroform RNA extraction method, purified for qRT-PCR analysis, and normalized to the input. 

2.15. RNA m6A quantification 

The m6A level in total RNA extracted from HBE cells was assessed using the Epiquik m6A RNA methylation quantification kit 
(Epigentek, USA) following the manufacturer’s protocol. In brief, 200 ng of RNA, along with an m6A standard, was immobilized in 
assay wells, and incubated with the capture antibody solution and detection antibody solution as instructed. The m6A level was 
quantified colorimetrically by measuring the absorbance of each well at a wavelength of 450 nm and subsequently calculated based on 
the standard curve. 

2.16. Statistics analysis 

Statistical analysis was carried out using SPSS 26.0 software (IBM Corp.), and the graphs were generated using GraphPad Prism 
9.0.0 software (GraphPad Software Inc). Each experiment was repeated at least three times. Continuous variables were expressed as 
mean ± standard deviation (M ± SD) or median (interquartile range [IQR]), while categorical variables were presented as the number 
(percentage). Group differences were assessed using Student’s t-test, the Mann-Whitney U test, and the chi-square test for categorical 
variables. Spearman’s rank correlation test was used to evaluate variable correlations. A statistically significant difference was defined 
as a P-value <0.05. 

3. Results 

3.1. Characteristics of the population 

Table 1 displayed the demographic profiles, lung function indices, and biochemical indices of the 27 participants, comprising of 14 
patients with T2 asthma and 13 HCs. No significant variations in smoking history, age, gender, or blood neutrophil counts were 
observed between HCs and patients with T2 asthma. Nevertheless, distinct variances were noted between the two groups regarding 
BMI, IgE, FeNO, blood eosinophils, and lung function indices. In comparison to the T2 asthma group, those classified as HCs exhibited a 
higher percentage of Th1 cells and elevated levels of IFN-γ. Conversely, they displayed a decreased percentage of Th2 cells and lower 
levels of IL-4. It is interesting to note that T2 asthma group exhibited higher percentages of Th2 cells and IL-4 levels, while simul-
taneously displaying lower percentages of Th1 cells and IFN-γ levels compared to HCs. Table 1 provided comprehensive details 
regarding the characteristics of the participants. 

3.2. Low METTL3 expression in peripheral blood of T2 asthma patients is correlated with disease severity 

METTL3 has been reported to reduce and negatively regulate Th2 cell differentiation in T2 asthma, while SOX5 is involved in T cell 
differentiation but has not been reported in T2 asthma [9,12]. To this end, the expression of METTL3 and SOX5 in two groups of HCs 
and T2 asthma patients was detected by qRT-PCR. Compared to the HCs group, reduced METTL3 mRNA levels and increased SOX5 
mRNA levels were observed in the T2 asthma group (Fig. 2A). Based on these findings, we postulated a potential association between 

Table 2 
Primer sequences of the study  

Gene symbol Forward Reverse 

human METTL3 5′-CCAGCACAGCTTCAGCAGTTCC-3′ 5′-GCGTGGAGATGGCAAGACAGATG-3′ 
human SOX5 5′-TGCAGCAACACCAGGCTTAG-3′ 5′-TCAGAGCTGGCATGTGAGGA-3′ 
human T-bet 5′-GCAACGCTTCCAACACGCATATC-3′ 5′-GAGTAATCTCGGCATTCTGGTAGGC-3′ 
human GATA3 5′-CATCACCACCTACCCGCCCTAC-3′ 5′-GTTCACACACTCCCTGCCTTCTG-3′ 
human GAPDH 5′-CAGGAGGCATTGCTGATGAT-3′ 5′-GAAGGCTGGGGCTCATTT-3′ 
mouse METTL3 5′-CGCTGCCTCCGATGTTGATCTG-3′ 5′-CTGACTGACCTTCTTGCTCTGCTG-3′ 
mouse SOX5 5′-AGCGACCAGCCTCTCCGTATG-3′ 5′-GCCTCTCACTCTCCTCCTCTTCC-3′ 
mouse T-bet 5′-ATCACTAAGCAAGGACGGCGAATG-3′ 5′-ACCAAGACCACATCCACAAACATCC-3′ 
mouse GATA3 5′-TCTGGAGGAGGAACGCTAATGGG-3′ 5′-CGGGTCTGGATGCCTTCTTTCTTC-3′ 
mouse β-actin 5′-GTGCTATGTTGCTCTAGACTTCG-3′ 5′-ATGCCACAGGATTCCATACC-3′  
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METTL3 and SOX5 and the severity of T2 asthma. Subsequently, the Spearman rank correlation test was employed to examine the 
relationship between the expression of METTL3 and SOX5 mRNA and the severity of T2 asthma. Specifically, METTL3 expression 
exhibited a positive correlation with FEV1 (P = 0.017, r = 0.626; Fig. 2B), FEV1/FVC (P = 0.001, r = 0.802; Fig. 2C), and Th1 (P <
0.001, r = 0.873; Fig. 2G), while displaying negative correlations with blood eosinophils (P = 0.003, r = -0.735; Fig. 2D), FeNO (P =
0.007, r = -0.684; Fig. 2E), and Th2 (P = 0.005, r = -0.709; Fig. 2F), validating the existence of established eosinophilic airway 
inflammation in individuals with T2 asthma. On the other hand, SOX5 expression was negatively correlated with FEV1 (P = 0.011, r =
-0.657; Fig. 2H), FEV1/FVC (P < 0.001, r = -0.952; Fig. 2I), Th1 (P < 0.001, r = -0.832; Fig. 2M), and METTL3 (P < 0.001, r = -0.829; 
Fig. 2N), but positively correlated with blood eosinophils (P = 0.006, r = 0.695; Fig. 2J), FeNO (P = 0.011, r = 0.655; Fig. 2K), and Th2 
(P = 0.035, r = 0.566; Fig. 2L). These findings suggest that low METTL3 expression and high SOX5 expression are associated with T2 
asthma severity and potentially contribute to the onset and progression of T2 asthma. 

3.3. T2 asthma mediated by Th2 cells 

To gain further insights into the function of METTL3 in T2 asthma, experimental models of T2 asthma were developed in mice and 
HBE cells. On day 21, methacholine-induced airway resistance and BALF cells were examined to evaluate the development of T2 
asthma. The results showed that after methacholine stimulation, the RL of T2 asthma mice significantly increased compared to normal 
control mice (Fig. 3A). In the BALF of the two groups, total cell counts, eosinophil counts and neutrophil counts were elevated in T2 
asthma mice compared to the normal control, with eosinophil counts showing a primary increase in T2 asthma (Fig. 3B). Histological 
examination of the lungs revealed a notable increase in peribronchial inflammatory cell infiltration in mice with T2 asthma compared 
to normal control mice (Fig. 3C). Immunohistochemical analysis of eosinophil cationic protein (ECP) indicated a substantial increase in 
eosinophil infiltration within the lungs of the T2 asthma group compared to the normal control group (Fig. 3C). T-bet is a critical 
transcription factor for Th1 cell differentiation, while GATA3 is essential for Th2 cell differentiation. In the T2 asthma group, there was 
a significant increase in Th2 cells, serum IL-4 levels, and GATA3 mRNA expression in mouse splenocytes compared to the normal 
control group (Fig. 3D–F). 

In the current research, it has been discovered that HBE cells possess the function of APCs, which play a role in influencing T cell 
differentiation [3,4]. This function is crucial in the sensitization and pathogenesis of asthma. To induce T2 asthma, HBE cells were 
treated with HDM or PBS for 24 h, followed by co-culturing with human CD4+ T cells. The study findings indicated a rise in Th2 cells in 
the T2 group when compared to the normal control group, whereas Th1 cells were predominantly elevated in the normal control group 
(Fig. 3G). Furthermore, the levels of IL-4 in the cellular supernatant and the expression of GATA3 mRNA in human CD4+ T cells from 
the T2 asthma group were markedly higher compared to those in the normal control group (Fig. 3H and I). These findings suggest that 
HBE cells can act as APCs, and that exposure to HDM can trigger the emergence of Th2 cell-mediated T2 asthma. 

Fig. 2. Low METTL3 expression in peripheral blood of patients with T2 asthma is correlated with disease severity. (A) The expression of METTL3 
and SOX5 mRNA in peripheral blood of the two groups was detected by qRT-PCR. (B–G) The correlation between METTL3 levels and FEV1 (B), 
FEV1/FVC (C), eosinophils number (D), FeNO (E), Th2 cells (F), and Th1 cells (G). (H–N) The correlation between SOX5 levels and FEV1 (H), FEV1/ 
FVC (I), eosinophils number (J), FeNO (K), Th2 cells (L), Th1 cells (M), and METTL3 (N). Correlations were determined by Spearman’s rank 
correlation test. P < 0.05 was considered statistically significant. FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; METTL3, 
methyltransferase-like 3; SOX5, sex determining region Y-box protein 5; Th2, T-helper cell type 2; Th1, T-helper cell type 1. 
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Fig. 3. T2 asthma mediated by Th2 cells. (A) Lung resistance in the normal control and T2 asthma groups. (B) Two groups of BALF cells: total, 
neutrophil, and eosinophil cells. (C) Lung tissues of the two groups were stained with H&E and immunohistochemical staining performed with 
[eosinophil antibody (anti-ECP)]. Scale bar, 20 μm. (D) Th1 and Th2 cells were detected by flow cytometry in mouse splenocytes. (E) Mouse serum 
levels of IL-4 and IFN-γ were detected by ELISA. (F) The expression of GATA3 and T-bet mRNA in mouse splenocytes were detected by qRT-PCR. (G) 
Th1 and Th2 cells were detected by flow cytometry in human CD4+ T cells. (H) Cellular supernatant levels of IL-4 and IFN-γ were detected by ELISA. 
(I) The expression of GATA3 and T-bet mRNA in human CD4+ T cells were detected by qRT-PCR. *P < 0.05. **P < 0.01. IHC, 
immunohistochemistry. 

Fig. 4. Expression of METTL3 and SOX5 in T2 asthma. (A) Lung tissues of each group were stained for anti-METTL3 and anti-SOX5. Scale bar, 20 
μm. (B and C) The expression of METTL3 and SOX5 protein and mRNA in lung tissues of each group was detected by western blot and qRT-PCR. (D 
and E) The expression of METTL3 and SOX5 protein and mRNA in HBE cells of each group was detected by western blot and qRT-PCR. *P < 0.05. 
**P < 0.01. 
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3.4. Expression of METTL3 and SOX5 in T2 asthma 

The previous results (Fig. 2A) indicated that patients with T2 asthma exhibited decreased METTL3 and increased SOX5 levels. In 
our in vivo study, histological examination of lung tissue from the T2 asthma group revealed reduced METTL3 staining intensity and 
heightened SOX5 staining intensity compared to the normal controls (Fig. 4A). Additionally, the levels of METTL3 and SOX5 proteins 
and mRNA in lung tissue and human bronchial epithelial (HBE) cells from the T2 asthma group aligned with the findings from the lung 
tissue staining (Fig. 4B–E). These findings suggest that METTL3 and SOX5 may play pivotal roles in the pathogenesis of T2 asthma. 

3.5. METTL3 is needed to maintain SOX5 silencing 

Subsequently, to delve deeper into the molecular mechanism linking METTL3 to T2 asthma, we investigated whether there was an 
association between METTL3 and SOX5 in HBE cells with or without exposure to HDM. Initially, we successfully demonstrated gene 
silencing or overexpression of METTL3 in HBE cells in the presence or absence of HDM. The outcomes revealed that the levels of SOX5 
mRNA and protein increased or decreased with METTL3 gene silencing or overexpression compared to the control group (Fig. 5A–D). 
Additionally, we successfully conducted silencing or overexpression of SOX5 in HBE cells exposed to and unexposed to HDM. 
Furthermore, we assessed the expression of METTL3 and found that there were no notable alterations in the mRNA and protein levels 
of METTL3 when the SOX5 gene was silenced or overexpressed (Fig. 5E–H). 

As a writer of m6A, we further investigated whether METTL3 has a regulatory effect on m6A modification in T2 asthma. In fact, in 
RNA methylation quantification, as expected, silencing or overexpression of METTL3 reduced or increased the overall modification of 
m6A in HBE cells (Fig. 5I and J). To demonstrate the direct interaction between METTL3 and SOX5, and to determine the m6A- 
dependent mechanism regulated by SOX5, the interaction between METTL3 and SOX5 mRNA was examined using RIP in HBE cells 
with or without HDM exposure. RIP experiments showed a significant increase in METTL3 binding to SOX5 after exposure to HDM, 
indicating a direct interaction between METTL3 and SOX5 (Fig. 5K). These results suggest that METTL3 and SOX5 are involved in the 
pathogenesis of T2 asthma through m6A-dependent modification, and that METTL3 negatively regulates SOX5 expression through 
m6A methylation modification. 

3.6. Differentiation of Th2 cells under METTL3 and SOX5 overexpression or silencing 

T2 asthma is primarily driven by Th2 cells, with existing knowledge indicating that METTL3 plays a negative regulatory role in Th2 
cell differentiation. Nevertheless, the specific role of SOX5 in the pathogenesis of T2 asthma remains elusive. To address this, we 

Fig. 5. METTL3 is needed to maintain SOX5 silencing. (A–D) Western blot and qRT-PCR were used to detect the expression of METTL3 and SOX5 
protein and mRNA in METTL3 gene silencing or overexpression with or without HDM exposure. (E–H) Western blot and qRT-PCR were used to 
detect the expression of METTL3 and SOX5 protein and mRNA in SOX5 gene silencing or overexpression with or without HDM exposure. (I and J) 
The levels of m6A in METTL3 gene silencing or overexpression with or without HDM exposure was detected by m6A RNA measurement quantitative 
assay. (K) The interaction between METTL3 and SOX5 mRNA was analyzed by RIP-qRT-PCR assay with or without HDM exposure. *P < 0.05. **P 
< 0.01. 
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conducted METTL3 and SOX5 gene transfection experiments in HBE cells and co-cultured these cells with human CD4+ T cells. 
Interestingly, it was observed that the expression levels of Th2 cells, IL-4, and GATA3 increased or decreased when METTL3 was 
silenced or overexpressed. In contrast, a consistent trend was observed in Th1 cells, IFN-γ, and T-bet (Fig. 6A–E). Meanwhile, when 
SOX5 was overexpressed or silenced, as expected, the expressions of Th2 cells, IL-4, and GATA3 tended to increase or decrease, while 
those of Th1 cells, IFN-γ, and T-bet tended to decrease or increase (Fig. 6F–J). These findings suggest that METTL3 inhibits Th2 cell 
differentiation by negatively regulating SOX5 expression, a mechanism that may contribute to the exploration of therapeutic targets 
for T2 asthma. 

3.7. Silencing SOX5 attenuates low METTL3-induced Th2 cell differentiation 

METTL3 has the ability to downregulate the expression of SOX5 via m6A methylation modification, and both are involved in the 
modulation of Th2 cell differentiation. To explore whether METTL3’s influence on Th2 cell differentiation is dependent on SOX5, we 
performed co-transfection studies involving METTL3 and SOX5 in HBE cells exposed to HDM, followed by co-culturing with human 
CD4+ T cells for additional evaluation. When METTL3 was silenced, there was a notable increase in the expression of SOX5, as 
indicated by the results (Fig. 7A and B). Furthermore, interestingly, the enhancing effect of low METTL3 on Th2 cell differentiation was 
significantly reversed by SOX5 silencing, suggesting that up-regulation of SOX5 is the reason why low METTL3 expression induces 
preferential Th2 cell differentiation in T2 asthma. Concurrently, in the context of METTL3 silencing, upregulation of SOX5 was 
observed to enhance the expression of Th2 cells, GATA3, and IL-4, while decreasing the expression of IFN-γ, Th1 cells, and T-bet. These 
data suggest that METTL3 inhibits Th2 cell differentiation in T2 asthma by inhibiting SOX5 expression (Fig. 7C–E). 

4. Discussion 

The m6A modification, a prevalent mRNA alteration, involves in the onset and progression of diverse diseases. This study presents 
evidence of the impact of m6A modification on the advancement of T2 asthma using HBE cells. In short, we demonstrated that METTL3 
is lowly expressed in patients with T2 asthma and is negatively correlated with disease severity, and that low-expressed METTL3 
correlates with poorer lung function. METTL3 functional transfection experiments showed that METTL3 negatively regulates Th2 cell 

Fig. 6. Differentiation of Th2 cells under METTL3 and SOX5 overexpression or silencing. (A–E) After the METTL3 gene was transfected in HBE cells 
with or without HDM exposure and cocultured with human CD4+ T cells for 24 h, the expression of Th2 and Th1 cells (A), the levels of IL-4, IFN-γ in 
the cell supernatant (B and D), and the expression of GATA3 and T-bet mRNA in human CD4+ T cells (C and E). (F–J) After the transfection of the 
SOX5 gene in HBE cells with or without HDM exposure and cocultured with human CD4+ T cells for 24 h, the expression of Th2 and Th1 cells (F), 
the levels of IL-4, IFN-γ (G and I), and the expression of GATA3 and T-bet mRNA (H and J). *P < 0.05. 
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differentiation in T2 asthma, and low expression of METTL3 could enhance Th2 cell differentiation. Mechanistically, we verified that 
METTL3 promotes the degradation of SOX5 mRNA in a process dependent on m6A, consequently suppressing the differentiation of Th2 
cells. Silencing SOX5 resulted in a notable suppression of Th2 cell differentiation, while heightened SOX5 expression in peripheral 
blood exhibited a positive association with airway inflammation in individuals with T2 asthma. In conclusion, this research un-
derscores the significance of METTL3 in the immunopathogenesis of T2 asthma, the key aspect of which is the inhibition of Th2 cell 
differentiation through m6A modifiation-dependent down-regulation of SOX5 (Fig. 7F). 

METTL3, a crucial component of the m6A methyltransferase complex, serves as an active contributor to m6A methylation mod-
ifications and participates in immune responses across various diseases, such as breast cancer, infection, and kidney injury [23–26]. 
Within this investigation, a marked decrease in METTL3 expression was observed in the T2 asthma cohort as compared to the normal 
control group at the clinical, cellular, and animal levels. At the same time, low METTL3 was associated with severity in patients with T2 
asthma and promoted airway inflammation. This is consistent with previous reports [9]. Low METTL3 promotes airway inflammation 
and aggravates allergic asthma by promoting the activation of M2-type macrophages [9]. This indicates that m6A modification may 
have a crucial involvement in the progression of T2 asthma. T2 asthma is a common clinical phenotype mediated primarily by Th2 
cells. In this study, we found that METTL3 transfection in antigen-presenting HBE cells significantly enhanced Th2 cell differentiation 
by silencing METTL3, further highlighting the critical role of METTL3 in T2 asthma. Mast cells play a vital role in type 2 asthma, and 
studies have demonstrated that mast cells deficient in METTL3 exhibit notably heightened reactions to acute stimuli [27]. 

SOX5, belonging to the SOX transcription factor family, participates in various physiological and pathological processes including 
cell growth, tumor proliferation and invasion [28]. Liu et al. discovered a notable upregulation of SOX5 in dilated cardiomyopathy, 
contributing to disease progression and the elevation of inflammatory factor levels [29]. The present study found that when SOX5 is 
silenced, it can significantly inhibit the Th2 cell response. It has been found that SOX5 is involved in the occurrence of respiratory 
conditions, including the overlap syndrome of chronic obstructive pulmonary disease and asthma [30,31]. A study has shown that 
Th17 cell differentiation is inhibited by reducing SOX5 in CD4 T cell selenophenin I deficiency [12]. In this study, SOX5 expression was 
increased when METTL3 was silenced in HBE cells. Mechanistically, METTL3 negatively regulates SOX5 expression in an m6A 
activity-dependent manner. Further co-transfection experiments showed that SOX5 silencing significantly reversed the enhancement 
effect of low METTL3 on Th2 cell differentiation. It should be noted that the expression of SOX5 was elevated in the peripheral blood of 
individuals with T2 asthma and exhibited a positive correlation with disease severity. These findings help explore potential therapeutic 
targets for T2 asthma. 

Fig. 7. Silencing SOX5 attenuates low METTL3-induced Th2 cell differentiation. (A and B) Western blot and qRT-PCR were used to detect the 
expression of METTL3 and SOX5 protein and mRNA in METTL3 gene silencing and SOX5 gene silencing or overexpression with or without HDM 
exposure. (C–E) After the METTL3 gene and SOX5 gene were transfected in HBE cells with or without HDM exposure and cocultured with human 
CD4+ T cells for 24 h, the expression of Th2 and Th1 cells (C), the levels of IL-4, IFN-γ (D), and the expression of GATA3 and T-bet mRNA (E). (F) The 
schematic outlines the mechanistic basis of this study. *P < 0.05. 
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In summary, we demonstrate the pivotal role of m6A modification in the development of T2 asthma. The combined network of the 
METTL3/SOX5/Th2 axis highlights the mechanism of m6A activity-dependent epigenetic regulation. The findings from this study 
contribute to the identification of potential targets for the prevention and treatment of T2 asthma. 
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