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Background: Chronic obstructive pulmonary disease (COPD) is a progressive respiratory disorder characterized by inflammation and 
airway remodeling. Lymphoid follicles play a crucial role in acquired immunity and the development of COPD. However, the precise 
mechanisms of lymphoid follicle formation in COPD and the effects of cigarette smoke (CS) exposure on this process remain unclear. 
Epithelial–mesenchymal transition (EMT) is implicated in the progression of COPD and may serves as a source of stromal cells that 
produce chemokines crucial for lymphoid follicle formation. This study aims to clarify the contributions and mechanisms of EMT in 
lymphoid follicle genesis in COPD, focusing specifically on the role of CXCL13.
Methods: Lung tissue samples were obtained from patients with COPD, smokers, and non-smokers. Immunohistochemistry was 
performed to assess the lymphoid follicles, EMT-related markers, and CXCL13 expression. In vitro experiments were conducted using 
CS extract (CSE)-stimulated immortalized human bronchial epithelial cells (iHBECs) to induce EMT. The expression of EMT-related 
markers and CXCL13 in CSE-stimulated iHBECs was analyzed using Western blotting, real-time PCR, and immunofluorescence 
staining. The effect of an EMT inhibitor on CXCL13 expression was also examined.
Results: Patients with COPD and lymphoid follicles exhibited significantly lower forced expiratory volume in 1 s (% predicted) 
values than those without lymphoid follicles. Enhanced EMT changes were observed in patients with COPD and lymphoid follicles. 
Increased EMT-related markers and CXCL13 expression were observed in CSE-stimulated iHBECs, and CXCL13 expression 
gradually increased over time. Inhibiting EMT downregulated CXCL13 expression in iHBECs.
Conclusion: Lymphoid follicles are associated with enhanced EMT in COPD. EMT may act as a key driver of the adaptive immune 
response in COPD by promoting a microenvironment conducive to lymphoid follicles formation through the production of CXCL13. 
This study provides valuable insights into the mechanisms underlying lymphoid follicle formation in COPD and identifies potential 
therapeutic targets.
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Introduction
Chronic obstructive pulmonary disease (COPD) is characterized by persistent airway inflammation and progressive lung 
structure destruction. Its pathogenesis is strongly associated with smoking; however, even after the cessation of smoking 
or exposure to other harmful stimuli, the resultant damage continues to progress.1 Furthermore, the precise mechanism 
underlying the development of COPD remains unclear, necessitating further investigation into the disease’s complex 
biology.

Recent studies have highlighted the role of acquired immunity in COPD, particularly the regeneration of ectopic 
lymphoid tissue, which is crucial for the chronic and progressive nature of the disease. The formation of lymphoid 
follicles, often referred to as tertiary lymphoid organs, may initiate lung injury characterized by alveolar enlargement, 

International Journal of Chronic Obstructive Pulmonary Disease 2024:19 2559–2569               2559
© 2024 Yang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Chronic Obstructive Pulmonary Disease           Dovepress

Open Access Full Text Article

Received: 18 July 2024
Accepted: 22 November 2024
Published: 29 November 2024

http://orcid.org/0009-0004-7309-3516
http://orcid.org/0000-0001-6058-4608
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


breakdown of tissue elastin, and significant hypoxia—all features of cigarette smoke (CS)—induced emphysema. 
Additionally, lymphoid follicles are correlated with disease severity.2–4 These follicles are near the peripheral airways 
and are characterized by the accumulation of B cells at their core, whereas T and dendritic cells are dispersed in the 
surrounding area. Chemokines secreted by stromal cells are essential for orchestrating lymphoid follicle formation.5,6 

Specifically, chemokines, such as CXCL13 and CCL19/21, play crucial roles in attracting B and T cells, respectively, 
thereby facilitating their aggregation into lymphoid follicles.7,8 But the precise pathogenesis of lymphoid follicle 
formation in COPD and the effects of CS exposure on this process are not fully understood.

Epithelial–mesenchymal transition (EMT) is a key mechanism in airway remodeling in COPD and plays a substantial 
role in the transformation of stromal cells from damaged small airway epithelial cells.9 During EMT, epithelial cells 
undergo phenotypic changes, losing their normal function and acquiring the characteristics of mesenchymal cells. This 
transition is associated with increased cell migration, tissue remodeling, and fibrosis, key features of COPD. Increased 
EMT activity is associated with severe airflow limitation, decreased lung function, and increased risk of exacerbations in 
patients with COPD.10,11 EMT serves as a source of stromal cells, and previous studies have demonstrated that 
mesenchymal cells are one of the sources of factors such as CXCL13, which plays a crucial role in lymphoid follicle 
formation and immune responses.12,13 However, there are currently no studies investigating the relationship between 
EMT and lymphoid follicle formation in COPD.

CS exposure is a well-established risk factor for both EMT and lymphoid follicle development. Nevertheless, the 
mechanism by which CS exposure contributes to the interplay between EMT and the formation of pulmonary lymphoid 
follicles in COPD remains unclear. This study aims to elucidate the contributions and underlying mechanisms of EMT in 
the genesis of lymphoid follicles in COPD, with a specific focus on the role of CXCL13 in this process. By under
standing the role of EMT in lymphoid follicle formation, we aim to provide new insights into the pathophysiology of 
COPD, potentially revealing critical pathways for its progression and identifying novel therapeutic targets.

Materials and Methods
Participants and Ethical Approval
Individuals diagnosed with lung cancer or suspected of having lung cancer who underwent surgical resection of solitary 
lung nodules at Tianjin Medical University General Hospital were enrolled in this study. Ethical approval was granted by 
the Ethics Committee of Tianjin Medical University General Hospital (approval no. IRB2019-KY-133), and all partici
pants provided written informed consent before inclusion. This study was conducted in accordance with the Declaration 
of Helsinki. The participants were stratified into three groups: COPD, smokers, and non-smokers. Subjects in COPD 
group and smoker group required a smoking history of at least 20 pack-years without any periods of cessation. All 
participants in these two groups are current smokers and exclusively smoke tobacco. COPD was diagnosed according to 
the guidelines of the Global Initiative for Obstructive Lung Disease.14 Subjects in smoker group exhibited normal lung 
function. Subjects in non-smoker group denied smoking history and showed normal lung function. Characteristics of the 
study subjects are presented in Table 1. Exclusion criteria included patients who experienced acute COPD exacerbations 
within the preceding three months.

Lung Tissue and Immunohistochemistry
Lung tissue samples were collected by a pathologist from areas maximally distant from the pulmonary lesions, ensuring 
the absence of signs of obstructive pneumonia or tumor invasion. The samples were subsequently fixed in formalin for 
preservation, embedded in paraffin, and sliced into 5 µm sections for mounting on slides. The tissue sections were stained 
with H&E and underwent immunohistochemistry, which included endogenous peroxidase blocking, antigen retrieval, and 
pre-incubation in goat serum (ZSGB Biotechnology, Beijing, China). The sections were then incubated overnight at 4°C 
with the following primary antibodies: CD20 (Ab27093), CD4 (Ab846), CD8 (Ab4055), CXCL13 (Ab112521), 
E-cadherin (Ab76055), vimentin (Ab92547), S-100A4 (Ab41532), and α-SMA (Ab5694) (Abcam, Cambridge, UK). 
The sections were then treated with horseradish peroxidase (HRP)-conjugated secondary antibodies and visualized using 
the DAB Detection System kit (ZSGB Biotechnology, Beijing, China). Positive staining was identified by the presence of 
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brownish-yellow coloration in the cytoplasm, cell membrane, or both. Primary antibodies were replaced with phosphate- 
buffered saline (PBS) as a negative control. Twenty fields of interest (follicle or subepithelium) were randomly selected 
and examined under 400× magnification. E-cadherin quantification was determined by assessing staining density in the 
small airway epithelium. The number of Vimentin or S100A4 positive cells was quantified per millimeter of basement 
membrane perimeter. The calculation of α-SMA positive cells was based on the thickness of the smooth muscle layer. 
Imaging was performed using an Olympus BX51 microscope (Olympus, Tokyo, Japan) and analysis was conducted using 
ImageJ software (National Institutes of Health, Bethesda, MD, USA).

Quantification of Lymphoid Aggregates
Lymphoid follicles were defined as aggregates of contiguous B and T cells, with dense accumulations of 50 or more 
lymphomononuclear cells classified as lymphoid follicles, while those with fewer than 50 cells were considered 
lymphoid aggregates. The number of lymphoid aggregates in lung tissue sections was assessed according to established 
methods.15,16 Counts of lymphoid follicles in the tissue surrounding the airways were expressed relative to the number of 
airways per lung section, whereas counts in the pulmonary parenchyma were normalized to the area per lung section.

CS Extract Preparation
CS extract (CSE) was prepared as previously described.17 Smoke was slowly and uniformly collected in a controlled 
manner through a bubble absorption bottle under negative pressure from a series of five sequentially lit cigarettes (Baisha 
brand with a filter, containing 11 mg tar, 0.9 mg nicotine, and 12 mg CO per cigarette). Mainstream and sidestream 
smoke was dissolved in 10 mL of fetal calf serum-free cell culture medium and filtered through a 0.22 µm pore-size filter 
to prepare the stock solution (100% CSE). Cell proliferation assays were performed using various CSE concentrations 
(0.25, 0.5, 1, 2.5, 5, and 10%) with a Cell Counting Kit-8 to determine the optimal experimental concentration of CSE; 
a concentration of 5% CSE was the optimal concentration for further experiments.

Cell Culture
Immortalized human bronchial epithelial cells (iHBECs; Bio-Rad, Hercules, CA, USA) were cultured in Keratinocyte 
Serum-Free Medium (Gibco, Waltham, MA, USA) supplemented with 0.2 ng/mL recombinant epithelial growth factor, 
25 μg/mL bovine pituitary extract, 250 ng/mL puromycin, and 25 μg/mL G418 (Life Technology, Carlsbad, CA, USA). 
Cells were cultivated in a humidified incubator at 37°C and 5% CO2 and seeded in six-well plates at a density of 0.5×105 

cells/well. After 24 h, the cells were treated with CSE and incubated for an additional 24, 48, and 72 h. After treatment, 
the cells were harvested, and total proteins were extracted for immunoblotting analyses. Protein quantification was 

Table 1 Demographics of the Study Population (n = 58)

Parameters Non-smokers Smokers COPD

COPD with LF COPD without LF

Patients (male, n) 18 (6) 21 (19)a 8 (8)a 11 (8)a

Age (years) 58.00 (45.50–63.00) 59.00 (55.00–70.50) 58.00 (48.75–69.75) 58.00 (51.00–63.00)

BMI (kg/m2) 25.24 (22.53–28.24) 25.31 (22.01–28.33) 23.96 (20.83–26.45) 22.60 (21.30–23.88)

FEV1 (L) 2.54 (2.19–3.41) 2.58 (2.30–3.03) 1.89 (1.55–2.03)ab 2.06 (1.44–2.50)ab

FEV1 (% predicted) 94.20 (83.80–112.10) 94.00 (83.65–101.75) 56.30 (51.60–63.95)ab 78.10 (58.20–90.90)abc

FEV1/FVC 80.82 (77.50–87.74) 77.14 (74.30–80.46)a 58.92 (52.43–67.36)ab 66.37 (65.18–67.76)ab

DLCO (mmol/min/kPa) 6.17 (4.86–8.46) 6.45 (5.39–7.23) 5.16 (4.58–7.19) 4.97 (4.13–6.59)

DLCO (% predicted) 74.35 (63.53–83.10) 76.20 (65.23–83.40) 55.50 (45.80–75.90)b 64.80 (54.90–79.00)

Smoking index (pack-years) 0 50.00 (30.00–60.00) 35.00 (30.00–40.00) 60.00 (30.00–80.00)

Notes: Data are presented as the median with an interquartile range. a, p < 0.05, compared with non-smokers; b, p < 0.05, compared with smokers; c, 
p < 0.05, compared with COPD with LF. 
Abbreviations: COPD, chronic obstructive pulmonary disease; LF, lymphoid follicle; BMI, body mass index; FEV1, forced expiratory volume in 1 s; 
FVC, forced vital capacity; DLCO, diffusing capacity of the lungs for carbon monoxide.
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performed using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). In parallel experiments, cells 
were treated with SB431542 (5 μmol/mL, Sigma-Aldrich, St. Louis, MO, USA) and CSE and incubated for the same 
periods. SB431542, a transforming growth factor beta (TGF-β) receptor inhibitor, effectively inhibits the induction of 
EMT.18 The control group was treated with PBS instead of the inhibitor.

Immunofluorescence Staining
CXCL13 expression in iHBECs was analyzed using immunofluorescence microscopy. Cells were cultured in glass- 
bottom dishes, fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, and blocked with 5% bovine 
serum albumin to avoid nonspecific antibody binding. The cells were incubated overnight with a primary anti-CXCL13 
antibody (Ab112521, Abcam, Cambridge, UK) at 4°C. The cells were then treated with an Alexa Fluor 594-conjugated 
anti-rabbit IgG secondary antibody (AB_2307325, Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at 37°C. 
Nuclear staining was performed using 4′,6-diamidino-2-phenylindole (Sigma-Aldrich, St. Louis, MO, USA). Finally, 
CXCL13 expression was detected and assessed using a TCS SP8 microscope (Leica Microsystems, Wetzlar, 
Germany).

Western Blot Analysis
Proteins were resolved using sodium dodecyl-sulfate polyacrylamide gel electrophoresis and transferred to 
a polyvinylidene fluoride membrane (Bio-Rad, Hercules, CA,USA). After blocking with 5% milk, the membrane was 
incubated with anti-α-SMA antibodies (Ab5694, Abcam, Cambridge, UK) at 4°C overnight and visualized with HRP- 
conjugated substrates (Millipore, Burlington, MA, USA). Blot images were captured using an Amersham Imager 680 
(GE Health, Chicago, IL, USA) and analyzed quantitatively using ImageJ software (National Institutes of Health, 
Bethesda, MD, USA).

Real-Time PCR
Total RNA was extracted from the cultured cells using TRIZOL reagent (Invitrogen, Waltham, MA, USA), and cDNA 
was synthesized using a reverse transcription kit (Applied Biosystems, Waltham, MA, USA). Quantitative real-time PCR 
was conducted to measure target gene expression using gene-specific primers on a QuantStudio 5 system, with GAPDH 
as the internal control. The primer sequences used for amplification were as follows: for GAPDH, forward 5′- 
AAATGGTGAAGGTCGGTGTGAAC-3′ and reverse 5′-CAACAATCTCCACTTTGCCACTG-3′; for CXCL13, forward 
5′-ACTCCACCTCCAGGCAGAATG-3′ and reverse 5′- AAGTTTGTGTAATGGGCTTCCAGA-3′.

Statistical Analyses
Statistical analyses were performed using SPSS version 21.0 and GraphPad Prism 9 software. Data were presented as the 
mean ± standard deviation or medians with interquartile ranges depending on the distribution of the data. Comparisons 
between two groups were performed using the Student’s t-test or Mann–Whitney U-test, as appropriate. The Student’s 
t-test is appropriate when the data follow a normal distribution, whereas the Mann–Whitney U-test is employed when the 
data do not adhere to a normal distribution. Comparisons among more than two independent groups were conducted 
using analysis of variance followed by Bonferroni post hoc tests and the Kruskal–Wallis test followed by Dunn’s post hoc 
tests based on the data distribution. Statistical significance was set at p < 0.05.

Results
Demographics of the Study Population
This study enrolled 58 participants, which included 19 patients with COPD, 21 smokers with normal lung function, and 
18 non-smokers with normal lung function. Lymphoid follicles were identified in nine individuals, predominantly in 
those with COPD (n = 8) and in only one smoker. The demographic details are presented in Table 1.
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Lymphoid Follicles in Patients with COPD
The lymphoid follicles were primarily adjacent to the peripheral airways and exhibited B cell infiltration and 
aggregation at the central. CD4+ and CD8+ T cells were distributed around the lymphoid follicles (Figures 1a–c). 
CXCL13 was present within lymphoid follicles (Figure 1d). Patients with COPD and lymphoid follicles exhibited 
a significantly lower forced expiratory volume in 1 s (% predicted) (FEV1/pred) than those without lymphoid follicles. 
However, no significant differences were observed in the absolute value of FEV1, FEV1/forced vital capacity, age, 
body mass index, diffusing capacity of the lungs for carbon monoxide, or smoking index between the two groups 
(Table 1).

Enhanced EMT Changes in Patients with COPD and Lymphoid Follicles
Immunohistochemistry was performed to assess the expression of E-cadherin—a marker for adherens junctions of 
epithelial tissues—vimentin, α-SMA protein, and S100A4—markers for mesenchymal cells in the lung tissue from 
each group (Figure 2a). Smokers and patients with COPD exhibited more pronounced EMT changes than non-smokers. 
Notably, patients with COPD and lymphoid follicles displayed more pronounced changes in the expression of EMT- 
related markers than those without lymphoid follicles. E-cadherin expression was significantly decreased, whereas 
vimentin, S100A4, and α-SMA expression were significantly increased (Figure 2b–e). These results suggest a strong 
association between lymphoid follicles and enhanced EMT in patients with COPD.

Figure 1 Immunohistochemical analysis of lung lymphoid follicles in patients with chronic obstructive pulmonary disease revealed the presence of (a) CD20+ B, (b) CD4+ T, 
(c) CD8+ T, and (d) CXCL13+ cells (stained with 3.39-diaminobenzidine, brown). Tissue sections were counterstained with Mayer’s hematoxylin (blue). Arrows indicate 
positive cells. Scale bar: 25 μm.
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Enhanced CXCL13 Expression Accompanies EMT in CSE-Stimulated iHBECs
iHBECs were stimulated with CSE and collected at different time intervals (24, 48, and 72 h). Western blotting was performed 
to assess the α-SMA levels in iHBECs to confirm the occurrence of EMT (Figure 3a). The RNA levels of CXCL13 in iHBECs 
were investigated at different time points. CXCL13 expression gradually increased with the progression of CSE-induced EMT, 
with a noticeable difference between the 24 and 72-h time points (Figure 3b). Additionally, immunofluorescence staining for 
CXCL13 in iHBECs confirmed a significant increase in CXCL13-positive cells after 72 h of CSE stimulation compared to that 
at 24 h (Figure 3c). These data revealed a correlation between CSE-induced EMT in iHBECs and increased CXCL13 levels.

Downregulation of CXCL13 Expression After EMT Inhibition in iHBECs
The EMT inhibitor SB431542 was used to investigate the induction of CXCL13 expression during EMT. A significant 
decrease in CXCL13 expression was observed over time following EMT inhibition (Figure 4a and b). Additionally, 
immunofluorescence staining revealed a marked reduction in the proportion of CXCL13-positive cells at 72 h compared 
to that at 24 h after the administration SB431542 (Figure 4c).

Discussion
The importance of adaptive immunity in COPD pathogenesis has garnered increasing interest.19 Lymphoid follicles 
comprise cells that produce a spectrum of cytokines and facilitate cellular activation, proliferation, and interaction. Once 

Figure 2 Expression of epithelial–mesenchymal (EMT)-related markers in lung tissue from each group. (a) Immunohistochemical detection of E-cadherin, vimentin, α-SMA, 
and S100A4 in non-smokers, smokers, patients with COPD without lymphoid follicles (LF), and patients with COPD and LF (stained with 3.39-diaminobenzidine, brown). 
Sections were counterstained with Mayer’s hematoxylin (blue). Arrows indicate positive cells. Scale bar: 25 μm. (b) Quantification of E-cadherin staining density in small 
airway epithelium. (c and d) Vimentin and S100A4-positive cell counts per millimeter of basement membrane perimeter. (e) Measurement of α-SMA-positive smooth muscle 
layer thickness. Horizontal lines represent mean values. Data are presented as mean ± standard deviation (SD). *p < 0.05; **p < 0.01; ***p < 0.001.
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established, lymphoid follicles persist and actively contribute to immune defense against infections, autoimmunity, and 
inflammation.20,21 Patients with COPD and lymphoid follicles exhibited significantly lower FEV1/pred values than those 
without, supporting the notion that patients with lymphoid follicles have more severe COPD than patients who do not 
have lymphoid follicles.3 However, the precise mechanism underlying lymphoid follicle formation in COPD remain 
unclear. Nonetheless, this study revealed that EMT might contribute to lymphoid follicle formation in COPD by 
promoting CXCL13 expression. As the first study to explore the relationship between EMT and lymphoid follicle 
formation, our work provides insight into the development of lymphoid follicle in COPD, laying the groundwork for 
future research on COPD pathophysiology and potential therapeutic targets.

Airway remodeling is a key factor in COPD progression and persistent airflow limitation. EMT plays a significant 
role in airway remodeling in smokers with COPD,10,22,23 and CSE induces EMT in the small airway epithelium.24 

Similarly, our findings revealed that the smoker group exhibited more pronounced EMT changes than the non-smoker 
group, demonstrating that CSE reduces the expression of markers of adherens junctions in epithelial tissues and increases 

Figure 3 CXCL13 expression in cigarette smoke extract (CSE)-stimulated immortalized human bronchial epithelial cells (iHBECs). (a) Western blot analysis of α-SMA 
expression in iHBECs after CSE treatment. (b) Temporal changes in CXCL13 mRNA levels. (c) Time-lapse immunofluorescent staining of CXCL13 (Alexa Fluor 594, red) 
with nuclear counterstaining using 4′,6-diamidino-2-phenylindole (blue). Scale bar: 50 μm. n = 3 in each group. Data are presented as the median with an interquartile range. 
Comparisons of the four groups were performed using the Kruskal–Wallis test followed by Dunn’s post hoc tests (α-SMA/GAPDH: H = 9.462, p < 0.05; CXCL13 mRNA/ 
GAPDH: H = 9.359, p < 0.05). *p < 0.05; **p < 0.01; ***p < 0.001.
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the expression of those associated with mesenchymal cells. These results further support the role of CSE in inducing 
EMT in human bronchial epithelial cells.

Our study suggests that patients with COPD and lymphoid follicles display more substantial changes in EMT markers 
expression than those without lymphoid follicles. This result suggests a correlation between lymphoid follicle formation 
and changes in EMT marker expression in patients with COPD. The previous studies had confirmed that CXCL13, which 
binds to the CXCR5 receptor on B cells, plays a crucial role in orchestrating lymphoid follicle formation by attracting 
B cells and facilitating their aggregation into lymphoid follicles and emphysema in COPD.7 A 24-week exposure to CS 
induces emphysema and lymphoid follicle development in mice, with concurrent CXCL13 upregulation. Notably, anti- 
CXCL13 antibody treatment markedly attenuated lymphoid follicle formation and airway inflammation.15 Stromal cells, 
predominantly fibroblasts or their progenitors, are principal CXCL13 producers.21,25 In conditions such as Helicobacter 
pylori-induced gastritis and atherosclerosis, α-SMA-positive stromal cells secrete CXCL13.12,13 The proliferation of 
interstitial cells surrounding the small airways is crucial for the thickening of the airway walls, and EMT is a source of 

Figure 4 CXCL13 expression in CSE+SB432542-stimulated iHBECs. (a) Western blot analysis of α-SMA expression in iHBECs after CSE+SB431542 treatment. (b) 
Temporal changes in CXCL13 mRNA levels. (c) Time-lapse immunofluorescent staining of CXCL13 (Alexa Fluor 594, red) with nuclear counterstaining using 4′,6-diamidino- 
2-phenylindole (blue). Scale bar: 50 μm. n = 3 in each group. Data are presented as the median with an interquartile range. Comparisons of the four groups were performed 
using the Kruskal–Wallis test followed by Dunn’s post hoc tests (α-SMA/GAPDH: H = 9.462, p < 0.05; CXCL13 mRNA/GAPDH: H = 9.462, p < 0.05). *p < 0.05; **p < 0.01; 
***p < 0.001.
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interstitial cells, including myofibroblasts.26 Our study demonstrated that the EMT in CSE-stimulated iHBECs was 
associated with elevated CXCL13 expression. Furthermore, inhibiting EMT in iHBECs suppressed this increased in 
CXCL13 expression. EMT-induced CXCL13 creates a microenvironment conducive to B cells aggregation, essential for 
the lymphoid follicle development. Therefore, it is plausible to suggest that EMT may contribute to lung lymphoid 
neogenesis via CXCL13 and serve as a key driver of the adaptive immune response in COPD. This highlights EMT as 
not just a structural change in epithelial cells but also a functional contributor to follicular formation through CXCL13 
production. CSE plays a crucial role in our study. Research indicates that smoking cessation significantly improves 
adaptive immunity and reduces pulmonary inflammation in COPD patients.27,28 Therefore, encouraging promoting 
cessation is a vital strategy for preventing disease progression.

Our study have some limitations. This study underscores the possible involvement of EMT in lymphoid follicle 
formation, which is potentially linked to upregulating CXCL13 production. However, direct confirmation of this 
hypothesis and exploration of the associated mechanisms, such as specific signaling pathways, transcription factors, 
and cytokines, were not conducted in this study. Second, the TGF-β1 receptor inhibitor, SB431542, used in this study 
only blocked a subset of pathways associated with EMT. Additional inhibitors targeting other relevant pathways should 
be used in future studies to investigate the role of EMT comprehensively.

Conclusion
The enrichment of lymphoid follicles in the lung tissues of COPD is associated with disease progression and plays an 
important role in the adaptive immunity of COPD. Our study indicates that EMT may play a crucial role in the 
development and formation of lymphoid follicles in COPD by inducing CXCL13 production. EMT could serve as 
a key driver of the adaptive immune response in COPD by promoting a microenvironment conducive to follicular 
formation through the production of CXCL13. These findings substantially enhance our understanding of the underlying 
cellular and molecular mechanisms involved in adaptive immunity in COPD and provide valuable insights and potential 
targets for future therapeutic strategies. However, future investigations, including animal studies, are essential to validate 
our observations and elucidate the underlying mechanisms in greater detail.

Abbreviations
COPD, Chronic obstructive pulmonary disease; EMT, epithelial–mesenchymal transition; CS, cigarette smoke; CSE, 
cigarette smoke extract; iHBECs, immortalized human bronchial epithelial cells; TGF-β, transforming growth factor 
beta; LF, lymphoid follicle; BMI, body mass index; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; 
DLCO, diffusing capacity of the lungs for carbon monoxide.

Ethics Approval and Informed Consent
The present study was approved by the Ethics Committee of Tianjin Medical University General Hospital (IRB2019-KY 
-133). Written informed consent of the participants for this research study were collected at the time of sample collection.

Author Contributions
All authors made a significant contribution to the work reported, whether that is in the conception, study design, 
execution, acquisition of data, analysis and interpretation, or in all these areas; took part in drafting, revising or critically 
reviewing the article; gave final approval of the version to be published; have agreed on the journal to which the article 
has been submitted; and agree to be accountable for all aspects of the work.

Funding
This work was supported by the Tianjin key Medical Discipline (Specialty) Construction Project (TJYXZDXK-008A), 
the Tianjin Natural Science Foundation of China (18JCQNJC82900), and the Backbone Reserve Talent Training Program 
of Tianjin Medical University General Hospital.The funds from the agency were used for hiring of research personnel 
and to procure consumables for conducting the experiments related to this study. There was no role of the funding agency 
in the design of the study and collection, analysis and interpretation of data and in writing the manuscript.

International Journal of Chronic Obstructive Pulmonary Disease 2024:19                                                https://doi.org/10.2147/COPD.S487539                                                                                                                                                                                                                       

DovePress                                                                                                                       
2567

Dovepress                                                                                                                                                             Yang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Disclosure
The authors report no conflicts of interest in this work.

References
1. Wang B, Xiao D, Wang C. Smoking and chronic obstructive pulmonary disease in Chinese population: a meta-analysis. Clin Respir J. 2015;9 

(2):165–175. doi:10.1111/crj.12118
2. Reed HO, Wang L, Sonett J, et al. Lymphatic impairment leads to pulmonary tertiary lymphoid organ formation and alveolar damage. J Clin Invest. 

2019;129(6):2514–2526. doi:10.1172/JCI125044
3. Hogg JC, Chu F, Utokaparch S, et al. The nature of small-airway obstruction in chronic obstructive pulmonary disease. N Engl J Med. 2004;350 

(26):2645–2653. doi:10.1056/NEJMoa032158
4. Caramori G, Ruggeri P, Di Stefano A, et al. Autoimmunity and COPD: clinical Implications. Chest. 2018;153(6):1424–1431. doi:10.1016/j. 

chest.2017.10.033
5. Takatori H, Kanno Y, Watford WT, et al. Lymphoid tissue inducer-like cells are an innate source of IL-17 and IL-22. J Exp Med. 2009;206 

(1):35–41. doi:10.1084/jem.20072713
6. Mebius RE. Organogenesis of lymphoid tissues. Nat Rev Immunol. 2003;3(4):292–303. doi:10.1038/nri1054
7. Aloisi F, Pujol-Borrell R. Lymphoid neogenesis in chronic inflammatory diseases. Nat Rev Immunol. 2006;6(3):205–217. doi:10.1038/nri1786
8. Yadava K, Bollyky P, Lawson MA. The formation and function of tertiary lymphoid follicles in chronic pulmonary inflammation. Immunology. 

2016;149(3):262–269. doi:10.1111/imm.12649
9. Nasri A, Foisset F, Ahmed E, et al. Roles of Mesenchymal Cells in the Lung: from Lung Development to Chronic Obstructive Pulmonary Disease. 

Cells. 2021;10(12):3467. doi:10.3390/cells10123467
10. Milara J, Peiró T, Serrano A, Cortijo J. Epithelial to mesenchymal transition is increased in patients with COPD and induced by cigarette smoke. 

Thorax. 2013;68(5):410–420. doi:10.1136/thoraxjnl-2012-201761
11. Su X, Wu W, Zhu Z, Lin X, Zeng Y. The effects of epithelial-mesenchymal transitions in COPD induced by cigarette smoke: an update. Respir Res. 

2022;23(1):225. doi:10.1186/s12931-022-02153-z
12. Nakashima Y, Isomoto H, Matsushima K, et al. Enhanced expression of CXCL13 in human Helicobacter pylori-associated gastritis. Dig Dis Sci. 

2011;56(10):2887–2894. doi:10.1007/s10620-011-1717-8
13. Smedbakken LM, Halvorsen B, Daissormont I, et al. Increased levels of the homeostatic chemokine CXCL13 in human atherosclerosis - Potential 

role in plaque stabilization. Atherosclerosis. 2012;224(1):266–273. doi:10.1016/j.atherosclerosis.2012.06.071
14. Global Initiative for Chronic Obstructive Lung Disease (GOLD) Global Strategy for Prevention, Diagnosis and Management of COPD: 2024 

report. Available from: http://www.goldcopd.org. Accessed 19, January 2024.
15. Bracke KR, Verhamme FM, Seys LJ, et al. Role of CXCL13 in cigarette smoke-induced lymphoid follicle formation and chronic obstructive 

pulmonary disease. Am J Respir Crit Care Med. 2013;188(3):343–355. doi:10.1164/rccm.201211-2055OC
16. Bracke KR, D’hulst AI, Maes T, et al. Cigarette smoke-induced pulmonary inflammation and emphysema are attenuated in CCR6-deficient mice. 

J Immunol. 2006;177(7):4350–4359. doi:10.4049/jimmunol.177.7.4350
17. Zhou L, Le Y, Tian J, et al. Cigarette smoke-induced RANKL expression enhances MMP-9 production by alveolar macrophages. Int J Chron 

Obstruct Pulmon Dis. 2018;14:81–91. doi:10.2147/COPD.S190023
18. Kawami M, Harabayashi R, Miyamoto M, Harada R, Yumoto R, Takano M. Methotrexate-Induced Epithelial-Mesenchymal Transition in the 

Alveolar Epithelial Cell Line A549. Lung. 2016;194(6):923–930. doi:10.1007/s00408-016-9935-7
19. Brusselle GG, Joos GF, Bracke KR. New insights into the immunology of chronic obstructive pulmonary disease. Lancet. 2011;378 

(9795):1015–1026. doi:10.1016/S0140-6736(11)60988-4
20. Jones GW, Hill DG, Jones SA. Understanding Immune Cells in Tertiary Lymphoid Organ Development: it Is All Starting to Come Together. Front 

Immunol. 2016;7:401. doi:10.3389/fimmu.2016.00401
21. Luo S, Zhu R, Yu T, et al. Chronic Inflammation: a Common Promoter in Tertiary Lymphoid Organ Neogenesis. Front Immunol. 2019;10:2938. 

doi:10.3389/fimmu.2019.02938
22. Sohal SS, Reid D, Soltani A, et al. Reticular basement membrane fragmentation and potential epithelial mesenchymal transition is exaggerated in 

the airways of smokers with chronic obstructive pulmonary disease. Respirology. 2010;15(6):930–938. doi:10.1111/j.1440-1843.2010.01808.x
23. Sohal SS, Reid D, Soltani A, et al. Evaluation of epithelial mesenchymal transition in patients with chronic obstructive pulmonary disease. Respir 

Res. 2011;12(1):130. doi:10.1186/1465-9921-12-130
24. Sohal SS. Epithelial and endothelial cell plasticity in chronic obstructive pulmonary disease (COPD). Respir Investig. 2017;55(2):104–113. 

doi:10.1016/j.resinv.2016.11.006
25. Wang ZZ, Song J, Wang H, et al. Stromal cells and B cells orchestrate ectopic lymphoid tissue formation in nasal polyps. Allergy. 2021;76 

(5):1416–1431. doi:10.1111/all.14612
26. Scotton CJ, Chambers RC. Molecular targets in pulmonary fibrosis: the myofibroblast in focus. Chest. 2007;132(4):1311–1321. doi:10.1378/ 

chest.06-2568
27. Pezzuto A, Ricci A, D’Ascanio M, et al. Short-Term Benefits of Smoking Cessation Improve Respiratory Function and Metabolism in Smokers. 

Int J Chron Obstruct Pulmon Dis. 2023;18:2861–2865. doi:10.2147/COPD.S423148
28. Pezzuto A, Tonini G, Ciccozzi M, et al. Functional Benefit of Smoking Cessation and Triple Inhaler in Combustible Cigarette Smokers with Severe 

COPD: a Retrospective Study. J Clin Med. 2022;12(1):234. doi:10.3390/jcm12010234

https://doi.org/10.2147/COPD.S487539                                                                                                                                                                                                                               

DovePress                                                                                              

International Journal of Chronic Obstructive Pulmonary Disease 2024:19 2568

Yang et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1111/crj.12118
https://doi.org/10.1172/JCI125044
https://doi.org/10.1056/NEJMoa032158
https://doi.org/10.1016/j.chest.2017.10.033
https://doi.org/10.1016/j.chest.2017.10.033
https://doi.org/10.1084/jem.20072713
https://doi.org/10.1038/nri1054
https://doi.org/10.1038/nri1786
https://doi.org/10.1111/imm.12649
https://doi.org/10.3390/cells10123467
https://doi.org/10.1136/thoraxjnl-2012-201761
https://doi.org/10.1186/s12931-022-02153-z
https://doi.org/10.1007/s10620-011-1717-8
https://doi.org/10.1016/j.atherosclerosis.2012.06.071
http://www.goldcopd.org
https://doi.org/10.1164/rccm.201211-2055OC
https://doi.org/10.4049/jimmunol.177.7.4350
https://doi.org/10.2147/COPD.S190023
https://doi.org/10.1007/s00408-016-9935-7
https://doi.org/10.1016/S0140-6736(11)60988-4
https://doi.org/10.3389/fimmu.2016.00401
https://doi.org/10.3389/fimmu.2019.02938
https://doi.org/10.1111/j.1440-1843.2010.01808.x
https://doi.org/10.1186/1465-9921-12-130
https://doi.org/10.1016/j.resinv.2016.11.006
https://doi.org/10.1111/all.14612
https://doi.org/10.1378/chest.06-2568
https://doi.org/10.1378/chest.06-2568
https://doi.org/10.2147/COPD.S423148
https://doi.org/10.3390/jcm12010234
https://www.dovepress.com
https://www.dovepress.com


International Journal of Chronic Obstructive Pulmonary Disease                                                       Dovepress 

Publish your work in this journal 
The International Journal of COPD is an international, peer-reviewed journal of therapeutics and pharmacology focusing on concise rapid reporting 
of clinical studies and reviews in COPD. Special focus is given to the pathophysiological processes underlying the disease, intervention programs, 
patient focused education, and self management protocols. This journal is indexed on PubMed Central, MedLine and CAS. The manuscript 
management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http://www. 
dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-chronic-obstructive-pulmonary-disease-journal

International Journal of Chronic Obstructive Pulmonary Disease 2024:19                                            DovePress                                                                                                                       2569

Dovepress                                                                                                                                                             Yang et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Participants and Ethical Approval
	Lung Tissue and Immunohistochemistry
	Quantification of Lymphoid Aggregates
	CS Extract Preparation
	Cell Culture
	Immunofluorescence Staining
	Western Blot Analysis
	Real-Time PCR
	Statistical Analyses

	Results
	Demographics of the Study Population
	Lymphoid Follicles in Patients with COPD
	Enhanced EMT Changes in Patients with COPD and Lymphoid Follicles
	Enhanced CXCL13 Expression Accompanies EMT in CSE-Stimulated iHBECs
	Downregulation of CXCL13 Expression After EMT Inhibition in iHBECs

	Discussion
	Conclusion
	Abbreviations
	Ethics Approval and Informed Consent
	Author Contributions
	Funding
	Disclosure

