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Background: Bronchiolitis obliterans (BO) is a chronic disease that can arise as a complication of severe childhood pneumonia and 
can also impact the long-term survival of patients after lung transplantation. However, the precise molecular mechanism underlying 
BO remains unclear. We aimed to identify BO-associated hub genes and their molecular mechanisms.
Methods: BO-associated transcriptome datasets (GSE52761, GSE137169, and GSE94557) were downloaded from the Gene 
Expression Omnibus (GEO) database to identify differentially expressed genes (DEGs). Additional bioinformatics analyses, such as 
Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Protein-Protein Interaction (PPI) analyses, were 
performed to determine functional roles and DEG-associated regulatory networks. Prediction of hub genes using the 12 algorithms 
available in the Cytohubba plugin of Cytoscape software was also performed. Verification was performed using the BO mouse model.
Results: Our results revealed 57 DEGs associated with BO, of which 18 were down-regulated and 39 were up-regulated. The 
Cytohubba plugin data further narrowed down the 57 DEGs into 9 prominent hub genes (CCR2, CD1D, GM2A, TFEC, MPEG1, 
CTSS, GPNMB, BIRC2, and CTSZ). Genes such as CCR2, TFEC, MPEG1, CTSS, and CTSZ were dysregulated in 2,3-butanedione- 
induced BO mice, whereas TFEC, CTSS, and CTSZ were dysregulated in nitric acid-induced BO mouse models.
Conclusion: Our study identified and validated four novel BO biomarkers, which may allow further investigation into the develop-
ment of distinct BO diagnostic markers and novel therapeutic avenues.
Keywords: bronchiolitis obliterans, biomarkers, pathways, transcriptome, therapeutic targets

Introduction
Bronchiolitis obliterans (BO) is a chronic pulmonary disease characterized by irreversible narrowing of the small 
airways, which leads to reduced long-term survival after lung transplantation.1,2 It is also a common complication in 
children diagnosed with severe adenovirus pneumonia.3 While certain diagnosis and treatments were available for BO 
patients, significant challenges were still present for patients complete recovery, hence the poor prognosis for BO 
patients. Therefore, efforts to understand the underlying molecular mechanisms of BO may be crucial to provide 
a significant breakthrough in developing better treatments for patients with BO.

With the current advancements in information technology, data from pooled biological samples can be easily accessed 
through bioinformatics approaches. Bioinformatics is an interdisciplinary field that combines life sciences and computer 
science to analyze genomic, transcriptomic, proteomic, metabolomic, and other sequencing data that may reveal the 
underlying biological significance of a particular gene or regulatory pathways.4 Previous studies that rely on transcrip-
tomic data analysis using bioinformatics approaches have also succeeded in yielding promising results, specifically by 
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exploring BO molecular mechanisms.5–7 However, identification and verification of distinct molecular markers are still 
lacking, primarily because of limitations such as small sample sizes, inadequate transcriptome data analysis, and the 
absence of verification processes.

To address these limitations, multiple BO-related transcriptomic datasets were integrated from the Gene Expression 
Omnibus (GEO) database. We sought to explore the underlying molecular mechanisms of BO and subsequently identify 
potential biomarkers by employing strategies that incorporate bioinformatic analysis from multiple facets. Our study also 
utilized two distinct BO experimental mouse models that were commonly constructed to generate diseased mouse 
models.8,9 Total RNA was then extracted, and expression levels for our target genes of interest were examined in hopes to 
provide clues for the identification of biomarkers that are effective for the early detection of BO. Our study could, in turn, 
fill the current gaps in knowledge, which may be crucial for the understanding of BO pathogenesis and progression.

Materials and Methods
Animals
Male C57 mice (6–8 weeks old, weighing 18–22 g) were obtained from the Southern Medical University Animal Center 
(Guangzhou, China) and housed in an specific pathogen free (SPF) environment provided with water and food ad libitum. 
The ethics protocols for the mouse models were approved by The First Affiliated Hospital of Guangzhou Medical 
University Institutional Ethics Committee (Ethics number: 20230018).

Nitric Acid-Induced Bronchiolitis Obliterans Mice
Nitric acid-induced bronchiolitis obliterans mouse models were established in accordance with previously published 
studies in the field.8 Briefly, in which mice were anesthetized and immobilized on a mouse tracheal intubation table 
Subsequently, a 24G intravenous indwelling needle was inserted from the mouth through the trachea. Mice were dripped 
1uL/g 0.5% nitric acid. 21 d after nitric acid instillation, BO-affected mice were established. The treatment was 
performed for 21 consecutive days. Upon completion of the treatment, the mice were euthanized using isoflurane 
overdose, followed by cervical dislocation. Prior to harvesting, the lungs were flushed with 3 mL phosphate-buffered 
saline (PBS) via the right ventricle. The lung samples were collected and snap-frozen in liquid nitrogen until further 
processing. Adequate amounts of lung samples from each mouse were used for the protein analysis and RNA 
quantification. In addition, parts of fresh lung samples were also soaked in 4% paraformaldehyde for biochemical 
analyses, such as hematoxylin and eosin (H&E) staining and Masson staining.

2,3-Butanedione-Induced Bronchiolitis Obliterans Mice
2,3-butanedione-induced bronchiolitis obliterans mouse models were performed in accordance with previously published 
studies in the field.9 Tracheal dropping and sampling were as above. 2,3-butanedione was titrated at a concentration of 
30% for titration of 0.333 µL/g. Mice were euthanized by cervical dislocation following isoflurane overdose 14 days after 
2,3-butanedione instillation.

BO Expression Profile Dataset Selection and Outlier Sample Exclusion
We searched for BO gene expression profile data in the GEO database (https://www.ncbi.nlm.nih.gov/geo/) and screened 
the identified datasets according to the inclusion and exclusion criteria. The inclusion criteria were as follows: (1) 
inclusion of three or more pairs of samples from the BO and normal groups, (2) the dataset type was expression profiling 
by array or RNA profiling by array, and (3) the sample type was lung, bronchial, or blood. Three BO datasets were 
retrieved from the GEO database. The information on the three datasets is presented in Table 1. Sample clustering was 
performed using the clust script (method = average) in the R package. Outliers were identified based on their position in 
the clustering tree and subsequently removed from the datasets for further analysis. The bioinformatic analysis process 
for this study was performed according to the workflow depicted in Figure 1.
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Data Processing and Differentially Expressed Genes Identification
First, we transformed the matrix data into log2 values for data reduction; then, we utilized the R software package Limma 
(version 3.40.6) for data normalization and differential analysis.10 The criteria for identifying differentially expressed 
genes (DEGs) in the GSE52761 and GSE137169 datasets were |log2 Fold Change|>0.5 and p < 0.05. The criteria for 
identifying DEGs in the GSE94557 dataset were |log2 Fold Change|>0.2 and p < 0.05. The intersection of up-regulated 
and down-regulated DEGs in the three datasets is known as the final DEGs. These DEGs were used for functional 
enrichment analysis and the construction of a protein-protein interaction (PPI) network in subsequent analyses. Volcano 
maps and Venn diagrams were generated using Sangerbox 3.0 (http://sangerbox.com/).11

Table 1 Data Resource

ID Status (N:P) Organism Tissue Platform

GSE52761 6:3 Rattus norvegicus Bronchial GPL1355
GSE137169 3:3 Mouse Lung GPL21810

GSE94557 47:26 Homo sapiens Whole blood GPL13607

Figure 1 The flowchart of the analysis process.
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Enrichment Pathway Analysis of DEGs
Gene ontology (GO) analysis is an effective method for annotating genes and identifying characteristic biological 
attributes, including biological processes (BP), molecular functions (MF), and cellular components (CC).12 The Kyoto 
Encyclopedia of Genes and Genomes (KEGG) database offers a thorough collection of data on protein interaction 
networks and bio-interpretation of genomic sequences.13 In our study, GO and KEGG analysis of DEGs were completed 
by the “clusterProfiler” package.14 For all the cases, we recorded top 5 significant items in the BP, CC, and MF and top 5 
significant pathways in the KEGG analysis.

PPI Network Analysis
PPI network analysis of DEGs was performed using the online STRING website (https://string-db.org/).15 Then, use 
Cytoscape software to visualize the PPI network.16 The screening condition for constructing the PPI network was 
a combined score > 0.4.

Identifying Hub Genes
The Cytohubba plugin, available in Cytoscape software, offers 12 importance ranking algorithms (Maximum Neighborhood 
Component (MNC), Density of Maximum Neighborhood Component (DMNC), Maximal Clique Centrality (MCC), Degree, 
Edge Percolated Component (EPC), BottleNeck, Eccentricity, Closeness, Radiality, Betweenness, Stress, ClusteringCoefficent) 
that can assign an importance score to each node, respectively.17 In this study, we utilized the PPI network and calculated the 
importance score for each gene using 12 algorithms of the CytoHubba plugin. The top 15 genes were then selected for each 
algorithm. The criterion for hub gene selection was set as the gene appearing in a minimum of 8 algorithm results. 
Subsequently, we constructed a new PPI network for hub genes to facilitate visualization of their connections.

Construction of Transcription Factor-DEGs Network
To further explore the regulatory function of the DEGs, we submitted the DEGs to ChIP-X Enrichment Analysis 3 
(ChEA3) platform for transcription factor (TF) prediction.18 DEGs-associated TFs were ranked by mean rank score. 
Finally, TFs with scores ≤10 were selected as key predicted TFs.

Enrichment Pathway Analysis of Hub Genes
We performed functional enrichment analysis of hub genes using KEGG analysis, which were completed by the 
“clusterProfiler” package.

Validation of Hub Genes in BO Mice
Quantitative reverse transcription–polymerase chain reaction (qRT-PCR) was used to quantify hub gene expression. The 
primer sequences for hub genes and housekeeping gene Gapdh are shown in Table 2. Lung tissues were collected from 
BO mice. The cycle threshold (CT) data were determined and the mean CT was determined from triplicate PCRs. 
Relative gene expression was calculated using equation 2–ΔCT.

Statistical Analysis
All data processing and analyses were performed using R software and GraphPad Prism. Quantitative data are presented as 
mean ± SEM, and Student’s t-test was used for comparisons between two groups. Statistical significance was set at p < 0.05.

Results
Source of the Datasets
In this study, we performed a comprehensive analysis of BO-related RNA sequencing datasets obtained from the GEO 
database. We selected three datasets that met our research criteria and obtained the raw data. The datasets were named 
GSE52761, GSE137169, and GSE94557 and involved the use of BO models in Wistar rats, in situ lung transplantation in 
C57 mice, and whole blood transcriptome sequencing in humans after lung transplantation, respectively. The sample size, 
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sequencing organization, and gene annotation platform for each dataset are listed in Table 1. Prior to bioinformatic 
analysis, we performed a sample stratification clustering analysis on the three BO-related datasets (Figure 2A–C). Two 
outlier samples were removed from the GSE94557 dataset to increase the robustness and reliability of the results.

Identification of DEGs in BO
The GSE94557, GSE137169, and GSE52761 datasets were used for the differential gene expression analysis. 1413 
differentially expressed genes DEGs were identified in the GSE94557 dataset, consisting of 743 up-regulated and 670 down- 
regulated genes (Figure 3A). In total, 3906 DEGs were identified in the GSE137169 dataset, with 1758 up-regulated and 2148 
down-regulated genes (Figure 3B). Similarly, the GSE52761 dataset yielded 4859 DEGs, with 2624 up-regulated and 2235 
down-regulated genes (Figure 3C). We identified 39 intersectionally up-regulated genes (Figure 3D) and 18 intersectionally 
down-regulated genes (Figure 3E) among the three datasets, which were considered key genes for further analysis.

GO and KEGG Enrichment Results of DEGs
To better understand the function of overlapping genes, we subjected 57 overlapping genes to GO and KEGG 
analyses. According to the results of GO analysis, the changes in biological processes (BP) of DEGs were 
significantly enriched in the “positive regulation of ion transmembrane transporter activity”, “regulation of cation 
channel activity”, “positive regulation of transporter activity”, “positive regulation of cation channel activity”, and 
“regulation of cation transmembrane transport”; the changes in cell component (CC) of DEGs were enriched in 
“endosome lumen”, “spindle midzone”, “ficolin-1-rich granule lumen”, “neuron projection terminus”, and “protein 
complex involved in cell adhesion”; and the changes in molecular function (MF) were enriched in “activin 
receptor activity”, “transforming growth factor beta receptor activity”, “activin binding”, “transmembrane receptor 
protein serine/threonine kinase activity”, and “laminin binding.” (Figure 4A). KEGG pathway analysis revealed 
that the pathways enriched by dysregulated DEGs include “Lysosome”, “Arrhythmogenic right ventricular cardi-
omyopathy”, “Hypertrophic cardiomyopathy”, “Dilated cardiomyopathy”, and ‘Apoptosis’ (Figure 4B).

Analysis of Protein-Protein Interaction Network and Screening of Hub Genes
After filtering out genes without associations, we constructed a PPI network consisting of 24 nodes and 19 edges 
(Figure 5A). Among these nodes, four genes (CCR2, CD1D, GM2A, and TFEC) were present in the 12 algorithm results, 
whereas MPEG1 was identified in the 11 algorithm results. In addition, CTSS, GPNMB, and BIRC2 appeared in nine 
algorithm results, whereas CTSZ was present in eight algorithm results (Figure 5B). Notably, all the nine hub genes 
identified in this study were differentially upregulated. Furthermore, the PPI network of the hub genes revealed 10 
linkage lines between the nine genes, suggesting a potential close association (Figure 5C).

Table 2 PCR Primers

Gene Forward Primer Sequence Reverse Primer Sequence

Ccr2 ATCCACGGCATACTATCAACATC CAAGGCTCACCATCATCGTAG
Cd1d1 AATCTGAAGCCCAGCAAAAGAA TTACTCCAACGGTGAGTCTGC

Gm2a CGCCTTTCCCAACTTGGTG TGACGACTACATCTCCAGGAAC

Gpnmb GCTGGTCTTCGGATGAAAATGA CCACAAAGGTGATATTGGAACCC
Birc2 TGTGGCCTGATGTTGGATAAC GGTGACGAATGTGCAAATCTACT

Tfec ACCACAACCTCATTGAAAGAAGA CGAGTGAAGCCAGGATTGGT

Ctsz TCCGAAATTCATGGGGCGAA CCCTCCCTGTCATGGTTCAC
Mpeg1 CTGGATGATAATAGCGTGTGCT CAAGACAGGTAGTTTCAGGGC

Ctss CCATTGGGATCTCTGGAAGAAAA TCATGCCCACTTGGTAGGTAT
Gapdh AGGTCGGTGTGAACGGATTTG GGGGTCGTTGATGGCAACA
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Predicted Key TFs of DEGs
Our analysis of DEGs in the chEA3 database showed that TFEC was the most significant transcription factor (score = 10) 
associated with DEGs. Interestingly, TFEC was predicted to regulate 11 up-regulated DEGs (Figure 5D).
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KEGG Enrichment Results of Hub Genes
KEGG pathway analysis showed that the pathways enriched by 9 hub genes include “Lysosome” and ‘Apoptosis’. KEGG 
pathways are displayed visually (Figure 6).

Validation of 9 Hub Differentially Expressed Genes Expression in BO Mice
HE and Masson’s staining of mouse lung sections showed notable occlusion and deformation in the bronchioles. This 
study successfully induced pathological changes in BO in the lungs of mice by using 2,3-butanedione (Figure 7A and C) 
and nitric acid (Figure 7B and D). Subsequently, we compared the expression of the hub genes between the two BO 
models and their controls. Our results showed that, in the lung tissues of 2,3-butanedione-induced BO mice, there were 
no significant differences noted in the mRNA expression levels of Birc2, Gpnmb, Gm2a, and Cd1d genes when compared 
to the control mice (Figure 8A–D). However, we found a significant upregulation of Ccr2, Mpeg1, Ctss, Ctsz, and Tfec 
genes in the lung tissues of 2,3-butanedione-induced BO mice as compared to the control group (Figure 8E–I). Similarly, 
In nitric acid-induced BO mice, we observed a significant increase in the mRNA expression levels of Ctss, Ctsz and Tfec 
genes (Figure 8P–R). However, there was no significant difference in the mRNA expression levels of Birc2, Gpnmb, 
Gm2a, Cd1d, Ccr2, and Mpeg1 genes in the nitric acid-induced BO mice as compared to the control group 
(Figure 8J–O).

Discussion
BO is a rare chronic respiratory disease. Its diagnosis has been proven to be clinically challenging due to multiple 
aspects, such as the non-specific nature of its symptoms and radiographic manifestations, invasive and local nature of 
lung biopsy, and the current lack of reliable diagnostic biomarkers.19–21 We have been committed to exploring BO- 
related biomarkers to aid in the accurate diagnosis of BO in clinical settings.22 Our efforts have focused on identifying 
specific molecular signatures that could serve as reliable indicators of the presence of BO. Hence, by using 
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Figure 4 GO and KEGG enrichment results of DEGs. (A) The bar graph showed the top 5 significant items in the BP, CC, and MF fractions based on the P values in the GO 
analysis. (B) The bubble plot showed the top 5 significant pathways based on the P values in the KEGG enrichment analysis.
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Figure 6 KEGG analysis results of hub genes. Circle plots showed the KEGG pathways enriched by the hub genes.

Figure 7 Pathological changes in the lungs from BO groups and control groups. (A and B) HE staining showed obvious obstruction in small airways, with significant 
infiltration of inflammatory cells in the surrounding and luminal areas of affected small airways (4X). (C and D) Mason’s trichrome staining showed more obvious fibrosis 
changes in the bronchi, with blue staining around the trachea indicating increased deposition of collagen protein and obvious narrowing and deformation of the tube wall 
(10X). Tissues for (A) and (C) obtained from 2,3-butanedione-induced BO mice and their control group. Tissues for (B) and (D) obtained from nitric acid-induced BO mice 
and their control group.
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bioinformatics analysis, our study was able to identify potential novel BO biomarkers, with the aim of providing new 
diagnostic approaches and therapeutic target avenues, as well as adding to current gaps in knowledge in understanding 
BO pathogenesis for better treatments.

In this study, BO-related transcriptomic datasets were obtained from the publicly available GEO database. Differential 
gene analysis was performed, in which we managed to identify a total of 57 BO-related differentially expressed genes. 
These genes were significantly enriched in the biological processes associated with the regulation of transmembrane 
cation transport. Consistent with our findings, previous studies have also indicated that the regulation of transmembrane 
cation transport is a process that is crucial for airway smooth muscle activities, where contraction occurs when 
intracellular transport of calcium ions is activated.23,24 These differentially expressed genes were also found to be 
enriched in other biological processes, such as lysosomal, apoptotic, and cardiomyopathy-related pathways, which in 
turn, may play crucial roles in BO pathogenesis. For example, balanced lysosomal autophagy is essential for cell survival 

Figure 8 Validation of 9 hub genes from two types of BO mice. (A–I) Validation of differential mRNA expression of hub genes between 2,3-butanedione-induced BO mice 
and normal mice. (J–R) Validation of differential mRNA expression of hub genes between nitric acid-induced BO mice and normal mice. Data shown mean ± SEM. n = 7–9, 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Abbreviation: ns, not significant.
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under stress, while dysregulated autophagy activity can lead to increased cell death.25 On the other hand, the inhibition of 
autophagy has been shown to reduce airway inflammation in asthma,26,27 and the resultant reduced expression levels of 
autophagy markers in the airway epithelium also attenuated airway fibrosis in asthmatic mice.28 Therefore, it has been 
suggested that lysosomal autophagy may be involved in BO pathogenesis. Our study also identified apoptosis as an 
important biological pathway associated with BO. The current understanding in the field has suggested that excessive 
apoptosis of airway epithelial cells is a major mechanism for airway injury.29 In accordance, previous study has shown 
that finer bronchial epithelial cells undergo increased apoptosis in BO-afflicted patients than in patients without active 
BO progression.30 Thus, the regulation of apoptotic pathways in airway epithelial cells may play a substantial role in 
mitigating the development and progression of BO. Interestingly, our results from this study also suggest a possible link 
between BO pathogenesis or BO biomarkers and cardiomyopathy, which would potentially further clarify their associa-
tion and may provide a need for further investigation.

Our verification process also narrowed down hub genes that were deemed essential for BO progression and 
pathogenesis. Out of the 57 BO-associated DEGs, 9 hub genes (CCR2, CD1D, GM2A, TFEC, MPEG1, CTSS, 
GPNMB, BIRC2, and CTSZ) were found to be crucial for BO. Sample analysis of lung tissue from BO mice revealed 
that the mRNA expression of Tfec, Ctsz, Ctss, Mpeg1, and Ccr2 genes differed between the BO and control groups. 
Increased mRNA expression levels of CCR2 and MPEG1 were found exclusively in 2,3-butanedione induced BO mice, 
which may partly be attributed to the differences in toxicological pathway activation that underlies BO development 
between the nitric acid-induced BO mouse model and 2,3-butanedione-induced mouse model. Previous studies have 
validated our findings on CCR2 expression, where CCR2 is currently used as a biomarker for BO identification.31 

Interestingly, no previous studies have reported the functional roles of TFEC, CTSS, CTSZ, and MPEG1 in the BO 
regulatory network, suggesting that these four DEGs may potentially be novel biomarkers for BO, which requires further 
investigation.

It is widely recognized that TFEC is a member of the MITF family, which presents itself as a basic helix-loop-helix 
transcription factor.32 Previous study has shown that TFEC, one of the identified hub gene in this study, played significant 
roles in promoting the differentiation of M1-type macrophages into M2-type macrophages and the differentiation process 
will release inflammatory factors that could lead to detrimental effects such as airway inflammation and remodelling.33 

Our study further revealed TFEC as a critical transcription factor and potential biomarker for BO. Although different 
stages of BO may have different macrophage phenotype populations, M1-type macrophages were found to be dominant 
in the early airway inflammatory phase of BO. Instead, M2-type macrophages had a higher predisposition at the later 
stages, primarily found to induce airway fibrosis by upregulating TGF-β secretion.34 Albeit it is unclear how much TFEC 
contributes to the formation of airway fibrosis in BO, and its roles in the promotion of macrophage differentiation may 
affect BO progression, which requires further investigation.

In addition, the two hub genes identified by CTSS and CTSZ are commonly known as lysosomal cysteine proteases. 
CTSS was also found to participate in the pathogenesis of several lung diseases, including chronic obstructive pulmonary 
disease, cystic fibrosis, asthma and pulmonary hypertension.35–39 CTSS exhibits protein hydrolytic activity in a neutral 
pH environment.35,40 Pharmacological targeted CTSS inhibition has been shown to effectively attenuate pulmonary 
vascular remodeling, airway inflammation, epithelial cell apoptosis and airway mucus secretion.37,41,42 In this study, for 
the first time, we had reported that CTSS mRNA was found highly expressed in the lung tissue of BO mice, and this 
observation correlates positively with the pathogenesis of BO, such as airway inflammation and vascular remodeling. Our 
findings further suggest that CTSS is a potential therapeutic target for BO treatment. Although evidence of The 
involvement of CTSZ in BO is lacking, Wang et al43 showed that CTSZ can promote epithelial-mesenchymal transition 
(EMT) progression and enhance the expression of extracellular matrix remodelling related proteins such as MMP2, 
MMP3, and MMP9 in hepatocellular carcinoma. Activation of these MMP proteins indirectly suggests that CTSZ has the 
potential to be recognized as an important BO biomarkers,44,45 since cell migration and matrix remodeling are features 
associated with BO pathogenesis.46–49 In addition, CTSZ has also been shown to promote the release of interleukin-1β 
(IL-1β) from NLR family pyrin domain containing 3 (NLRP3) inflammatory vesicles, that further exacerbating the 
inflammatory response in the lung50 Coincidentally, elevated levels of IL-1β protein expression were also verified in 
patients afflicted with BO,51 which indirectly suggested the potential roles of CTSZ in BO pathogenesis and progression.
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Finally, our study also revealed that Mpeg1, a gene that is highly expressed primarily in macrophages and other 
phagocytes, encodes a bactericidal pore-forming protein called perforin-2 that activates and promotes the adaptive 
immune response,52 which is one of the hub genes for BO. To be clear, impaired adaptive immune response was 
found related to BO pathogenesis.53 Our study had also demonstrated that increased Mpeg1 mRNA expression in the 
lung tissue of BO mice, thereby providing a basis to establish Mpeg1 significance in BO progression, which can be 
determined with additional investigative procedures. Consistent with the KEGG results of the DEGs, the hub genes were 
also found to be significantly enriched in the apoptotic and lysosomal pathways, further suggesting that the modulation of 
BO regulatory networks occurs preferentially in these pathways. Altogether, our study highlighted the importance of 
DEGs, specifically the genes that were found to be associated with BO, which in turn may potentially be pharmacolo-
gically targeted or utilized as biomarkers in the near future to better identify, mitigate, and treat BO progression upon 
further investigations.

Conclusion
In conclusion, our study utilized substantial bioinformatics approaches to provide novel insights into BO pathogenesis 
and progression. Notably, we have identified and validated four novel BO biomarkers, which may provide breakthroughs 
into the development of diagnostic markers and therapeutic targets for BO through understanding its molecular 
mechanisms.
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