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Allergic asthma in children is typically associated with house dust mites (HDM) as the key allergen. 
Nevertheless, the diagnostic rate remains below 60% due to the absence of specific symptoms and 
diagnostic markers, which hinders the implementation of targeted personalized therapies. This study 
investigates immunological features of asthma with house dust mite (HDM) sensitisation in children, 
aiming to uncover diagnostic markers at single-cell resolution. The cohort comprised 8 children with 
physician-diagnosed asthma (age range: 4–11 years), stratified into groups based on HDM sensitization 
status. Single-cell RNA sequencing of peripheral blood mononuclear cells (PBMCs) was conducted, 
employing Seurat for cell identification and differential gene expression analysis. Enrichment analyses 
and LASSO regression identified signature genes related to cellular origin, with protein–protein 
interaction networks elucidating cellular communication differences between groups. A total of 11 
distinct cell types were identified, with classical monocytes and monocytes being the predominant cell 
types that differentiated the two groups. Among these, 12 genes were up-regulated, and 40 down-
regulated, mainly involving MHC-II complex and antigen presentation pathways, as validated by Gene 
Ontology and Gene Set Enrichment Analysis. The machine learning model accurately predicted cellular 
groupings, evidenced by an area under the curve of 0.83. Enhanced communication signals in HDM 
allergy cases involved monocytes, contrasting with reduced interactions in naive CD8 + cells. HLA-DR 
and HLA-DP were identified as the primary hallmark receptors, and the innate immunity differences 
with non-dust mite allergic asthma were characterized by 18 genes including top candidates MT-ND4 
and RPS3A. Individuals with HDM-sensitized asthma exhibited altered expression of MHC-II complex 
genes in their PBMCs and distinct gene expression patterns in antigen-presenting cells, highlighting 
the critical role of HLA-DR and HLA-DP in the HDM allergen presentation.
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HDM	� House dust mites
DP	� Dermatophagoides pteronyssinus
DF	� Dermatophagoides farinae
scRNA-seq	� Single-cell RNA sequencing
PBMCs	� Peripheral blood mononuclear cells
tIgE	� Total immunoglobulin E
PCA	� Principal component analysis
t-SNE	� T-distributed stochastic neighbour embedding
DEGs	� Differential expression genes
GO	� Gene ontology
GSEA	� Gene set enrichment analysis
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PPI	� Protein-protein interaction network
LASSO	� Least absolute shrinkage and selection operator
APCs	� Antigen-presenting cells

Asthma effects approximately 334 million individuals globally, with 43% of adults and 14% of children afflicted, 
and its prevalence is increasing worldwide1–4. While genetic variations contribute to heterogeneous responses to 
allergens and environmental triggers5–7, diagnostic disparities persist, particularly in developed countries where 
advanced clinical workflows (e.g., symptom evaluation, pulmonary function tests, and bronchodilator response 
assessments) enhance detection rates2,4,8. Allergic asthma is frequently linked to type 2 inflammation and is 
regulated by type 2 helper T lymphocytes (Th2) and respiratory epithelium. A fundamental process involves 
epithelial-derived cytokines and ILC2s initiating T2 asthma by stimulating dendritic cell (DC) activation and 
airway phenotypic alterations, which then lead to their migration to secondary lymphoid tissues (SLT) for 
allergen presentation to naive T cells and the induction of a T2 profile. Myeloid DCs (mDCs), plasmacytoid DCs 
(pDCs), and monocyte-derived DCs are central to this process9.

Childhood asthma, distinct from adult-onset disease, often manifests before age three, with dynamic 
phenotypes and stronger atopic predisposition10–12. The diagnosis of asthma in children is further complicated 
by their limited ability to articulate symptoms with clarity. Over 80% of pediatric cases are allergic8, frequently 
linked to house dust mite (HDM) sensitization13. HDM allergens, including Dermatophagoides pteronyssinus 
(DP) and Dermatophagoides farinae (DF), release proteases such as Der p1 and Der p2, which disrupt airway 
epithelial integrity, amplify Th2 responses, and trigger IgE-mediated inflammation14,15.

HDM-induced immune pathways and exacerbation triggers are critical to understanding asthma 
pathogenesis16,17. HDM allergens activate dendritic cells (DCs) and monocytes, leading to impaired MHC-
II antigen presentation. This dysregulation contributes to chronic airway inflammation and reduced immune 
tolerances16,17. Additionally, HDM proteases disrupt epithelial barriers, allowing allergens to penetrate and 
activate innate immune sensors, such as formyl peptide receptor 2 (FPR2), which drives the release of Th2-
promoting cytokines like IL-33 s17. These mechanisms amplify Th2 responses, exacerbating asthma symptoms.

Despite progress in identifying genetic risk variants on allergic asthma2,18,19, mechanisms underlying allergen-
specific sensitization, particularly HDM-driven immune dysregulation, remain poorly characterized. Single-cell 
RNA sequencing (scRNA-seq) enables high-resolution profiling of cellular heterogeneity20–22. This enhanced 
resolution provides researchers with a more detailed and nuanced understanding of cell types, subtypes, and 
states.

Using the 10X Genomics platform, we compared peripheral blood mononuclear cells (PBMCs) from HDM-
sensitized and non-sensitized children with asthma, identifying immune cell signatures and molecular markers 
unique to HDM-associated disease. To our knowledge, this is the first study to apply scRNA-seq for elucidating 
immune pathways in childhood asthma with HDM sensitization.

Methods
PBMC collection
Participants were recruited from the paediatric outpatient clinic of Shenzhen Bao’an Women’s and Children’s 
Hospital. Inclusion criteria comprised: (1) asthma diagnosis confirmed by the Guidelines for the Diagnosis 
and Optimal Management of Asthma in Children (2016)10, including recurrent respiratory symptoms (e.g., 
wheezing, dyspnea) and positive bronchial provocation test results; (2) age 4–11 years; (3) asthma medications 
(e.g., inhaled corticosteroids, bronchodilators) use ≤ 6 months and discontinuation ≥ 4 weeks prior to enrollment; 
and (4) stable, well-controlled asthma with documented absence of exacerbations and no guideline-indicated 
medications during the preceding 4 weeks. For children aged < 5 years, diagnosis relied on ≥ 3 annual episodes of 
respiratory symptoms with documented improvement post-bronchodilator therapy. Exclusion criteria included 
comorbidities (e.g., atopic dermatitis, food allergies), parasitic infections (excluded via stool microscopy and 
serum parasitic antigen testing), and acute infections within the preceding 4 weeks. Allergic status was confirmed 
by measuring total IgE and specific IgE to Dermatophagoides pteronyssinus (DP), Dermatophagoides farinae 
(DF), and Blomia tropicalis (BT)23,24. PBMCs were isolated from the whole blood of eight patients using EDTA-
vacutainers (BD) and cryopreserved in RPMI1640 with 40% FCS and 10% DMSO. Following thawing and a 
one-hour incubation, the cells were washed twice in a medium supplemented with 0.04% BSA and subsequently 
processed for scRNA-seq (Fig. S1).

The diagnosis was made by an experienced deputy chief physician of pediatric based on clinical history, 
physical examination, and guideline criteria10.This included evaluating recurrent respiratory symptoms (e.g., 
wheezing, dyspnea) and verifying improvement post-bronchodilator therapy. Two trained nurses performed 
blood collection, spirometry, and bronchial provocation tests (BPT). One nurse performed the procedures, while 
the other nurse independently recorded the results to ensure the accuracy and consistency of data collection. 
The methods were in accordance with the ethical standards of the Declaration of Helsinki and its subsequent 
amendments. Written informed consent was obtained from all participants by their parents/legal guardians. This 
study was reviewed and approved by the Medical Ethics Committee of Shenzhen Baoan Women’s and Children’s 
Hospital, Jinan University (approval number: LLSCHY–2021–01–03).

scRNA-seq, QC, and data preprocessing
scRNA-seq was conducted using the 10 × Chromium controller (10X Genomics). The processed PBMC samples 
were loaded into discrete channels of a 10 × chip. The 10 × Genomics system, in conjunction with v2 or v3 reagents, 
enabled the capture of individual cells and the generation of sequencing libraries. Subsequent sequencing was 
conducted using a 150 bp paired-end kit on the Illumina NovaSeq 6000 platform at oeBiotech (Shanghai) Co.
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CellRanger v5.0.0 software was utilized with the default settings to demultiplex data, produce FASTQ reads, 
align reads to the hg19 reference genome, and compute unique molecular identifier (UMI) barcodes, gene 
expression levels, and mitochondrial UMI percentages for each cell. Following the removal of doublets using 
DoubletFinder, only high-quality cells were retained for subsequent analysis by using the Seurat R package 
(V4.4.0)25. Cells were subjected to a rigorous quality control procedure and screened according to the upper and 
lower quartiles of the distribution of RNA features, and cells with more than 10% of mitochondrial genes were 
systematically excluded (Fig. S2a). The top 2,000 highly variable features were selected for linear dimensionality 
reduction via principal component analysis (PCA), with a focus on the top 20 principal components (Fig. S2b,c). 
A t-distributed stochastic neighbour embedding (t-SNE) dimensionality reduction was employed to achieve a 
clustering visualisation.

The non-HDM patients and HDM patients were assigned to groups C and T, respectively. Patient T05, a 
5-year-old girl with a prolonged asthma exacerbation accompanied by high fever, exhibited the highest serum 
IgE levels, along with polysensitization to additional allergens (e.g., birch pollen) and CT-confirmed non-
infectious status. The clustering results of T05 showed significant heterogeneity compared to the T group (Fig. 
S2d) and were therefore separately classified into the O group.

Transcriptome dimensionality reduction and cell clustering
The cluster markers were determined by utilizing FindAllMarkers within the Seurat package, with a criterion of 
positive expression threshold of 0.585 (|log(foldchange)|). The ten most highly expressed genes for each cluster 
were selected based on fold-change and the maximum difference in cell ratio between clusters. The cell types 
of the clusters were identified using the cell annotation tool CellMarker2.0, based on the respective cluster 
markers26,27.

Differential expression: mapping, enrichment, and interaction
The differential expression genes (DEGs) among various cell types within the T-C, O-T, and O-C control 
pairs were identified utilizing FindAllMarkers. The identified DEGs were filtered based on a threshold of 0.25 
and an adjusted p-value of 0.05 and were subsequently visualised using the scRNAtoolVis package28. Gene 
Ontology (GO) term analysis and KEGG Gene Set Enrichment Analysis (GSEA) for DEGs were conducted 
using the Clusterprofiler and fgsea R packages29–32. The protein–protein interaction network (PPI) of DEGs was 
reconstructed using the String database (version 12.0)33–36, and further refined using the Cytoscape software 
(version 3.10)37.

Cell–cell communication inferring
Cell–cell communication was assessed using the CellChat software (version 1.1.0)38, which requires calculation 
of relative expression levels of a set of universally encoded genes in all transcriptomes relative to the total number 
of mapped reads. Expression levels were then averaged within each sample group to provide a comprehensive 
examination of the dynamics of cell-to-cell interactions. This strategy facilitates the identification of key signalling 
molecules and provides a comprehensive insight into their expression profiles across different cell subsets.

Classification model for identifying asthma patients with HDM sensitisation
A predictive model was developed to distinguish cells originating from HDM or non-HDM samples using least 
absolute shrinkage and selection operator (LASSO) Cox regression implemented in the glmnet R package39–41. 
The DEGs between groups T and C were used for model training, while all the cells were randomly divided 
into a training set (70%) and a test set (30%). The model was optimised by selecting variables and determining 
the optimal lambda through a binomial error distribution and a tenfold cross-validation test, with the aim of 
minimising classification error. Genetic traits under the optimal lambda were then examined the potential for 
improving prediction accuracy.

Statistics
All statistical analyses were implemented based on the R (v4.2.0). By default, p < 0.05 was deemed to be 
statistically significant.

Results
scRNA-seq identified discrete cell subpopulations and individuals responsive to HDM allergy
A total of 8 children (5 HDM-sensitized, 3 non-HDM-sensitized) aged 4–11 years (mean = 5.75) were included 
in this study. Table 1 summarizes the clinical characteristics of the cohort, including age, total IgE (tIgE), HDM-
specific IgE (sIgE), and treatment status. The HDM-sensitized cohort (n = 5) exhibited elevated total IgE (tIgE) 
levels (mean tIgE = 1181 IU/ml; > 1000 IU/ml in four cases), consistent with allergic sensitization, alongside 
HDM-specific IgE (sIgE) levels > 40 U/ml to DP and DF, confirming an HDM-driven allergic asthma phenotype. 
In contrast, the control group (n = 3) demonstrated significantly lower tIgE levels (mean = 168.4 IU/ml; < 300 
IU/ml in all cases) and undetectable DP/DF-specific IgE. PBMCs were isolated and subjected to 10X Genomics 
sequencing. After quality control, 5202 to 7881 cells were detected in each sample, with an average UMIs per 
cell ranging from 3618 to 5093, an average number of genes per cell ranging from 1385 to 1753, and an average 
percentage of mitochondrial UMIs per cell ranging from 0.0560 to 0.0890. A total of 36,601 cells and 32,254 
genes were retained for subsequent analysis. The top 20 principal components were selected for dimensionality 
reduction based on the quality report (Fig. S2).

Following PCA reduction, tSNE grouped the cells into 25 clusters (Fig. 1a). The samples from the disparate 
groups exhibited a high degree of alignment across all clusters (Fig.  1b), while clusters 12, 14, and 16 were 
exclusive to patient T05 (Fig. 1c, left). Utilising the top 10 markers from each cluster, 11 cell types were annotated 
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using the Cellmarker2.0 database (Fig.  1c, right). NK cells, naive CD8 + T cells, gamma-delta T cells, and 
naive CD4 + T cells were predominant in both control and test groups, except in patient T05. These cell types 
constituted approximately 80% of the total cell count in each patient. The representation of B cells, monocytes, 
classical monocytes, megakaryocytes, and dendritic cells was reduced in the HDM group. The percentages of 
classical monocytes, monocytes, and megakaryocytes were found to be statistically significantly different between 
the two groups (Fig. 1d). The cellular composition of T05 was distinct and characterised by a dominance of B 
cells and effector CD8 + memory T cells (Tem cells), with Tem cells being almost unique to this patient. The 
proportion of T lymphocytes in T05 was significantly lower at 23% compared to the other patients, with rates 
ranging from 76 to 80%.

Differential expression analysis reveals signature genes responsive to HDM antigens
Altered expression levels of 52 genes were found between the HDM-sensitized and non-HDM-sensitized groups, 
with 12 genes upregulated and 40 downregulated (Fig. 2a, Table S1). GO term analysis indicated that the DEGs 
in the HDM-sensitized group are primarily associated with cell surface receptor-related processes (Fig. 2b), with 
notable involvement of HLA-DRA, CD74, and HLA-DPB1 in the GO term network. The GSEA based on the 
KEGG pathway revealed a significant enrichment of DEGs in the antigen processing and presentation pathway, 
with a particular emphasis on the role of MHC-II in the ASTHMA pathway (NES: 1.76, p < 0.05) (Fig. 2c). The 
PPI network demonstrated interactions between the DEGs (Fig. 2d), with cytohubba analysis identifying hub 
genes such as GZMH, GZMA, GZMB, GNLY, NKG7, CCL5, PRF1, KLRD1, KLRK1, and CD247, which were 
predominantly downregulated in the HDM-sensitized group and expressed mainly in atypical T cell types (NK, 
gamadelta T, and Tem) (Fig. 2e). Furthermore, several of these hub genes, including NKG7, CCL5, GZMA, PRF1, 
and CD247, were highly expressed in another atypical cell type, MAIT cells.

Among the 12 PBMC cell types, DEGs were not identified in 5 of them, mainly naïve CD8 + T cells, 
megakaryocytes, dendritic cells, and Tem CD8 + cells. The number of DEGs obtained ranged from 10 (classical 
monocyte) to 107 (gamadelta T cell) (Fig.  3a). In particular, SHNG5 and RPS3A, which are associated with 
ribosomal and mitochondrial RNA, were identified in all cell types. In addition, 14 other genes were found to 
function predominantly in ribosomes and mitochondria in multiple cell types (Fig. 3b)42. Enrichment associated 
with protein-binding components of the GO term, particularly the structural components of ribosomes, has 
been observed in several cell types except B-cells. Moreover, GO terms associated with MHC proteins were 
predominantly enriched in gamadelta T cells, B cells, and classical monocytes, suggesting involvement in 
immune receptor binding and activation pathways (Fig. 3c). HLA-DR, HLA-DQ, and HLA-DP are the primary 
antigen-presenting complexes within the MHC-II system. The expression levels of the genes associated with 
HLA-DR and HLA-DP were higher than those associated with HLA-DQ, with HLA-DR showing particularly 
strong expression (Fig. 3d). Specially, significant elevation of gene expression levels associated with HLA-DQ 
and HLA-DP was observed in the O group compared to the T group.

Regression model accurately distinguishes between cells of different patient origins
To identify potential biomarkers, DEGs between groups T and C were filtered using a LASSO regression model. 
Of the initial 52 DEGs, 37 were selected for model development (Fig. S3). Of these genes, 18 exhibited regression 
coefficients exceeding zero, with MT-ND4 and RPS3A displaying the highest coefficients (≥ 0.6, Fig. 4a). The 
area under the curve (AUC) of the model to discriminate between T and C groups of cells was 0.83 (Fig. 4b). 

Patient Age (year) Gender Condition Therapy (dosage) Group ID TIgE/IgE sIgE

C01 4 Male non-HDM

Seretide (50 μg/100 μg, 1 time daily)

C 288.4 IU/ml (TIgE) Not detected

C02 4 Male non-HDM C 127.73 IU/ml (TIgE) Not detected

C03 5 Female non-HDM C 89 IU/ml (IgE) Not detected

T01 5 Male HDM T 818.3 IU/ml (TIgE) DP 100 + IU/ml
DF 8.71 IU/ml

T02 5 Male HDM T 1350 IU/ml (TIgE) DP 66.93 IU/ml
DF 18.63 IU/ml

T03 7 Female HDM T 1140 IU/ml(TIgE) DP 100 + IU/ml
DF 100 + IU/ml

T04 11 Male HDM T 1233 IU/ml(TIgE) DP 19.24 IU/ml
DF 89.05 IU/ml

T05 5 Female HDM O 1361 IU/ml (TIgE)
DP 100 + IU/ml
DF 94.66 IU/ml
BT 0.67 IU/ml

Table 1.  Demographic information of participants and results for allergy marker testing. (1) asthma diagnosis 
confirmed by the Guidelines for the Diagnosis and Optimal Management of Asthma in Children (2016)10, 
including recurrent respiratory symptoms (e.g., wheezing, dyspnea) and positive bronchial provocation 
test results; (2) age 4–11 years; (3) asthma medications (e.g., inhaled corticosteroids, bronchodilators) 
use ≤ 6 months and discontinuation ≥ 4 weeks prior to enrollment; and (4) stable, well-controlled asthma with 
no exacerbations in the preceding 4 weeks. For children aged < 5 years, diagnosis relied on ≥ 3 annual episodes 
of respiratory symptoms with documented improvement post-bronchodilator therapy.
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Fig. 1.  The scRNA-seq profile of PBMCs from eight patients with allergic asthma (a) Clustering PBMCs 
using t-SNE dimensionality reduction. Twenty-five distinct clusters were discovered, each with a unique 
color. (b) Distribution of cells by sample group. Red: HDM-sensitized (group T); Blue: non-HDM-sensitized 
(group C); Green: patient T05 (group O) (c) Left: Cell clusters unique to group O, highlighted in green. Right: 
The percentage of each sample’s 11 primary cell types. Eleven major cell types comprise the 25 cell clusters: 
Naive CD8 + T cell, Naïve CD4 + T cell, Natural Killer cell, Gamma-delta T cell, B cell, Classical monocyte, 
Effector CD8 + memory T cell (Tem CD8 +), Mucosal-Associated Invariant T cell (MAIT cell), Monocyte, 
Megakaryocyte, and Dendritic. (d) The proportions of 11 different cell types in the groups that are HDM-
allergic (T) and non-HDM-allergic (C), respectively. Wilcoxon’s test was employed to ascertain if the difference 
was significant. "*" indicates p < 0.05, and “ns” indicates not significant.
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Fig. 2.  Analysis of differential expression gene (DEGs) in asthma patients with HDM sensitized (T) and 
non-HDM sensitized (C). (a) Volcano plot of 52 differential expression genes, with 40 down-regulated and 12 
up-regulated in group T. (b) Network of Gene Ontology (GO) term by enrichment analysis of DEGs. The outer 
circular arrangement of nodes represents GO terms, the inner matrix arrangement of nodes represents DEGs, 
and the edges denote the genes participating in that particular pathway. Green nodes represent pathways, red 
nodes represent up-regulated genes, and blue nodes represent down-regulated genes. Pink edges represent 
biological processes (BP), blue edges represent molecular functions (MF), and orange edges represent cellular 
components (CC). Node sizes represent the enrichment score. (c) GSEA analysis of KEGG pathway. NES 
stands for Normalized Enrichment Score. (d) Protein–protein interaction (PPI) network of DEGs. Blue nodes: 
down-regulated genes; Pink nodes: up-regulated genes. Yellow rings: hub genes identified by cytohubba. 
Node sizes represent the link degree. (e) Expression of hub genes in 11 cell types. Colors indicate the average 
expression and node sizes represent the percentage of cells expressing that gene.
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Fig. 3.  Differential expression analysis of different cell types in the HDM-sensitized group (T) and the non-
HDM-sensitized allergic group (C). (a) DEG distribution in different cell types. The X-axis represents the 7 cell 
types in which DEGs were found, and the Y-axis represents fold changes in DEGs, with red dots and blue dots 
representing genes that are up-regulated and down-regulated in group T, respectively. (b) DEGs intersecting 
between cell types. Only DEGs that appear in more than four cell types are shown. The blue dots represent 
down-regulated genes, whereas the red upper triangles represent up-regulated genes. (c) DEG-enriched GO 
word intersection. The Y-axis displays the GO terms, while the X-axis displays the various cell types. The 
generation is shown by the size of the dots, while the color denotes the corrected p-value. (d) The expression of 
MHC-II-related genes is associated with HLA-DR, HLA-DQ and HLA-DP.
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Moreover, the accuracy, recall, and F1 score metrics all exceeded 0.75 in both the training and test datasets 
(Fig. 4c).

Inter-group differences in PBMC intercellular communications
CellChat was employed to compare cellular communication patterns between groups T and C to determine 
changes in PBMC cell–cell interactions due to mite allergies. The analysis showed no significant overall changes 
in the total number of interactions or the strength of interactions (Fig. 5a, Tem CD8 + cells excluded). However, 
at the single-cell level, a notable increase in HDM-related intercellular communications was observed in 
monocytes, while a decrease was noted in naive CD8 + T cells when compared to non-HDM patients (Fig. 5b, left 
panel). Regarding interaction strength, interactions involving gamma-delta T cells were weakened, whereas those 
involving B cells, classical monocytes, monocytes, and dendritic cells were strengthened (Fig. 5b, right panel). 
Given the importance of MHC-II in previous findings, we conducted further analysis to examine alterations in 
the levels of MHC-II in both afferent and efferent directions within the two cell groups. Our results indicated 
that there was an increase in efferent signal intensity solely in classical monocytes and B cells. Conversely, only 
the intensity of the afferent signal exhibited an increase in naive CD4 + T cells. It is noteworthy that both efferent 
and afferent signal intensities were elevated in dendritic cells and monocytes (Fig. 5c). Consequently, the MHC-
II signal flow within these cells was visualised (Fig. 5c, bottom right).

Distinctive gene expression of PBMC in the severe asthmatic patient
The patient T05 exhibited distinct characteristics compared to other HDM patients in the TSNE dimensionality 
reduction analysis (Fig. 1). To investigate this variation and comprehend the molecular diversity, DEG analysis 
was performed on groups O and T. The distribution of DEGs was visualised in a volcano plot, which revealed 
476 downregulated and 534 upregulated genes in the PBMCs of T05 (Fig. 6a). The downregulated genes were 

Fig. 4.  Performance of LASSO regression model for discriminating cells between the HDM-sensitized group 
(T) and the non-HDM-sensitized group (C). (a) The coefficients of thirty-seven signature genes filtered by 
LASSO regression. (b) ROC curves for classification by the LASSO model on the training and test datasets. (c) 
Performance evaluation of the LASSO model on the test and training datasets.
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primarily associated with transcription-translation processes, while the upregulated genes were linked to electron 
chain transfer processes (Fig. 6b). The "antigen processing and presentation" pathway emerged prominently in 
the KEGG GSEA results with the highest normalized enrichment score. The “ASTHMA” pathway also appears in 
the enrichment results, featuring genes such as HLA-DRB1, HLA-DRB5, HLA-DPA1, HLA-DQB1, HLA-DPB1, 
and HLA-DRA (Fig. 6c). A subset of 35 genes was identified as common between the DEG sets of groups T and 
C, and groups O and T. The majority of these genes exhibited the lowest or highest expression levels in the T or O 
group, as opposed to the C group (Fig. 6d). Moreover, 29 out of the 35 shared DEGs were found to overlap with 
the 37 features selected in the LASSO model (Fig. 6e, Table S2).

Discussion
A more profound comprehension of asthma with HDM sensitisation and its distinctive attributes in comparison 
to other allergens at the cellular level may assist in the formulation of prevention and management strategies for 
children. This research explored the distinctions between asthma with HDM sensitisation and asthma without 
HDM sensitisation in children through scRNA-seq, identifying the immune cell composition and molecular 
variations between these two groups of patients. Furthermore, the integration of findings on molecular variances 
and cell interactions enabled the identification of potential signaling pathways and associated receptors that may 
be pivotal in asthma with HDM sensitisation.

We characterized the immune profile of asthma using scRNA-seq and bioinformatics analysis (Fig. 1a,b). 
Our results diverge from those reported by Zhong et al.43, who indicated a prevalence of CD4 + T cells over 
CD8 + T cells in healthy individuals, as we observed a reversal of this trend in individuals with asthma 
(Fig. 1c). The dysregulation identified in CD4 + and CD8 + T cell populations may play a role in the intricate 
immunological landscape associated with asthma. Notably, type 2 immunity has been strongly linked to asthma 
pathogenesis, leading to the differentiation of naive CD4 + T cells into T-helper effector cell subclusters like 
Th2, Th9, and Th1744–47. These cells, modulated by interleukin activity, drive the generation of IgE antibodies. 
Subsequent binding of IgE antibodies to mast cells and basophils triggers the release of allergenic mediators, 
such as histamine, tryptase, prostaglandins, leukotrienes and cytokines48, induces goblet cell hyperplasia, 
smooth muscle contraction, and increased vascular permeability, ultimately resulting in uncontrolled 
immunopathological responses by the respective cell subsets. Given the significant involvement of CD4 + T 
cells in asthma, we propose that in individuals with asthma, naive CD4 + T cells may have migrated to the 
airways as T-helper cells, potentially leading to their reduced detection in adequate numbers in PBMCs. Our 
study definitively confirmed that HDM allergy induces differences in PBMCs concerning monocytes, classical 
monocytes, and megakaryocytes (Fig. 1d). Monocytes act as precursors to macrophages in specific tissue organs 
and play a critical role in asthma-related inflammatory and immunological responses49, including antigen 
presentation. Lander et al. demonstrated that monocytes in the airway mucosa upregulate MHC-II and facilitate 
the expansion of lung dendritic cells (DCs)50,51. The upregulation of MHC-II and the proliferation of DCs 
undoubtedly improve the detection and presentation of allergens. The available evidence indicates that different 
allergens may induce comparable allergic responses. Indeed, HDM sensitisation does not necessarily result in 
an excessive proliferation and differentiation of immune cells. Rather, alterations in the antigen presentation 
process appear to be a crucial factor.

Numerous independent studies have consistently verified that T-cell responses to HDM antigens are 
restricted by HLA-DR52–54. The genes that are upregulated in the T-C control are primarily associated with 
MHC-II functions (Fig. 2a). The MHC-II complex is mainly responsible for presenting extracellular antigens 
and plays a significant role in allergen-specific IgE responses. In the context of asthma, HLA-II genes are linked 
to a specific set of MHC II-DR or -DQ alleles55,56, which align with the findings on DEGs. Both GO and KEGG 
gene set enrichment analyses, in addition to the upregulation of HLA-* genes, emphasize the crucial involvement 
of MHC-II in individuals with HDM-induced asthma (Fig. 2b,c). A related research study suggested that the 
restriction of class II HLA may contribute to individual variations in responsiveness to common allergens, with 
different allergens showing a preference for HLA-DR and HLA-DP genotypes57. We found that genes associated 
with HLA-DR and HLA-DP were more strongly expressed in patients with HDM sensitisation (Fig.  3d). 
The alpha and beta chains of HLA-II form heterodimers on antigen-presenting cell surface and facilitate the 
presentation of antigen peptides for recognition by CD4 T cells. Our findings are in line with this mechanism. 
No consistent and significant correlation was observed between the HLA-II motif and IgE responses to other 
allergens such as grass pollen, birch pollen, and cat dander. It indicates a notable association between HDM-
specific IgE responses and MHC-II alleles, which may not be the case for immune responses induced by other 
allergens58. It is reasonable to hypothesize that HLA-DP and HLA-DR are the primary vectors for presenting 
HDM antigens. In addition, the DEGs-based LASSO model effectively distinguished between cell populations 
in HDM and non-HDM patients, suggesting that these genes could be representative of the gene expression 
profile of each patient group. Although the genes significantly contributing to the model may not have a direct 
relationship with MHC-II, they are associated with asthma, such as GZMB59, which is primarily expressed in 
cytotoxic T lymphocytes (CTLs), natural killer (NK) cells, and activated CD8 T cells, promoting persistent 
airway inflammation and remodeling in severe asthma; while the reduction of DUSP2 can reverse neutrophilic 
airway inflammation and cytokine responses in asthma mouse models60.

Cellchat analysis re-emphasized the importance of the MHC-II signaling pathway in HDM-induced asthma 
development, suggesting that B cells and classical monocytes play a key role in signal output (Fig. 5c), with Naive 
CD4 + T cells serving as signal recipients, and dendritic cells and monocytes potentially functioning as signal 
transducers. These cell types, known as antigen-presenting cells (APCs), are able to internalise extracellular 
debris and present it on their surface for recognition by T cells as potentially harmful non-self antigens61. 
Consequently, the physical interactions between T cells and antigen-presenting cells are crucial for the initiation 
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of an immune response. Limited research exists on the direct interactions between B cells and monocytes or 
dendritic cells, warranting further investigation to elucidate their potential direct involvement in asthma.

In the outpatient setting, patients with T05 had more severe symptoms and a stronger IgE response compared 
to others in the HDM group. The specific IgE assay identified additional allergens, such as BT, indicating a 
diverse HDM population. Analysis of PBMCs using scRNA-seq revealed a distinct profile for T05, characterized 
by a predominance of effector memory T (Tem) cells (Fig. 1b). Tem cells, derived from effector T (TE) cells, 
possess prolonged lifespan, maintain immune memory, and enhance immune function and antigen sensitivity62. 
TE cells are known to drive type 2 immune responses in allergic asthma, a trait that may also be attributed 
to Tem cells63. Notably, the genetic disparities between T05 and the HDM cohort surpassed those between 
HDM and non-HDM patients (Fig. 1), and the expression pattern of DEGs reflected these distinctions (Fig. 6). 
A progressive relationship was observed between group C, group T, and T05, although the association with 
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asthma severity remains uncertain. The enrichment of shared genes suggested that viral infection may be a 
contributing factor. Noteworthy findings included the association of Tem cell formation with viral infections 
and the exacerbation of allergic asthma by viral pathogens64–66, implying a history of respiratory viral infections 
during childhood for patient T05.

Limitations
A limitation of this study is that PBMCs from healthy children were not obtained for comparison in this study 
due to the limited availability of samples and the associated costs. The inclusion of additional clinical information 
is hampered by changes in the medical facilities in which the patient is scheduled to visit. Additionally, the 
conclusions regarding HDM antigen presentation via HLA-DP/DR and dendritic cell processing remain 
speculative, as they are inferred from transcriptional data rather than direct experimental validation. While 
consistent with prior studies implicating HLA-II pathways in HDM allergy, functional assays are needed to 
confirm causality. Although peripheral blood reflects immune status, confounding effects of comorbidities 
cannot be entirely excluded. Further mechanistic studies is recommended based on our findings.

Conclusions
In summary, this study employed scRNA-seq and bioinformatics to examine the molecular characteristics of 
children with HDM sensitisation asthma. The analysis demonstrated that the differences observed PBMCs 
were predominantly evident in antigen-presenting cell. The study results suggest that HDM-associated antigens 
are recognised and presented by HLA-DR and HLA-DP in the MHC-II signaling pathway of B cells, classical 
monocytes, and monocytes, and subsequently, these antigens are processed by dendritic cells and monocytes, 
resulting in the activation of naïve CD4 + T cells and their differentiation into Th2 cells, thereby initiating allergic 
responses. Moreover, the study identified 37 PBMC signature genes that can accurately differentiate between the 
two patient groups, thus offering potential diagnostic markers for further research.

Fig. 5.  Comparison of cell–cell communication between different cell types in the HDM-sensitized group (T) 
and the non-HDM-sensitized group (C). (a) Comparison of interaction number and strength between T and 
C groups. (b) Differences in the number and intensity of interactions between different cell types in groups 
T and C. The red and blue lines represent upward and downward changes in the T group, respectively. The 
arrow’s direction indicates where the interaction begins and ends. (c) Changes in signaling pathways in several 
cell types in group T versus group C. Cell types in the blue box (classical monocytes and B cells) only increase 
the intensity of efferent interactions in the MHC-II pathway. Cell types in the orange box (dendritic cells 
and monocytes) increase the intensity of both efferent and afferent interactions in the MHC-II pathway. Cell 
types in the green box (naïve CD4 + T cells) only increase the intensity of afferent interactions in the MHC-
II pathway. The circle plot in the lower right corner depicts the direction of MHC-II characteristic pathway 
transmission among the five cell types. The colors represent distinct cell types, while the arrows indicate the 
direction in which the signal is transmitted.
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Fig. 6.  Analysis of differentially expressed genes (DEGs) between T05 (O) and patients with HDM 
sensitisation (T). (a) Volcano plot of DEGs, with 1010 genes significantly altered, 476 genes down-regulated 
and 534 genes up-regulated in group O. (b) GO term enrichment analysis of DEGs (c) GSEA analysis of KEGG 
pathways (d) Expression of crossing DEGs in groups T, C, and O. Colors indicate the average expression of 
each gene in each group, and dot size represents the percentage of expressed cells (e) Intersection of 35 DEGs 
shared by groups T, C, and O and 37 signature genes chosen by the LASSO model.
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Data availability
Data used in this study are freely available upon request to the corresponding author, Dr. Lingyun Zou (lingyun.
zou@gmail.com).
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